
Weir Advanced Research Centre

Department of Mechanical and Aerospace Engineering

Faculty of Engineering

University of Strathclyde

Development and Validation of a

Fatigue-Resistant Cladding

Technology

Gladys Schnier

Submitted in fulfilment of the requirements for the degree of

Doctor of Philosophy

2015



Abstract

Knowledge and understanding of residual stresses has been and remains a com-

plex area of study, the determination of these stresses crucial in appreciating the

state of the component both prior to and during operation. In the case of dissimilar

joints, the interaction of materials increases the complexity of the residual stress

state resulting due to the applied joining process. A fatigue-resistant cladding

technology is presented in this thesis, with the aim of inducing compressive resid-

ual stresses in the clad layer. Through the generation of these beneficial compres-

sive residual stresses an improvement in fatigue performance can be achieved in

an erosive-corrosive environment. Characterisation of clad and substrate materi-

als allows an understanding of the interaction of materials and the resulting resid-

ual stress distribution due to a weld cladding process, both experimentally and

through finite element modelling. Finite element modelling of the weld cladding

process utilised an elastic-perfectly plastic material model throughout the inves-

tigation of the modelling process. Good correlation between experimental and

simulation residual stresses is presented, with factors influencing residual stress

distributions discussed. The accurate capturing of residual stresses due to weld

cladding is a complex process due to, for example, material metallurgy and proper-

ties. Laser cladding provides an alternative method of generating residual stresses

indicating that the fatigue-resistant cladding technology is not limited to weld

cladding. Furthermore, weld cladding is not a process that must be applied ex-

clusively, with the application of autofrettage post-cladding providing a means of

favourably modifying tensile residual stresses obtained through the weld cladding

process. The fatigue-resistant weld cladding technology has been successfully de-

veloped and validated, with recommendations provided for further development

and the implementation of this concept. Although this research was primarily

focussed on the weld cladding of a hydraulic fracturing pump, the application of

this technology is not limited to this component therefore presenting the poten-

tial to improve the fatigue performance of any component operating under cyclic

loading conditions in an erosive-corrosive environment.
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Ṫ Rate of temperature

εhkl Strain considering interplanar spacing

λ Thermal conductivity

λ X-ray wavelength

µ Ductility parameter

ν Poisson’s ratio

ρ Density

ρre f Density of solid at reference temperature

ρT Density of solid at specified temperature

σ Stress

σ1 Type 1 residual stress

xxiii



σ2 Type 2 residual stress

σ3 Type 3 residual stress

σa,UTS Tensile strength of coating

σa Stress amplitude with mean stress

σb,UTS Tensile strength of substrate

σm Mean stress

σR Stress amplitude with zero mean stress

σtest Required test stress

σUTS Ultimate tensile strength

σy Yield stress

θ Angle between the incoming ray and the crystal lattice plane

εE Strain component due to elastic loading

ε f racture True strain at fracture

ε f Fracture ductility

εP Strain component due to plastic loading

εTotal Total strain

εTRP Strain component due to transformation plasticity

εT Strain component due to thermal loading

εVOL Strain component due to volumetric change

A Cross-sectional area

AISI American Iron and Steel Institute

Al Aluminium

ASTM American Society for Testing and Materials

B Boron

BHN Brinell hardness

C Carbon

Cp Specific heat capacity

CCT Continuous cooling transformation

CMM Coordinate measurement machine

CNC Computer numerical controlled

CO2 Carbon dioxide

xxiv



CoCrWC Cobalt chromium tungsten carbide

Cr Chromium

CTE Coefficient of thermal expansion

Cu Copper

CVD Chemical vapour deposition

d0
hkl Interplanar spacing in the stress-free state

dhkl Interplanar spacing in the stressed state

DLC Diamond-like coating

DMA Dynamic Mechanical Analyser

DSC Differential Scanning Calorimetry

DSC Vertical displacement between specimen/sample holder and sapphire DSC

thermal curves at given temperature

E Young’s modulus

EW Young’s modulus of welded material

EDM Electro-discharge machining

F Force

Fapplied Applied force

Fmax Maximum load

Fmin Minimum load

FUTS Ultimate tensile load

Fy Yielding load

Fe Iron

GMAW Gas metal arc welding

GTAW Gas tungsten arc welding

H Height

H2S Hydrogen sulfide

HV Vickers hardness

HAZ Heat-affected zone

HIC Hydrogen induced cracking

HVAF High-velocity air-fuel

HVOF High-velocity oxy-fuel

ICHD Incremental centre hole-drilling
xxv



L Length

L1 Grip length

Larm Force arm length

Lgauge Gauge length

Lo Initial sample length

MIG Metal inert gas

Mn Manganese

Mo Molybdenum

MR Machinability rating

N Number of cycles

n Positive integer

NaCl Sodium chloride

Nb Niobium

Ni Nickel

NiCrBSi Nickel chromium boron silicium

NiCrMo Nickel chromium molybdenum

NiCrMoSiB Nickel chromium molybdenum silicon boron

P Phosphorus

PH Precipitation hardening

PTA Plasma transferred arc

PVD Physical vapour deposition

PWHT Post-weld heat treatment

PWSR Post-weld stress relief

R Tangential fillet radius

r Radius

RA Percentage area reduction

rpm Revolutions per minute

S Sulphur

Se Endurance limit

S f Fatigue strength

SCC Stress corrosion cracking

xxvi



SEM Scanning electron microscope

Si Silicon

STA Simultaneous Thermal Analyser

TInt Interpass temperature

TPH Preheat temperature

Tre f Reference temperature

Ta Tantalum

TBC Thermal barrier coating

TG Thermogravimetry

Ti Titanium

TIG Tungsten inert gas

TS Tensile strength

W Mass

W Width

WC Tungsten carbide

WCCo Tungsten carbide cobalt

WCCoCr Tungsten carbide cobalt chromium

WCNi Tungsten carbide nickel

XRD X-ray diffraction

YS Yield strength

xxvii



Chapter 1

An Overview of Residual Stresses

Relating to Fatigue Performance

”Residual stresses in metals operate under a cloak of mystery, as they have nei-

ther been seen in the laboratory nor detected by means of the microscope. In

spite of their phantom-like nature, they frequently exert metallurgical effects that

cannot be ignored.” - Kent R. Van Horn (1)

”In fact, residual stresses can be particularly insidious because they offer no

external evidence of their existence and yet often have magnitudes on the order

of the material yield stress.” - Michael B. Prime (2)
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1.1 Introduction

The presence of stresses in engineering components due to various processes prior

to loading in service is an area of great interest. The effects of these stresses, known

as residual stresses, depend on the level of work experienced by the component

and will invariably affect fatigue performance. Any pre-service process, whether

a joining process, mechanical working, heat or chemical treatment, will result in

residual stresses in the component and it is the understanding and determination of

these stresses which forms a large area of research today.

Residual stresses are a common issue in many structures and components across a

range of engineering applications, from the industries of aerospace to medical en-

gineering, automotive to oil and gas. An area of great interest is that of residual

stresses arising through the joining of materials, the result of which requires not only

the knowledge of each material separately, but also knowledge of the interaction of

those materials throughout the joining process. In this study, focus is placed solely on

metals, examining the arising residual stresses due to cladding processes. A joining

process utilised very commonly is that of welding, often the application of a material

at a temperature such that the material is molten in order to allow the fusing of this

material to another. Clearly, in this case, effects arise through not only mechanical

interactions, but also through thermal effects. Knowledge is then required of mate-

rial behaviour with temperature and consequently through the joining of materials,

knowledge of the material properties arising due to the joining process in the vicinity

of the join. This creates a complex case, due to alloying and diffusion of materials, the

variation of thermal and mechanical properties with temperature and the creation of

stress gradients at the joining of materials.

Joining processes are applied with the intention of improving an engineering product,

additional factors such as cost, availability and performance will naturally vary with

intended purpose, however, the investigation of such factors is critical in ensuring

an applicable solution for the requirements of industry. Weld cladding, the area

of focus of this research, presents an attractive option due to process adaptability,

catering for the modification of the process, welding materials and consumables, to

suit the geometry and application of the component. It should be highlighted that

although weld cladding is utilised as a term here, in fact weld cladding includes a

range of processes, such as centricast pipe, co-extruded pipe, explosive bonding, hot

roll bonding and weld overlay cladding (3). Therefore, from here on in the use of the

term weld cladding will be used to refer solely to weld overlay cladding.

As there is a great emphasis on material behaviour and interaction, the outcomes of
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this research are restricted to weld cladding and the particular materials and geome-

tries investigated.

In this chapter, an introduction to residual stresses will be given, detailing the main

causes and effects of residual stresses. The effects of residual stresses on the fatigue

life of structures and components will be presented, leading then onto the beneficial

effects of compressive residual stresses and methods through which these beneficial

stresses can be induced. A selection of cladding and coating technologies will be dis-

cussed, allowing an insight into the process leading to the selection of weld cladding

as the area of interest in this research. The material selection process will then be

detailed prior to a summary of the aims and objectives of the research presented in

this thesis.

1.2 Residual stresses

Residual stresses are commonly defined as the stresses that exist in a component

post-manufacture without the presence of external loading or constraints. These

stresses will vary depending on manufacturing processing methods and durations

and are elastic, self-equilibrating, although the mechanisms through which they re-

sult may be due to plastic deformation. Therefore tensile and compressive residual

stresses will both exist in a component and any processes that alter residual stresses

in a certain region of a component must result in a balancing of stresses throughout

the component. These residual stresses can be beneficial or detrimental in terms of

fatigue and fracture mechanics. It is well known that tensile residual stresses have a

negative effect on the fatigue life of a component, while compressive residual stresses

improve fatigue life. The effects of residual stresses must be evaluated and are very

much dependent on the processes experienced by the component.

Residual stresses can be defined as macro or micro (4) with both types requiring con-

sideration when evaluating the state of a component. Macro, often denoted as type 1

(σ1) residual stresses, vary at a scale larger than grain or microstructural scales. Mi-

cro residual stresses can be divided into type 2 (σ2) and type 3 (σ3) stresses and arise

due to the microstructure of the material, the former being characterised at grain-

size scale and the latter at atomic scale. These stresses are influenced by material

phases and therefore can change greatly over distances comparable to the grain size

of the material. As type 2 stresses can vary across grains these stresses can exist both

in single-phase materials due to grain anisotropy and multi-phase materials due to

differing phases. Type 3 stresses exist within grains and are therefore influenced by

factors such as dislocation and other crystalline effects.

Figure 1.1 illustrates the schematically the three types of residual stress.
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Figure 1.1: Categorisation of residual stress according to scale - Modified from (4).

Figure 1.2 details various characteristics of residual stresses. The causes of residual

stresses are many, for example, joining processes may induce distortion and ulti-

mately failure. The potential for distortion of a component due to residual stress is

particularly crucial when these stresses are not controlled. The possibility of reducing

residual stress levels will be discussed in 11.5. Withers and Bhadeshia describe resid-

ual stresses as arising through misfits between regions, different parts or different

phases (5). This statement makes it understandable that joining processes will result

in residual stresses in a component. From a mechanical point of view, aspects such

as the mechanism of plastic deformation, machining, grinding, peening, burnish-

ing and autofrettage will induce residual stresses. These methods of influencing the

residual stress state may be intentional or unintentional. Constraint on thermal ex-

pansion and non-uniform heating and cooling through quenching, welding, brazing

and material dissimilarity induce residual stresses as can chemical reactions, volume

changes, precipitation hardening, phase transformations, nitriding and carburizing.

The points described here do not account for all possibilities and so it is clear that

there are many factors that must be taken into consideration when evaluating resid-

ual stresses.

As can be concluded from the previous paragraph, residual stresses arise from nu-

merous sources and therefore these stresses will invariably be present in unprocessed

raw materials, with manufacturing processes creating additional sources of residual

stress.
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Figure 1.2: Residual stress characteristics and causes - Schematic illustrating various

aspects of residual stress, such as scale, causes and nature.

1.2.1 Major parameters involved in inducing residual stresses

In weld cladding, stresses will arise due to mechanical, thermal and chemical mech-

anisms. The nature of stresses will be dependent on the thermal mechanisms and

degree of material dissimilarity. Welding processes and dissimilar joints typically

induce a complex residual stress field involving both significant tensile and compres-

sive residual stresses and therefore shorten fatigue life. Weld cladding can be thought

of as a dissimilar joint in essence, with thermally generated residual stresses arising

due to the non-uniform heating and cooling operations during welding, producing

constraints on thermal expansion and contraction in a component at a macroscopic

level and possibly also phase transformations. Thermally induced stresses can also

arise through processes such as brazing and quenching for example. Microscopically,

material mismatch such as between coefficient of thermal expansion values between

phases or constituents will cause thermally induced residual stresses to develop. The

effects of three major parameters on residual stress distribution due to weld cladding

are considered as highlighted in figure 1.3. Firstly, the global pre-heat shrink-fit ef-

fect is investigated, which accounts for the effective shrinking of cladding relative to

substrate, affected by material and temperature dissimilarity. Secondly, changes in

microstructure due to phase transformations and chemical reactions are considered.

Chemically generated residual stresses can develop due to volume changes associ-

ated with chemical reactions, precipitation or phase transformation. It will be seen

that these heavily influence material properties and ultimately the nature of residual
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stresses arising in a component, particularly when changes are sudden and abrupt.

Thirdly, the spatial and temporal variation of the clad deposition process and the

subsequent cooling of the component. The variation in temperature of both materials

will affect cooling rates and thus constraint levels within the component.

Figure 1.3: Major parameters affecting residual stress distribution - Major parameters

affecting residual stresses due to weld cladding.

The influence of a thermal transient process creates a dependence on differing ther-

mal expansion rates with material properties changing with temperature as time

progresses. Stresses will remain in the post-cooled component due to the constraint

being a function of stiffness and plastic flow. The mechanical properties of yield

stress and Youngs modulus will develop in the component during cooling from melt

to room temperature, with values differing in elements and therefore resulting in a

variation in thermal stresses.

1.3 Residual stress effects on failure mechanisms

Residual stresses arise from locked-in elastic strain energy in the material’s lattice

structure and can affect both crack initiation and propagation stages, for example

enhancing crack propagation rates. Prior to discussing methods of inducing residual

stress to positively impact fatigue life, or number of cycles prior to failure, the process

of fatigue will be briefly detailed. Cyclic loading of a component, provided the stress

levels are below the tensile strength of the material, can lead to fatigue failure.

The three stages of fatigue failure are as follows:

• Stage I: Crack initiation, which can account for the majority of the life in a non-

welded component, often occurs at the surface of a component, in areas of flaws

or damage which bring about an increase in stress.
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• Stage II: Crack propagation, during which shear slip causes crack growth in

each cycle for a cyclically loaded component, hence resulting in incremental

crack growth.

• Stage III: Fatigue failure, occurring when the critical crack length is reached.

The fatigue life of a component, as well as the time spent in the crack initiation

stages, is dependent on the microstructure of the material in the vicinity of the crack.

Grain boundaries in a refined microstructure possess the ability to hinder crack prop-

agation and therefore crack growth rate is accelerated in the case of a rough grain

structure due to the lack of such barriers. Material properties will generally influence

fatigue life, along with the cyclic stress state and the surface finish of the component.

The presence of inclusions or notches for example act as crack initiation locations,

therefore shortening this phase and allowing crack propagation to dominate.

Therefore improvement in fatigue life is often achieved through focussing on benefi-

cially altering the stress state, through influencing the mean stress in a component,

either during or post-manufacture. This is of particular interest where operational

stresses will be highest, usually at the surface of components and structures. To

improve fatigue performance, ideally the entire stress cycle would be in the com-

pressive range when operational stresses are superimposed on residual stresses as

shown in figure 1.4. However, any level of compressive residual stress would be ben-

eficial in drawing the combined stress cycle closer to the compressive region. If the

compressive residual stresses present in the component are of a high enough level,

cracks will tend not to propagate from flaws, corrosion pits or stress concentrations.

It is also recognised that compressive residual stresses can improve corrosion perfor-

mance and stress corrosion cracking performance for some materials (6). Addition-

ally, microstructural changes are likely to occur due to any processes a component

experiences to alter its’ stress state and the effects of these changes on fatigue life, not

only crack growth, but also material properties, must also be considered.

As can be seen from figure 1.4, a component which experiences a tensile operating

stress, a compressive residual stress effectively lowers the mean stress level. With

reference to the three stages of fatigue failure, compressive residual stresses will

decrease the rate of crack propagation, however are said to have little or no effect on

the crack initiation stage (7).

Residual stresses will vary depending on the materials present in a component and

the processes that have been implemented. Additionally once the component ful-

fils its purpose in operation and experiences loading these stresses will also differ.

The combination of residual stresses and operational stresses will determine poten-

tial failure mechanisms. Residual stresses can be, as previously highlighted, large
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Figure 1.4: Principal of superposition of residual and operational stresses - Top set

showing effect of tensile residual stress, bottom set showing effect of compressive resid-

ual stress.

enough to severely affect the performance of engineering components and therefore

it is a serious error to assume a stress-free state in the fatigue design of ductile and

brittle materials and the static design of brittle materials. The performance of com-

ponents and the relevance of failure mechanisms should be considered taking into

account the distribution and magnitude of residual stresses. The first important fac-

tor is the ductile or brittle behaviour of materials. Connecting this to a coating or

cladding, or indeed any dissimilar joint, the dissimilarity and the residual stresses

arising through this factor can result in failure in the vicinity of the join, whether at

the join or in the joining materials. The complex nature of a dissimilar joint increases

the complexity of the assessment of the thermal and mechanical material properties

and the microstructure and therefore experimental testing is a common method of

assessing performance, allowing the effects of combined residual stresses and opera-

tional loading to be determined.

The effects of residual stresses are most significant in the failure mechanisms of fa-

tigue and fracture. Considering the effects of residual stresses on fatigue, it is gen-

erally the case that tensile residual stresses present at the surface of a component

in operation often contribute to fatigue failure, while an increase in fatigue strength

can be achieved through the presence of compressive residual stresses. In partic-

ular in dissimilar joints, and therefore applicable in this investigation of cladding,

is the potential presence of high discontinuity stresses at the interface between dis-
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similar materials, therefore creating a region in which fatigue failure can also occur.

The strength of the bond is a key issue, as the potential for cracking is high when

the bond is poor. Another major failure mechanism which is related to dissimilar

joints is that of stress corrosion cracking, with the presence of residual stresses and

the metallurgy of the join potentially affecting stress corrosion cracking. Fatigue

can also be impacted by surface straining and rate of corrosion interactions. Brittle

failure can occur in components due to the combination of residual stresses and op-

erational stresses or solely due to the presence of residual stresses post-manufacture.

Compressive residual stresses can increase the fatigue strength and static bending

strength of brittle materials and therefore the presence of these beneficial stresses

in the surface layers of a component, where operational stresses are often highest,

would offer resistance to brittle failure. Brittle fracture, stress corrosion cracking

and fatigue failure most commonly occur in a state of tensile residual stress at the

surface of a component. Residual stresses could influence buckling as this mecha-

nism is assessed considering the stress state in a body, including the potential for

failure through buckling of a cladding or coating due to poor adhesion as mentioned

above. Residual stresses should be considered in modelling ratcheting behaviour due

to the considerations of local stress concentrations, with initial plastic straining and

subsequent accumulation influenced by the presence of residual stresses. Residual

stresses do not generally affect plastic collapse due to the self-equilibrating nature of

the stresses and stress concentrations can generally be neglected. In conclusion, it

is important to consider the scale at which residual stresses are to be modelled and

accounted for in order to accurately assess their effects on component performance

and failure mechanisms.

1.4 Methods of influencing residual stresses

There are many methods through which residual stresses can be influenced. As the

overall objective of this research is to develop a fatigue-resistant technology focus

will be placed on methods through which compressive residual stresses result and

ultimately through which an improvement in fatigue life can be achieved.

Another key factor in this investigation is the depth to which beneficial residual

stresses are obtained, as in many cases compressive residual stresses are obtained

in relatively thin layers, as is shown in (8). Herein shot peening of Inconel 625 is

shown to induce compressive residual stresses to a depth of around 0.3 mm while

laser peening results in compressive residual stresses to a depth just greater than 1

mm. It is clear from these values that in erosive and corrosive environments such

amounts of material will quickly be removed, removing therefore also the benefits

induced by such treatments.
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1.4.1 Machining induced residual stresses

During the manufacture of a component, residual stresses will be induced through

machining processes, the extent of which depends on the level of plastic deforma-

tion, the properties of the material, particularly at the surface, and any metallurgical

transformation occurring due to the machining process and the machining process it-

self. The mechanics of residual stress require two aspects to be examined: the causes

and the sources of residual stress. In machining processes, the sources can be due to

mechanical, thermal or transformational effects (9).

Machining processes can be tailored to induce compressive residual stresses, such as

quenching, milling, rolling and combining particular steps of the drawing process

(9). Grinding typically induces tensile residual stresses, however modifying aspects

such as the cutting speed and feed rates allows stress levels to be altered. Low-stress

or stressless grinding of 4300 steel fatigue specimens induced compressive residual

stresses of around -500 MPa in the axial direction with these beneficial stresses de-

creasing rapidly with depth. Axial fatigue testing of these specimens concluded that

these compressive residual stresses did not benefit fatigue performance, porosity dic-

tating the fatigue behaviour (10).

Further discussion on residual stresses produced through grinding will be discussed

in section 6.3.1.1. It should be ensured that any beneficial effects of compressive

residual stresses induced through a particular process are not then removed by sub-

sequent machining of the component. This action not only decreases fatigue life

but also increases corrosion susceptibility and therefore experimental procedures are

recommended to achieve beneficial residual stress states and maintain corrosion re-

sistance (11).

Electro-discharge machining (EDM) is an example of a machining processes which is

influenced by thermal means. This process induces tensile residual stresses in a thin

surface layer, which decrease quickly with increasing depth from the surface. The

EDM process will also be further discussed in section 4.4.1.

Although it is critical to attain knowledge of residual stresses due to machining pro-

cesses, the depth penetration of such stresses is generally only some hundredths

of millimetres (9). In the case of thin components this will obviously account for

a much greater portion of the specimen and larger effects on deformation may be

experienced.

It should also be borne in mind throughout that the self-equilibrating nature of resid-

ual stresses results in a balancing of stresses throughout the component such that

tensile and compressive residual stresses are present in the component. Methods of

influencing residual stresses will alter the nature and location of residual stresses,

10



for example the modification of surface stresses in turn altering the residual stress

further into the component.

1.4.2 Shot peening

Compressive residual stresses can be induced in the surface of a component through

the cold-work shot peening process, up to a depth of around 400 µm depending on

peening conditions (9). This method increases the hardness of the material, however

is limited primarily by shallow penetration depth. In another review, peening is

described as controlled pre-stressing with potential benefits for stress corrosion and

corrosion fatigue amongst other failure mechanisms. Herein, compressive residual

stresses are defined as generally being in the region of 60% of the ultimate tensile

strength of a material with the potential of the presence of these stresses to depths of

0.05 mm to 2.5 mm (12).

Shot peening is a cold-work, mechanical process involving controlled high speed

impact of small spherical particles, commonly steel, ceramic or glass, at speeds in

the range of 40-70 m/s (13), on the surface of a component which results in plastic

deformation and ultimately improves crack initiation resistance during the operation

of the component and therefore increases fatigue performance. The application of this

process can also increase resistance to stress corrosion cracking. The dimples formed

in the surface through these shots causes tensile yield of the material, however the

bulk material restricts movement of the surface material and therefore a compressive

residual stress results. It should be noted that a surface can be ’over-peened’ which

can result in crack formation on the surface, however it has been shown that these

cracks do not generally affect fatigue life (14).

Notable differences have been observed in the creation of compressive residual stresses

by shot peening in the cases of static compression and dynamic impact testing with a

single steel ball (15). In steel plates tensile residual stresses arose at the center of the

indentation with dynamic impact of the ball, contrary to the general assumption of

the generation of compressive residual stresses through shot peening. However, re-

peated impact in the area of indentation transformed these stresses into compressive

residual stress, illustrating the creation of a superposition effect to obtain this final

residual stress state.

The level of compressive residual stresses arising due to the shot peening process is

dependent on various parameters, such as the shot velocity, size, material, intensity

and impact angle. A higher intensity is shown to produce compressive residual

stresses, both to a greater depth and to a higher level in a shot peened aluminium

alloy, however the resulting compressive residual stress state is not able to translate

directly into the level of fatigue life improvement (16). The work-hardened layer
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increases the flow stress and will slow crack initiation and decrease the rate of crack

propagation.

Investigating the effects of shot peening on 4340 low alloy carbon steel also demon-

strates an increase in compressive residual stresses and a deepening of the stress field

with increased peening intensity. However this compressive residual stress did not

always equate to an increase in fatigue life in this steel (17). It is also noted that shot

peening can impact the location of crack initiation, also dependent on the conditions

of low or high cycle fatigue.

The modification of surface roughness which occurs due to this process should nor-

mally be taken into account as this is a factor that can hasten crack initiation and

therefore have a negative effect on fatigue life. However, in cyclic fatigue systems

where residual stresses and strain hardening dominate, the effect of this parameter

on fatigue life is likely to be negligible (18). Micro-cracking arises through the shot

peening process, yet, again, it is said that if the compressive residual stress is of a

large enough level, unavoidable stress redistribution effects of micro-cracks will not

impact fatigue performance (19).

To quantify the increase in fatigue performance, it is shown that peened steel spec-

imens experience an increase in life by a factor of 5 in comparison with unpeened

specimens, this measure is dependent however on the stress amplitude in question

(20).

A variation of this method is water jet peening also producing compressive residual

stresses, investigated numerically and experimentally using an austenitic stainless

steel plate. Compressive residual stresses were obtained at the surface of the compo-

nent using two values of external loading, with maximum stresses around -600 MPa

(21). Like shot peening, this process also provides an increase in fatigue performance

and resistance to stress corrosion cracking.

1.4.3 Autofrettage

Components operating under high pressure conditions are often subjected to the aut-

ofrettage process, with the aim of inducing plastic deformation at the inner surface

of the component to a particular depth. This is achieved through the application

of a hydrostatic pressure, which is applied and increased until plastic deformation

occurs to the desired depth and hence compressive residual stresses arise. This aut-

ofrettage process is known as mechanical or hydraulic autofrettage. Although more

uncommon, thermal autofrettage is also an effective, but possibly impractical, means

to creating compressive residual stresses through temperature reduction.
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Subjecting a compound cylinder to mechanical autofrettage results in that cylinder

possessing a higher fatigue resistance compared with a homogeneous cylinder of

the same dimensions (22). A study into thick-walled quenched and tempered steel

cylinders concluded that mechanical autofrettage significantly reduces stress inten-

sity factors and operating stresses at the inner surface while also extending the critical

crack size by 100% (23).

Studies have shown that compressive residual stresses induced through the autofret-

tage process do not further increase in an alloy steel after an autofrettage percentage

of 60% with open ends and the outer radius double that of the inner (24). Yielding to

the geometric mean radius is generally the maximum allowable autofrettage radius

presented in the standards (25).

Autofrettage has also successfully been paired with wire-winding to produce com-

pressive residual stresses throughout a wire-wound autofrettaged cylinder (26).

Swage autofrettage works in a similar manner to cold expansion, the process using

a mandrel which is forced through the component bore. This tool has a greater di-

ameter than the bore of the component to bring about expansion of the bore when

the mandrel is forced through the inner diameter of the component. Through this

process of plastic expansion of the bore a compressive residual stress arises. Man-

drel geometry heavily influences the level of residual stress, typically the mandrel

takes the form of two conical sections with a cylindrical section joining these two end

pieces. Finite element simulation studies have concluded that rear mandrel slopes are

thought to have a larger impact on the final compressive residual stress level present

(27). The required forming load has also been investigated using finite element sim-

ulations, concluding that tool cone angles, land lengths and lubricant types have the

greatest influence on friction levels and therefore the required forming load (28).

Autofrettage will be further discussed as a method of improving fatigue performance

in section 9.1.

1.4.4 Thermochemical treatments

Methods which utilise a heating process can effectively harden the surface of materi-

als while also producing substantial residual stress gradients. There are various types

of these hardening methods under the umbrella of gas nitriding, such as nitriding,

carburising, nitrocarburising and carbonitriding. As the name suggests, these process

use nitrogen and/or carbon and a heating process of typically 500-1000◦C to facilitate

diffusion in the vicinity of the surface to increase the hardness of the surface. Car-

burising for example increases the carbon content, hardening the component surface
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while toughness and ductility remains. It must be ensured therefore that the materi-

als treated can withstand these heat treatments without experiencing negative effects

on the material properties.

Another form of nitriding, known as plasma nitriding, uses a plasma energy source

to diffuse nitrogen into the surface of the component. This method requires the

use of a vacuum chamber in which the component is placed with then an electrical

potential difference introduced between vessel wall and component to produce the

plasma. This method has great potential in alloy steels and has the added benefit

of shorter time periods and lower temperatures than the processes described above,

typically below 600 ◦C. Furthermore, adding an oxidation step can enhance corrosion

resistance to produce an oxide layer on top of the introduced hardened zone. This

method is again suited for low alloy steels.

The plasma or ion nitriding process has been shown to induce compressive resid-

ual stresses in 4140 low alloy carbon steel, resulting in a 12% increase in fatigue

strength in comparison with liquid nitriding (29). This study discusses the increase

in strength, fatigue life and wear resistance of steels due to ion nitriding and high-

lights that the differentiation arises due to the period over which nitrogen diffusion

takes place.

1.4.5 Laser shock processing

As mentioned, the depth to which compressive residual stresses can be induced

through shot peening is a significant limitation of the method. Laser shock pro-

cessing, or peening, often implemented in gas turbines, is also limited in depth pen-

etration with potential beneficial stresses to depths in the region of 1 mm (30).

Laser shock processing uses a Q-switched laser to impact the metal surface with a

high energy pulse which in turn results in pressure pulses in the material. Material

is laid onto the component to act as an ablation and a thermal insulation layer, which

allows a smoother surface finish. Without the presence of this protective layer, se-

vere surface roughness can result due to vaporization and melting. In addition to

the benefits of compressive residual stresses, this surface finish will naturally also

contribute to an increase in fatigue performance. Plastic deformation is produced

when the shockwave pressure exceeds the Hugoniot Elastic Limit, bringing about

microstructural and material property changes. In a similar manner to shot peening,

the area of plastic deformation is constrained elastically by the surrounding mate-

rial and this creates a compressive residual stress at the surface. Again compressive

residual stresses will be generally highest at the surface with a decrease with depth

below the surface.
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Increasing numbers of laser impacts increases compressive residual stresses and sur-

face micro-hardness (31). This increase in hardness will be present in the entire

region that has been subjected to laser shock processing, the level of increase being

dependent on the process parameters and material characteristics. Studies show that

laser shock processing can increase fatigue strength in steels, aluminium alloys and

titanium alloys (32). It is reported that notched 4340 steel specimens experienced a

60-80% increase in fatigue life due to laser shock processing (32). Stress corrosion

cracking resistance is also improved in 304 stainless steel due to the beneficial effects

of the compressive residual stress and grain refinement resulting from laser shock

processing (33). A method of using smaller spots and overlapping these spots is said

to be important due to the complex laser generation systems utilised (34), with high

costs being the major disadvantage of this process.

1.4.6 Low plasticity burnishing

Low plasticity burnishing produces compressive residual stresses using a ball sup-

ported hydrostatically by a constant volume flow of fluid with the aim of minimising

cold work (35). Hydrostatic support means that a friction-free rolling contact is estab-

lished and therefore a high pressure can be applied. The rolling of this ball across a

surface creates plastic deformation and results in thermally stable compression while

also improving surface finish. This process is commonly used for conventional and

CNC machine tools and in the aerospace industry, presenting an attractive option for

the repair and refurbishment of aircraft components (36).

Studies into the use of low plasticity burnishing on 4340 steel concluded that com-

pressive residual stresses resulted to a depth of 1.25 mm, a depth 2-3 times greater

than that achieved through conventional shot peening with magnitudes also being

greater (36). In this investigation it is also stated that compression levels at the sur-

face and to considerable depth are greater perpendicular to the ball travel path while

the level of compressive residual stresses at greater depths are greater parallel to the

ball path.

Low plasticity burnishing applied to aluminium alloy 7075-T6 was also shown to

increase fatigue life by an order of magnitude, investigating also the effects of salt

fog on fatigue life and the consequential improvement in fatigue life after application

of the low plasticity burnishing process (37).

Low plasticity burnishing costs are lower in comparison to those of laser shock pro-

cessing, and therefore as compressive residual stresses can be achieved at similar

depths and magnitudes, this process is favourable. A range of materials have been

shown to benefit from the low plasticity burnishing process: steel alloys, nickel-based

superalloys, aluminium alloys and titanium alloys. It has also been shown that 17-4
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stainless steel specimens treated by low plasticity burnishing could withstand erosion

and foreign object damage to depths of 1 mm (38).

Aluminium alloy 74745-T7351 showed greater resistance to pitting and stress corro-

sion cracking damage after low plasticity burnishing in comparison to shot peening,

with increased corrosion fatigue life and damage tolerance (39). This can be at-

tributed to the greater depth to which low plasticity burnishing induces compressive

residual stresses, where as in the case of shot peening, corrosion pits will be of similar

depths to the depths of compressive residual stresses induced.

1.4.7 Ultrasonic processes

Compressive residual stresses can result from a variety of ultrasonic processes, some

of which will be covered briefly in this section. Plastic deformation is again the

mechanism through which these stresses are induced.

Ultrasound-aided deep rolling, similar to the conventional deep rolling process, and

ultrasonic nanocrystal surface modification provide the greatest stress magnitudes

and depths.

Ultrasound-aided deep rolling drives a rolling ball subjected to ultrasonic waves into

the surface of a component which is also experiencing static pressure. This ball

impinges and rolls the surface to produce plastic deformation. A friction-free impact

ensures no residual shear stress and a polished finish. Ultrasound-aided deep rolling

produced compressive residual stresses of -950 MPa to a depth of 1 mm in titanium

alloy Ti-6Al-4V and an improvement in high cycle fatigue strength of 65% (40).

Ultrasonic nanocrystal surface modification induces a nanocrystal microstructure

through the impact of a ball connected to an ultrasonic device, with 20,000 or more

impacts per second and 1000 to 10,000 shots per square millimetre. At a similar level,

compressive residual stresses of -1100 MPa were present in ultrasonic nanocrystal

surface modified 304 austenitic steel to a depth of 0.4 mm, although it does not result

in as great an improvement in fatigue life in comparison with deep rolling (41).

Ultrasonic shot peening uses an ultrasonic generator and a spherical medium to im-

pact the surface of a material and induce a compressive residual stress. Ultrasonic

shot peening produces lower compressive residual stresses to a depth similar to those

created above by ultrasonic nanocrystal surface modification (42). As with the major-

ity of the processes that involve impact, the extent of plastic deformation is depen-

dent on the frequency and intensity of the shots and the process duration. Depending

on component material, joint type and external loading, ultrasonic peening has the

potential to increase fatigue limits by 50-200% in low-carbon steel butt joints and

high-strength steel T-joints (43).
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Ultrasonic surface mechanical attrition is used obtain a nano-crystalline material

structure whilst maintaining the chemical composition of the material. This is achieved

through incremental refinement of the grains, from a coarse to a nanometre scale,

through high vibration frequency repeated impact resulting in plastic deformation.

However, studies on titanium sheets have shown that this process can have adverse

effects on the ductility of the material due to the high stressing of the material (44).

Ultrasonic cavitation involves the attachment of the specimen to an ultrasonic vibra-

tor, described as resulting in similar effects to the shot peening process and when

applied to materials that experience high work-hardening there will be no erosive

effects due to the process. Depending on the temperature of the cavitation liquid in

which the specimen is immersed, residual stress levels can be in the range of -650

MPa for 304 stainless steel (45).

Ultrasonic impact treatment induces plastic deformation through ultrasonic frequency

impact in the region of 27,000 Hz (46). Investigation into the increase in fatigue

strength of structural steel welded joints subjected to ultrasonic impact treatment,

shot peening, hammer peening and TIG dressing concluded that specimens subjected

to ultrasonic impact treatment experienced the greatest increase in fatigue life at a

value of 65-75% (47).

1.4.8 Cold expansion

Cold expansion is a manufacturing process that can be utilised to induce compressive

residual stresses, often applied to fastener holes in the aerospace industry. Drawing

a mandrel and split sleeve through the hole such that their diameter are greater than

that of the hole, plastic deformation occurs and consequently an area of compressive

residual stress exists in the vicinity of the hole with near constant magnitude (48).

This removes the tendency for crack initiation and growth in the vicinity of the hole,

typically an area of local stress concentration. The geometry of the mandrel again

heavily influences the arising residual stress state, research showing that a tapered

pin with a mating tapered split sleeve produces fatigue life improvement factor of

4-5 in comparison with a parallel split sleeve in aluminium alloy Al 7075-T6 (49).

Simulation studies of the cold expansion process applied to an aluminium alloy sheet

showed that the maximum values of compressive residual stresses achieved were

approximately -100 ksi with these stress levels present to a depth of 0.125 inches (50).

In another study of aluminium alloy Al 2024 the split sleeve technique with taper pin

and the split sleeve technique with ball technique were compared, concluding that a

200% increase in fatigue life was achieved with the former in comparison with the

latter (51).
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In aluminium alloy LY12-CZ compressive residual stresses of around -300 MPa were

obtained both through simulation and experimental means using X-ray diffraction to

a depth of approximately 3 mm from the edge of the hole after application of the cold

expansion process, resulting in an improvement in fatigue performance by a factor

of six in comparison with specimens that had not undergone cold expansion (52).

Likewise titanium alloy TC4 was treated using the cold expansion process, studies of

which showed that fatigue performance was improved by a factor of 1.5-3 through the

process, additionally a corner crack formed in cold-expanded holes at the entrance

face in comparison with a face crack at the mid-plane in unexpanded holes (53)

1.4.9 Combining processes to further enhance fatigue performance

Lastly, it is of course possible to combine these methods to achieve the most favourable

results, whether creating a series of processes or applying certain processes in certain

areas of a component. Through careful consideration of residual stress state alter-

ation through these methods and the order in which to apply these methods, it is

possible to achieve a further improvement in fatigue performance.

Carburising was combined with shot peening and low plasticity burnishing on 9310

steel to assess the effectiveness of these combinations. Combining low plasticity bur-

nishing and carburising proved more effective than shot peening, a maximum com-

pressive residual stress of approximately -1800 MPa being obtained to a depth of 3

times greater compared with the shot peening and carburising combination through

which maximum stresses obtained were approximately -1500 MPa (54).

Plasma-carburising and deep-rolling combined achieved both wear resistance through

the former and compressive residual stresses through the latter in a titanium alloy.

This study showed however, that maximum compressive residual stresses through

the combination of these processes were in the same region as the stresses produced

solely through the deep-rolling process and that little difference was observed in fa-

tigue performance. Therefore the key added benefit of carburising in this case is the

increase in wear resistance (55).

Although some cases have been presented, due to the specialist nature of combin-

ing processes, there is little literature available on particular material and process

combinations.

1.4.10 Summary

Various methods of influencing residual stresses with a focus on generating compres-

sive residual stresses have been discussed, highlighting the potential for tailoring of
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the residual stress magnitude and distribution depending on component require-

ments. Consideration must be given to the materials in question and the effects that

any such processes will have on material properties and metallurgy. Great potential

is shown for the alteration of process variables to obtain the desired residual stress

state. A major factor remains of the assumption of an initially stress-free compo-

nent, a case that will not occur in reality. Residual stress distributions obtained can

vary greatly with depth and adequate steps must be taken to determine this dis-

tribution throughout the component to thoroughly understand the consequences of

these stresses on aspects such as fatigue performance. Methods of measuring resid-

ual stress will be discussed in 6.2. Great difficulty arises in assessing the effects of the

combination of residual stresses and operational stresses, the most effective means

being experimental testing paired with finite element simulation modelling of the

particular case in question.

Ultimately, processes must be evaluated with a view of their applicability to the par-

ticular component and operation, with economic considerations also playing a major

role. Autofrettage is largely utilised in pressurised components for example. As has

been demonstrated, lower cost processes, such as shot peening, while effective in

producing compressive residual stresses, do so only to a very shallow depth. Other

aspects such as effects on surface finish must also be considered, as the introduc-

tion of surface roughness will not be negligible even if beneficial residual stresses

are present. Beneficial effects on surface finish are achieved through laser shock

processing, however this presents higher costs. Fatigue and wear properties on the

other hand can also be improved and so there are processes such as thermochemical

treatments which will provide multiple benefits. The combination of processes must

be carefully considered, as this will not necessarily provide greater benefits to the

residual stress state and overall fatigue performance.

1.5 Research aims and objectives

The aim of the introduction provided is to illustrate the need for an understanding of

the causes of residual stresses and investigation into solutions for industry in dealing

with the potentially detrimental effects of residual stresses. This is the core of this

research: the development and validation of a fatigue-resistant cladding technology.

As the title suggests, an improvement in fatigue performance will be sought through

the implementation of a cladding technology. Through process modification and

material selection, the generation of beneficial compressive residual stresses will be

investigated in clad components.

This will be achieved through the following:
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• Selection of specific material combinations and deposition processes to induce

compressive residual stresses.

• Investigation of temperature dependent thermal and mechanical material prop-

erties of weld clad layers, heat affected zones and substrate.

• Simulation of residual stress distributions arising through the cladding process

using Abaqus and assuming elastic-perfectly plastic material behaviour and in

doing so developing an understanding of the importance of model accuracy

and assumptions.

• Experimental validation of residual stress distributions arising through the cladding

process.

• Examination of the roles of process variables, such as cladding methods, in

producing compressive residual stresses to significant depths.

• Effects of the cladding process on metallurgy and material properties and ulti-

mately residual stresses.

• Introduction of methods of modifying the commonly obtained tensile residual

stress distribution due to weld cladding with certain material combinations

using mechanical autofrettage to increase fatigue performance.

• Understanding the applicability of the technology and identifying challenges.
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Chapter 2

Corrosion Fatigue Performance of

Unclad Low Alloy Carbon Steel

Validation of the hypothesis of the beneficial effects of a compressive mean stress

on the corrosion fatigue performance of a material was obtained through the cor-

rosion of low alloy carbon steel 4330 fatigue specimens. Tensile testing allowed

the construction of a four-point bending diagram to provide an indication the

fatigue strength of 4330 low alloy carbon steel. The importance of specimen

quality for the purpose of fatigue testing is discussed and evaluated. Uncorroded

specimen quality was assessed through measuring parameters such as surface

roughness and referring to required standards for fatigue testing. Axial fatigue

testing and R.R. Moore rotating beam fatigue testing was undertaken with vary-

ing corrosion methods investigated and issues in obtaining adequate corrosion

discussed. Uncorroded specimens were subjected to cyclic axial fatigue with a

tensile mean stress, after which corroded specimens were subjected to a tensile

mean stress. This enabled confirmation of the detrimental effects of corrosion on

fatigue life. Following this, corroded specimens were subjected to a compressive

mean stress. The expectation of a compressive mean stress reducing the nega-

tive effects of corrosion fatigue was confirmed and hence the potential benefits

of compressive surface residual stresses for fatigue performance of corroded steel

introduced.
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2.1 Introduction

Corrosion effects can have a major impact on fatigue life, with 4140 heat treated steel

experiencing corrosion degradation factors of three to four (56). The negative effects

of these mechanisms must be taken into account when evaluating fatigue life. Anal-

ysis carried out on a failed hydraulic fracturing pump confirmed the contribution

of the mechanisms of erosion and corrosion in fatigue failure. The extent of these

mechanisms can be observed in figure 2.1. Methods of combating these effects in

engineering components is a common area of investigation. In the case of hydraulic

fracturing pumps, one method would be to manufacture the entire pump body out

of corrosion resistant material. Although this is an advantageous solution, it is likely

to substantially increase manufacturing costs.

Figure 2.1: Corrosion pitting and failure in hydraulic fracturing pump - Analysis of

section of 4330 hydraulic fracturing pump showing cracked bore surface, erosion and

corrosion pitting.

When engineering components and structures experience cyclic loading at levels be-

low yield strength, crack initiation can occur, followed by propagation and ultimately

fatigue failure. With 90% of service failures in metal parts being attributed to fatigue

(57), it is crucial to evaluate the effects of fatigue of component performance. In

determining the effects of residual stresses on fatigue life, the interaction of these

stresses with operational loads must be investigated to determine the effects on crack

initiation and potential residual stress relaxation (13).

Clearly a tensile residual stress increases the mean stress and the maximum stress

level which will be reached during operation. Each cycle experienced causes an in-
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crease in fatigue damage through crack growth until a critical crack length is reached

leading to crack propagation and failure of the component. Tensile residual stresses

utilise a greater portion of the ductility of the material as the increased stress level

results in the reaching of a higher point on the stress-strain curve. Compressive resid-

ual stresses act as a means of increasing the portion of the stress-strain curve that can

be utilised through decreasing the mean stress and peak stress and effectively facili-

tating an increase in ductility and fracture strength of the material (58). With regards

to crack propagation, compressive residual stresses, if present to a high enough level,

limit crack growth due to the lack of the tendency of crack faces to open during a

stress cycle.

Empirical relationships exist for the effects of mean stress on fatigue strength, for

example the Modified Goodman equation 2.1:

σa

σR
+

σm

σUTS
= 1 (2.1)

In the Modified Goodman equation σa is the stress amplitude in the presence of a

mean stress and σR is the stress amplitude in the presence of a zero mean stress for

the same life as in the case of σa. σm is the mean stress that corresponds to the stress

amplitude in the presence of a mean stress and σUTS is the ultimate tensile strength.

Depending on the material and whether crack initiation or propagation is dominant,

mean stress effects will vary. Furthermore, if the specimen is notched, the type of

notch will also influence the fatigue strength, or endurance limit, with welded joints

being described as effectively severely notched specimens, in which crack propaga-

tion is dominant. At this endurance limit, the material has the ability to resist fatigue

failure regardless of the number of cycles it experiences. Results comparing notched

and welded mild steel specimens at 106 cycles showed little difference in cyclic stress

limit versus mean stress. For plain mild steel, the effects of mean stress on crack

initiation are of greater interest while the effects of mean stress on crack propagation

are less influential when the stress cycle is fully tensile (59). Fatigue performance is

measured by the number of cycles endured by a material. The term high cycle fatigue

is assigned to the case where the number of cycles N involved are greater than 105

(60). High cycle fatigue involves an elastically applied stress at low amplitude with

the development of cracks generally occurring in a transgranular manner. In low

cycle fatigue, with high amplitude plastic strain characteristics, cracks develop in an

intergranular manner (61).

This chapter presents the effects of a compressive mean stress on the corrosion fa-

tigue performance of 4330 low alloy carbon steel to mimic the beneficial effects of

compressive residual stresses on corrosion fatigue performance. Corrosion of fatigue

specimens was undertaken using two methods due to the inability of the first method
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in achieving adequate corrosion. Corroded and uncorroded specimens were tested

under a tensile mean stress to prove the detrimental effects of corrosion on fatigue

performance. Corroded specimens were then subjected to a compressive mean stress

to highlight that corrosion fatigue performance benefits from the presence of com-

pressive residual stresses.

2.2 Mechanism of corrosion

The effects of corrosion during component operation can have catastrophic conse-

quences if not considered and accounted for. There have been many studies into

the causes of failure of engineering components and structures, and it has long been

known that fatigue is the major failure mechanism in aircraft, chemical and offshore

process plants and boilers and pressure vessels (62). Corrosion follows fatigue closely

as the major mechanism leading to failure and the coupling of these two mechanisms

is also a major contributor. In 2002, a study concluded that the total annual estimated

direct cost of corrosion in the U.S. was $276 billion (63).

Corrosion involves an electrochemical process at the surface of a component when a

material is exposed to moisture and oxygen causing oxidation. In the case of steel,

iron reacts with oxygen to form iron oxide Fe2O3, commonly known as rust. The

creation of electrons and metal ions allows a reduction reaction, with the presence

of an electrolyte solution. Hydroxide ions are formed through the conversion of

oxygen and water, the combining of these hydroxide ions with iron ions present in

the iron or iron alloy material forming hydrated oxides. The rate of corrosion is

dependent on the conductivity of the ions present, acceleration or deceleration being

controllable through the electrolyte and solution oxygen content and salinity. For

example, corrosion rates are increased in marine environments as electrolytes are

present in the form of chlorides in seawater.

The corrosion process alters the mechanical properties of a material. For example,

rusted steel loses the ability to protect the material from further oxidation and further

damage occurs. The decrease in cross-sectional area of a component presents the risk

of failure of a component. As shown in figure 2.1 pitting corrosion is observed in

the component in question, this being a type of localised corrosion where specific

areas of the component are more aggressively affected by the electrolyte. Increased

material removal occurs with increasing levels of oxidation ultimately leading to a

potential failure of the component.
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2.3 Immersion corrosion method

2.3.1 Axial fatigue specimens

Specimens for axial fatigue testing were machined from bulk 4330 low alloy carbon

steel material blocks according to the British Standards for Tensile Testing (64) using

a CNC machine on a lathe, adequate for fatigue testing in this case. The specimen

dimensions are shown in table 2.1 with figure 2.2 illustrating the placement of these

dimensions.

D (mm) 15.9

R (mm) 12.5

Lgauge (mm) 50

L1 (mm) 70

Table 2.1: Fatigue specimen dimensions

Figure 2.2: Tangentially blended fillet fatigue specimen with circular cross section -

Figure as shown in (65).

Initial testing plans included the cycling of the specimen from a tensile to a compres-

sive value hence passing through zero and so the specimens were machined with

threaded ends to prevent slackness in the grips. Furthermore, the diameter of the

specimens was increased compared with that provided in the standard to prevent

buckling of the specimen.

Specimens were hand polished to finish using emery cloth.

2.3.2 Tensile test

The required cyclic load value was determined through a tensile test using a Denison-

Mayes servo-hydraulic universal testing machine, resulting in yielding occurring at a
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load of 195.6 kN and the ultimate tensile load being 216 kN. Table 2.2 displays the ob-

tained results and yield and ultimate tensile stresses calculated using the relationship

between force and area (equations 2.2 and 2.3).

A = πr2 (2.2)

σ = F/A (2.3)

� (mm) 15.945

A (mm2) 199.68

Fσy (kN) 195.6

FUTS (kN) 216

σy (MPa) 979.56

UTS (MPa) 1081.7

Table 2.2: 4330 tangentially blended fillet fatigue specimen tensile test results

2.3.3 Four-point method

It is often difficult to obtain fatigue performance data due to the length of time and

number of specimens required and therefore methods have been developed to predict

fatigue performance.

Using the data obtained from the tensile test, the four-point method using the strain-

based approach was applied to provide an indication of the fatigue strength of the

material (66). This requires the plotting of the elastic and plastic strain life lines.

Point A corresponds to the UTS at N= 1
4 cycles, assuming that the tensile test is rep-

resentative of a quarter of a single, completely reversed fatigue cycle.

Point B is the fatigue endurance limit. For ferrous alloys this is generally around

107 or 106 cycles, where the fatigue curve becomes a horizontal line, signalling the

stress level below which fatigue failure will not occur. If the endurance limit can-

not be determined for the material, which is often the case in materials which do

not experience work hardening, then an endurance strength can be estimated as the

failure stress at a large number of cycles, for example at N=107 cycles, or through

using tensile test data using equation 2.4 to calculate the ductility parameter. For

common structural alloys, this value can then be used to find the corresponding ratio

of endurance to yield strength S f
σy

(67). A distinct endurance limit around 50% of the

UTS exists for ferrous alloys such as 4330, while some materials, such as aluminium,
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do not have an endurance limit, with eventual failure occurring at a low stress level

(60). Multiplying this value by the yield stress obtained from the tensile test pro-

vides an estimation of the endurance strength Se. The values obtained for 4330 are

documented in table 2.3. The joining of points A and B provides the elastic limit line.

µ = 1−
σy

UTS
(2.4)

σy (MPa) 979.56

UTS (MPa) 1081.7

µ 0.094
S f
σy

0.5

Se (MPa) 489.78

Table 2.3: Estimation of endurance strength of 4330 using four-point method

Point C is known as the fracture ductility ε f , which can also be obtained through

a tensile test as the natural log of the true strain at fracture ε f racture. The value of

fracture ductility can also be estimated using equation 2.5.

ε f = ln
[

100
100− RA

]
(2.5)

ε f racture 3.567 E-02

E (GPa) 185

εPointA 0.00584324

εPointB 0.00264703

εPointC 3.33344528

εPointD 0.00324324

Table 2.4: Strain values as plotted for the strain-based four-point method using tensile

test data obtained for 4330

The theory of universal slopes dictates that the elastic and plastic strain curves intersect

at N=104 cycles and therefore point D is plotted on the elastic curve at N=104 cycles

and the plastic curve created through the joining of points C and D. The fatigue

strength estimation curve can then be plotted as the arithmetic summation of the

elastic and plastic curves.

Figure 2.3 illustrates the resulting diagram for the strain-based four-point method

using tensile test data obtained for 4330.
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Figure 2.3: Approximation of fatigue strength of 4330 - Applying four-point method

using the strain-based approach.

2.3.4 Specimen quality

Design and machining of specimens was found to be a key factor in this investigation,

as failure occurred in areas of machining defects in the threaded region or at the

tangential fillet between the thread and the gauge length. For example, a specimen

failed in the threaded region at 31,500 cycles when tested at a stress range of 5%-95%

σy with figure 2.4 illustrating degradation of the material surface due to tool chatter.

Crack initiation occurred in middle region of figure 2.5 with crack propagation pro-

gressing towards the left and right edges of the image where tearing can be seen to

have occurred.

A second batch of specimens was machined to ensure that chatter would not cre-

ate areas of stress concentration in the threads. However, it was found that failure

occurred in these specimens at the tangential radius and the gauge length with the

presence of a cusp, common in the milling process due to the requirement for a num-

ber of adjacent cuts to achieve the desired finish. This defect was detected through

microscopic examination of the specimen, with the region shown in figure 2.6. The

presence of this cusp along with stress concentration due to machining marks cre-

ated an area of stress concentration large enough to move the point of failure to this

location as opposed to in the centre of the gauge length.

The diameter of the specimens was reduced to 15 mm and the radius increased to
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Figure 2.4: Thread chatter in 4330 uncorroded tangentially blended fillet specimen -

Degradation of material surface due to tool impact causing chatter.

Figure 2.5: Crack initiation point on 4330 uncorroded tangentially blended fillet spec-

imen - Crack initiation in middle region of figure, with crack propagation progressing

towards left and right edges of the figure.
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Figure 2.6: Cusp fracture and example of machining marks on 4330 tangentially

blended fillet specimen - Stress concentration effects due to machining process on 4339

axial fatigue specimens.

15 mm to eliminate the cusp and the threads of the specimens of the third batch

flattened. For screw fasteners, rolling is the preferred method of creating threads

as threads that are machined using a cutting process are known to possess a lower

endurance strength (68). Thread roots experience plastic deformation under static

loading, risking local over-stressing in cyclic conditions leading to potential fracture

(69).

As the presence of obvious abnormalities is unacceptable in specimens (65), these spec-

imens were deemed to be of unacceptable standards. Furthermore, the standard

requires the fillet radius R to be eight times the test section diameter D. Table 2.5

notes the dimensions for the first and second batches of specimens highlighting that

this requirement has not been met. A decrease in the test section diameter is required

along with an increase in the fillet radius. Simultaneously the diameter of the test

section must not be less than 5.08 mm and the test section length must be two to

three times the test section diameter.

Batch 1 Batch 2

D (mm) 15.9 15

R (mm) 12.5 15

Table 2.5: Specimen dimensions for batches 1 and 2 of 4330 tangentially blended fillet

specimens

Additionally, surface finish is required to be of an acceptable standard, although as

previously emphasised, this does not necessarily mean that machining processes have

not induced tensile residual stresses or micro-cracking. Polishing, preferred to be in

the longitudinal direction, is standard practice as the final step in specimen prepara-
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tion. In this case rotational polishing was applied. It must be ensured that any steps

applied throughout the specimen preparation process do not alter the metallurgy of

the material or induce residual stresses (70). The use of appropriate coolant in the

machining process for example is crucial to ensure that heat treatment effects do not

alter the metallurgical properties of the material. If residual stresses are thought to

have been induced through the machining process then attempts should be made the

quantify these, as will be discussed in section 6.3.1.1.

Finite element simulations undertaken in separate studies confirmed the detrimental

effects of the presence of a cusp modelled through the elimination of the tangential

curve, where stress concentrations were observed to become infinitely high in the

vicinity of the cusp. The tendency for high stress concentration factors in the threads

encourage failure in these regions. These findings are in agreement with the exper-

imental results, failure having occurred at N=21,783 cycles in the radius and gauge

length in a specimen of batch 1 tested at a stress range σR of 5%-95% sigmay as was

highlighted in figure 2.6. Examining the results from the specimens of these batches,

three of the four specimens tested under a tensile mean stress failed in the section

between the radius and the gauge length. The elimination of cusps would likely

move the point of failure to the threaded section due to the removal of the stress con-

centration in this area and the focus then on the stress concentration in the threaded

region. Both of these failure locations ultimately indicated that failure in the gauge

length in the centre of the specimen is unlikely under the given machining quality

and specimen design.

Taking into account the need to overcome stress concentration effects in the threaded

region, table 2.6 presents an example of suggested dimensions to conform with re-

quirements of the ASTM standard (65). The requirements according to the standards

are noted in equations 2.6, 2.7 and 2.8.

R = 8D (2.6)

Lgauge = 3D (2.7)

AGrip/AGaugeLength ≥ 4 (2.8)

These suggested specimens would yield a specimen with a circular bar and a tangen-

tially blended fillet. Alternatively a constant fillet radius section could be machined,

with similar requirements as previously stated. Threaded ends would ideally be elim-

inated to in turn eliminate the issue of chatter and stress concentration and would in

fact not be required for testing under tensile or compressive mean stresses.
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DGrip (mm) 31.6

DGaugeLength (mm) 10

R (mm) 80

Lgauge (mm) 30

Table 2.6: Suggested amended tangentially blended fillet specimen dimensions

On completion of the machining of specimens for the purpose of fatigue testing, it

would be desirable to receive information regarding the machining process utilised,

including machining speeds, tooling and surface finishing techniques. As observed,

surface finishes obtained are not consistent and this is a cause for concern.

2.3.5 Summary

The primary issue in the early investigation into the corrosion fatigue performance of

4330 related to the corrosion of the axial fatigue specimens. An immersion corrosion

method utilised a carousel modified as shown in figure 2.7 to allow specimens to

be immersed and rotating in an eight litre bath of 3.5% saline solution to imitate

salt water conditions (71). Nylon inserts enabled the specimens to be screwed into

the holders and a motor utilised to allow variable speed of rotation. Each specimen

holder was rotated via a rod connected to a number of gears. A pump was installed

at the bottom of the bath to increase the oxygen content of the water. Increased

corrosion rates can be attained through this manner of aeration, as well as through

modification of the temperature or concentration of the solution (72).

Visual inspection allowed observation of the effects of corrosion as illustrated in fig-

ure 2.8. Discolouration occurred through the immersion corrosion method and it

can be seen that material removal has occurred and pit formation has commenced.

The formation of pits is recognisable through small holes appearing on the material

surface indicating localised corrosion. Careful inspection of these pits is crucial, as

they cannot be solely characterised through visual inspection and may be difficult to

observe due to the presence of oxide layers. Pits may be of many forms, with cross-

sectional shapes varying from elliptical to narrow and deep or wide and shallow,

undercutting to subsurface and horizontal to vertical (73). Stress concentrations arise

at the base of a pit, creating the potential for crack initiation and fatigue failure if the

component experiences cyclic loading.

Optical microscopy allowed further examination of the effects of corrosion utilising

the discs attached to the specimens. The discs were sectioned using a water-cooled

Struers cut-off grinder, followed by grinding with silicone carbide paper with varying

levels of grit (220-1200 µm), water coolant and a machine speed of 300 rpm to remove

32



Figure 2.7: Immersion corrosion experimental rig - Set-up illustrates specimens sus-

pended above saline solution with a pump to induce bubbling to increase oxygen con-

tent.

Figure 2.8: Visual inspection of corroded 4330 tangentially blended fillet fatigue spec-

imen - Corrosion seen to have affected threaded region of specimen.
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any machining effects due to the sectioning. Polishing of the surface ensured a mirror

finish using a 3 µm diamond pad and an alcohol lubricant and finally a 0.05 µm

colloidal silica polishing pad prior to mounting of these discs in Bakelite using a

hydraulic press.

After a period of five days, pitting was not found to be present as can be seen in

figure 2.9, although general corrosion is visible on the surface of the disc.

Figure 2.9: Magnified image of 4330 corroded disc surface - Magnification factor: x1000.

After a period of five weeks, an etched sample was examined under the optical mi-

croscope. The etching process uses a 2% Nital solution to enable the grain structure

to be examined. From figure 2.10 it can be seen that a potential pit was observed with

a crack emanating from the base of the pit.

Figure 2.10: Magnified image of pit and potential crack on 4330 corroded disc surface

- Magnification factor: x100.

Increasing the magnification further enabled the investigation of areas of potential

pitting, with the conclusion that a wide, shallow pit was forming, shown in figure

2.11.
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Figure 2.11: Magnified image of shallow, wide pit on 4330 corroded disc surface -

Magnification factor: x1000.

Inspection of these discs illustrated the early stages of corrosion pitting, however

there were too few areas of pitting for methods of evaluation such as number of pits

per unit area or average pit size or depth. Furthermore, this investigation was under-

taken on the discs attached to the specimens, as the specimens could not be inspected

as sectioning would clearly utilise material intended for fatigue testing. Additionally,

corrosion inspection could be achieved through measuring mass or geometrical re-

duction to quantify material loss.

The attempts of observing corrosion signalled the difficulty in obtaining adequate

levels of corrosion and so one month prior to ending the corrosion process, specimens

were raised out of the saline solution on a daily basis in an attempt to increase the

level of localised corrosion. On examination of a third disc, an increase in the level

of pitting was not observed and so the corrosion process was brought to an end. In

fact, protection may be offered to the material through the growth of the oxide layer

formed during the corrosion process, and hence the level of corrosion decelerates

with time. Although methods of accelerating corrosion are available, due to the set-

up of the carousel, the options of modifying the corrosive fluid or increasing the

temperature could not be realised.

Results of this study did conclude that a compressive mean stress does have ben-

eficial effects on the fatigue performance of corroded, or notched, 4330 steel. This

was illustrated by increased fatigue performance, with specimens not failing under

a compressive mean stress, while under a tensile mean stress failure occurred at

20,000-40,000 cycles.

It would be recommended that future testing would include a larger number of spec-

imens to ensure representative data and to allow the effects of different load levels to
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be assessed. Furthermore, the specimen dimensions were later deemed to be inap-

propriate for fatigue testing, thought to be the cause of the scatter in the results for

uncorroded specimens. Comparing the uncorroded specimens tested under a tensile

mean stress, failure occurred in one case after 1.7 million cycles and in another at

the stress range after 161,208 cycles. Unnecessary stress concentrations arose in the

threaded region and the surface finish was found to be of a low quality, highlighting

the need for amendments to the specimen design and machining process.

Adequate corrosion levels were not obtained using the immersion pre-corrosion method,

indicating the need for modification of the pre-corrosion method or the means of

investigating the interaction between corrosion and fatigue during testing, guide-

lines for this type of testing provided in (74). Possible modifications to the corrosion

method include elevated temperature and high velocity impinging flow or a combi-

nation of both, studies having illustrated the capability of these parameters in facili-

tating the breakdown of passivity and in turn the effects of the corrosion behaviour

of stainless steels and related Ni-base and Co-base alloys (75). Applying a method of

impingement would not only produce increased corrosion and pitting but potentially

also greatly decrease corrosion time.

Due to the poor machining quality and lack of adequate corrosion levels, further

studies were then undertaken utilising an aeration corrosion method and a different

specimen geometry.

2.4 Aeration corrosion method

Much of the available corrosion data relates to fatigue testing of pre-corroded speci-

mens. The interaction between corrosion and fatigue, however, is crucial in accurately

assessing fatigue performance. The time dependence of corrosion means that the fre-

quency of fatigue testing involving corrosion is an important parameter. Longer time

periods and lower frequency testing allow increased interaction between corrosion

and fatigue and a larger number of pits and cracks can form prior to failure. The

initiation of cracks in areas of corrosion pitting severely reduce fatigue performance

of components subjected to cyclic loading due to the presence of stress concentra-

tions. Cyclic loading also increases the rate of corrosion as the protection offered by

the material is decreased through continued loading of the material and exposing

of material below the surface. There is a correlation between the density of pitting

and the level of stress applied and cyclic strain enhanced dissolution encourages the

formation and growth of corrosion pits (76).

In continuing the examination of the hypothesis of the beneficial effects of a com-

pressive residual stress in a corrosive environment, fatigue specimens were corroded
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using a dripping mechanism to achieve adequate levels of pitting with the initiation

of fatigue cracks (77). Specimens were corroded in four-point bending fatigue us-

ing a custom-designed corrosion rig in an R.R. Moore rotating beam fatigue testing

machine. Pre-corroded specimens were then tested under a compressive mean stress

in a uni-axial fatigue testing machine whilst subjected to a corrosive environment.

Comparisons were drawn with the results of specimens tested under a tensile mean

stress as previously, with the finding that even pre-corrosion was adequate to cause

failure after a short period of time without the requirement to corrode during the

test. Uncorroded specimens tested under a tensile mean stress allowed the effects of

corrosion on fatigue performance to be determined. Ultimately the method of corro-

sion and testing proved more successful in comparison with the previous immersion

corrosion method.

2.4.1 Test specimens

Specimens were machined on a CNC lathe from bars of 4330 low alloy carbon steel

according to the British Standards ISO 1143 for rotating bar bending fatigue testing

specimens (78). Care was taken to avoid issues with the previous batch of fatigue

specimens by utilising a continuous radius between the ends of the specimen as

shown in figure 2.12 and eliminating the parallel gauge length and the threaded

grips required when passing through a zero stress value. This effectively removed

the areas of stress concentration to encourage failure in the centre of the specimen.

Figure 2.12: Continuous radius fatigue specimen with circular cross section - Figure as

shown in (65).

Dimensions of the specimens are shown in figure 2.13.

2.4.2 Measuring surface roughness

Corrosion pitting obtained through pre-corrosion was expected to result in deeper

penetration than machining marks and therefore no polishing was undertaken during

the machining process. However, consistency between specimens was emphasised as
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Figure 2.13: Continuous radius fatigue specimen dimensions - Dimensions requested

for machined specimens, illustrating also required tolerance values.

an important aspect to allow similar corrosion behaviour and comparison of results

when specimens are subjected to the same loading cycles.

A Mitutoyo Surftest SV-2000 (figure 2.14) was utilised to measure values of the arith-

metic mean roughness Ra and the distance between maximum peak height and max-

imum valley depth Ry on uncorroded specimens as shown in figure 2.15. Readings

were obtained across five 0.8 mm segments at angles of 0◦ and 90◦ around the centre

circumference. The maximum speed of measurement, 0.5 mm/s, was used.

Figure 2.14: Surface roughness measurement of corroded 4330 tangentially blended

fillet fatigue specimen - Measurements obtained using Mitotoyo Surftest SV-2000.

Figure 2.16 shows a path plot along the specimen illustrating the peaks and valleys

present on an as-machined specimen.

Table 2.7 displays the values for minimum, maximum, mean and standard deviation

for Ra and Ry for the batch of specimens. The large differences in the minimum
38



Figure 2.15: Surface roughness measurement of 4330 continuous radius fatigue speci-

men - Measurements obtained using Mitotoyo Surftest SV-2000.

Figure 2.16: Surface roughness data for 4330 continuous radius fatigue specimen -

Peaks and valleys shown on surface of specimen number 1.
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and maximum values is alarming and highlights a lack of consistency in the machin-

ing process. Scatter in the results for surface roughness will need to be taken into

consideration, as this will translate into scatter in experimental results.

Ra (µm) Ry (µm)

Minimum 0.430 2.966

Maximum 2.206 9.917

Mean 0.964 5.973

Standard deviation 0.361 1.713

Table 2.7: 4330 continuous radius fatigue specimens - Batch surface roughness values

Machining marks were visible by eye, figure 2.17 showing circumferential marks

lengthwise along the specimen resulting from rotation in the CNC lathe. Diagonal

marks are a result of an attempted polishing process, likely during rotation of the

specimen.

Figure 2.17: 4330 continuous radius fatigue specimen - Magnification factor: x10. Mil-

limetre scale shown below specimen.

2.4.3 Measuring specimen dimensions

To allow calculation of the loading required to provide stressing of the material, the

centre diameter of each specimen was measured to calculate the minimum cross-

sectional area. The diameter of the grip was also measured on each specimen to

ensure that a secure fit would be achieved between specimen and R.R. Moore rotat-

ing beam fatigue testing machine collets. This avoids rotation of the specimen in the
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collets during testing which would alter the number of cycles the specimen experi-

ences. A 3D CNC Mitutoyo Vision Measuring Machine provided measurements to

an accuracy of 0.001 mm. The average of two centre diameter measurements �mcentre

at an angle of 90◦ to one another was obtained with center circularity ◦ calculated as

the difference between the two values. One measurement for the grip diameter was

obtained at each end of the specimen. Values obtained for as-machined specimens

are shown in table 2.8.

�mcentre (mm) ◦ (mm) �mgrip (mm)

Minimum 5.917 0.000 9.281

Maximum 6.065 0.095 9.376

Mean 5.971 0.021 9.317

Range 0.148 0.095 0.096

Standard deviation 0.030 0.020 0.019

Table 2.8: 4330 continuous radius fatigue specimens - As-machined dimensions

Measurements obtained demonstrated that the dimensions and tolerances shown in

figure 2.13 requested dimensions were obtained.

2.4.4 Tensile test

To determine the maximum allowable stress for fatigue testing, the yield stress σy of

the 4330 low alloy carbon steel, again a tensile test was performed. Obtaining the

UTS also provides an approximation of the endurance limit Se for the material. This

value is typically around half of the UTS for ferrous alloys as previously mentioned

in section 2.3.3. An Instron 5969 with a load capacity of 50 kN was used to conduct

two tensile tests, shown in figure 2.18.

Mean yield stress and ultimate tensile strength values obtained are shown in table

2.9.

σy (MPa) 885

UTS (MPa) 1035

Table 2.9: 4330 continuous radius fatigue specimen tensile test results

Figure 2.19 shows a plot of applied load versus elongation for one of the specimens,

with yielding observed at a load of 24 kN. To increase the accuracy of the results, a

larger number of specimens would ideally be tested.
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Figure 2.18: Instron 5969 dual column tabletop universal testing system - Load capac-

ity: 50 kN.

Figure 2.19: 4330 continuous radius fatigue specimen tensile test result - Load versus

extension obtained from tensile test using Instron 5969 testing machine.
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2.4.5 Pre-corrosion of specimens

Due to the poor levels of corrosion obtained using the immersion corrosion method,

an alternative method of corrosion was applied. Early studies utilising a custom

built corrosion rig attached to an R.R. Moore rotating beam bending fatigue testing

machine proved that the dripping of saline solution onto the centre of the specimen as

it rotated experiencing minimal frequency fatigue resulted in much greater corrosion

levels including pitting. This method increases the oxygen content during corrosion

and also captures the interaction between corrosion and fatigue. However in this

pre-corrosion stage, loads were maintained at a level and number of cycles such that

significant pitting occurred with the potential of fatigue crack growth whilst ensuring

fatigue failure did not occur. An example of the corrosion achieved using this method

is shown in figure 2.20.

Figure 2.20: Corrosion pitting and cracking of 4330 continuous radius fatigue specimen

- Magnification factor: x200. Crack protrusion from pit is observable using corrosion rig

and dripping mechanism to achieve pre-corrosion of fatigue specimens.

Corrosion rates in seawater decrease with time for iron and steel components due to

the build up of corrosion products inhibiting interaction between the corrosive fluid

and the material and pitting can occur to several times the depth of that occurring due

to general corrosion when the corrosive fluid flows over the material (79). Therefore a

short corrosion period with a dripping mechanism was considered to be appropriate.

The specimen is fitted into the 3D prototype shown in figure 2.21 and the combination

mounted in the R.R. Moore testing machine. The corrosion rig was developed and

custom-manufactured for the purpose of this research (80).
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Figure 2.21: Custom-built corrosion rig for use with R.R. Moore rotating beam bend-

ing fatigue testing machine - Fatigue specimen placed in corrosion rig with brushes

inserted into slots and rubber rings fitted to prevent the travel of saline solution into

machine collets.
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Corrosive fluid is filled into the reservoir and drawn upwards by a pump to a tap

which allows it to drop onto the specimen. A 5% NaCl solution was achieved through

the mixing of water and salt to achieve a fluid resembling seawater, typically around

3.5% NaCl. It was expected that as corrosion progresses, the concentration of the

solution would fluctuate as the NaCl crystals evaporate. However, it was assumed

that this effect would be fairly constant in all tests. A specimen undergoing pre-

corrosion is shown in figure 2.22. Rubber rings were fitted to prevent the solution

travelling onto the grip regions of the specimens to avoid corrosion in these regions

and potentially damaging the test machine.

Figure 2.22: Corrosion of 4330 continuous radius fatigue specimen - Fatigue specimen

corroding in suitable saline environment.

The rotating beam principle of the R.R. Moore machine means that the specimen is

mounted and acts like a beam loaded symmetrically at two points such that a load

hangs in the centre to impart a bending stress. The mass that imparts this load can

be altered and controlled as necessary to an accuracy of 0.05 kg. The maximum

speed of the testing machine is 10,000 rpm, however noise levels at this value were

considered too high and therefore a lower speed was used. Tensile stresses exist in

the lower region of the specimen and compressive in the upper region with rotation

of the specimen causing these stresses to reverse and therefore for every rotation

a full stress cycle is experienced by the specimen. The mean stress of zero resulting

from this process makes this test unable to be utilised for the testing of the hypothesis

of the beneficial effects of a compressive mean stress. A mechanical mechanism halts

the test upon failure and outputs the number of cycles.

The applied load required was calculated for every specimen using equation 2.9,

taking into account the diameter of the particular specimen and re-arranging the

equation given for the required test stress for a specimen subjected to two-point

bending in an R.R. Moore rotating bar bending fatigue test (78). The weight of the
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hanging mass was 31.1 N, which was subtracted from the term Fapplied to provide the

additional force and therefore additional mass required.

σtest =
16FappliedLarm

π�3 (2.9)

Different combinations of stress level, cycle speed and test duration were applied

until failure to investigate the resulting severity of pre-corrosion. The gauge length

region of failed specimens were sectioned using a water-cooled Struers cut-off grinder

and mounted in Bakelite using a hydraulic press. A water-cooled grinding process

using grit 220 - 1200 µm was applied with a speed of 300 rpm followed by a polishing

procedure using a 3 µm diamond pad and an alcohol lubricant and lastly a 0.05 µm

colloidal silica pad to provide a mirror finish and prepare the specimen for optical

microscopy examination. The four specimens examined in this way are shown in

figure 2.23 with test details given in table 2.10.

Figure 2.23: Corroded 4330 continuous radius fatigue specimens prepared for optical

microscopy - Clockwise from top left: numbers 32, 49, 33 and 43.

The level of pitting resulting in the specimens varied, with the first pre-corrosion

test, using the highest stress, resulting in the greatest level of pitting along with the

initiation of fatigue cracks. Failure is most likely to have occurred at a region of pit

formation followed by crack initiation and propagation. The fourth pre-corrosion

test echoed that of the first, without reaching failure, and it was this method that was

then implemented for the remaining twelve specimens to be tested on the uni-axial

machine. Inspecting surface roughness values showed a significant increase through

the pre-corrosion process, with an average increase in Ra and Ry of 83% and 84%

respectively and a maximum increase in Ry of 196% in one specimen.
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Pre- R.R. Moore

corrosion Specimen Duration speed

run no. no. % σy σ (Pa) Cycles (mins) (Hz) Result

Test 1 43 62.70 5.55E+08 30020 90 5 Failed

Test 2 32 46.31 4.10E+08 51031 330 2.58 Failed

Test 3 33 48.84 4.32E+08 57456 720 1.33 Failed

Test 4 49 62.70 5.55E+08 22502 73 5 Intact

1 28 62.70 5.55E+08 22538 75 5 Intact

2 24 62.70 5.55E+08 22500 75 5 Intact

3 10 62.70 5.55E+08 22500 74 5 Intact

4 9 62.70 5.55E+08 22541 75 5 Intact

5 17 62.70 5.55E+08 22500 75 5 Intact

6 11 62.70 5.55E+08 22501 73 5 Intact

7 31 62.70 5.55E+08 22506 75 5 Intact

8 1 62.70 5.55E+08 22501 75 5 Intact

9 46 62.70 5.55E+08 22505 74 5 Intact

10 34 62.70 5.55E+08 22516 75 5 Intact

11 37 62.70 5.55E+08 22511 75 5 Intact

12 27 62.70 5.55E+08 22499 75 5 Intact

Table 2.10: Pre-corrosion data for 4330 continuous radius fatigue specimens
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Evidence of the pitting and cracking occurring in the fourth pre-corrosion test is

shown in figures 2.24-2.27. Despite the short duration of pre-corrosion, pitting was

achieved along with the emanation of cracks from the base of pits. The majority of

pits were observed to be wide, shallow pits with depths of approximately 20-30 µm,

although subsurface, undercutting and narrow, deep pits were also present. Crack

initiation is shown to occur during corrosion fatigue in high strength steels at pits

depths of 30-60 µm (81) and therefore cracks were expected in these corroded spec-

imens. Non-destructive evaluation of the cracking could not be obtained, however

from the section obtained it was shown that minimum crack lengths were in the re-

gion of 300 µm. Oxidation in the cracks further proved the success of the corrosion

method in penetrating through the material. Locally, oxidation will likely alter the

residual stresses due to the modification of material volume and properties in this

region. If the alteration of the stresses results in a tensile residual stress then this

could facilitate crack propagation even when the specimen is subjected to a compres-

sive mean stress. The depth of compressive residual stresses must be analysed with

a view of the depth of corrosion pitting and cracking to effectively draw conclusions

as to the beneficial nature of a compressive residual stress both locally and generally

in a component.

Figure 2.24: Corrosion visible on 4330 continuous radius fatigue specimen - Magnifi-

cation factor: x10. Specimen number: 49.

2.4.6 Capturing the interaction between corrosion and fatigue

Although the method of pre-corrosion achieved a satisfactory level of corrosion, it

was desirable to capture the interaction between corrosion and fatigue in order to test

the hypothesis that a significant compressive mean stress could prevent fatigue cracks
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Figure 2.25: Numerous pits and cracks seen in 4330 continuous radius fatigue speci-

men - Magnification factor: x50. Specimen number: 49.

Figure 2.26: Various types of corrosion pits seen in 4330 continuous radius fatigue

specimen - Magnification factor: x200. Specimen number: 49.

Figure 2.27: Fatigue crack initiating at corrosion pit seen in 4330 continuous radius

fatigue specimen - Magnification factor: x200. Specimen number: 49.
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developing for a corrosion pitted surface. This interaction is present in reality and

therefore methods were sought to account for this during testing. The rig produced

for use with the R.R Moore machine was not suitable as it is only capable of testing

at a zero mean stress. Therefore the next stage of the experiment would utilise a

vertical uni-axial fatigue testing machine to enable the generation of a compressive

mean stress to simulate a high compressive residual stress. In creating a method of

obtaining corrosion during testing, it was important to take into consideration that

the machine must be protected from the corrosive fluid and therefore leakage must

be avoided. The specimen must also still experience adequate oxygen levels. The

specimen was fitted into a funnel and silicone sealant used to provide a fit between

specimen and funnel and avoid leakage. Previous work has indicated the success of

using a sponge soaked in saline solution to achieve the desired conditions in rotating

bending tests (82). However, it is more difficult to maintain a dripping mechanism

in a vertical test set-up and the option of spraying saline solution would require

the design of a more complex corrosion chamber to avoid damage to the testing

machine. Capillary matting is used successfully in home applications when water

retention is required and therefore this material was soaked in the saline solution and

fitted around the specimen inside the funnel as shown in figure 2.28. This provides

a corrosive environment for the specimen whilst allowing oxygen exposure. The

machine was also protected from potential damage through the corroding of the

specimen using WD-40.

If further testing were to be conducted it would be recommended that a more com-

plex corrosion chamber be manufactured to capture the dripping or spraying mech-

anism similar to that used for the R.R. Moore machine.

2.4.7 Fatigue testing

The Denison-Mayes ±600 kN uni-axial testing machine with a maximum frequency

of 5 Hz was used with the machining of adapters to prevent movement of the spec-

imen when applying the compressive loading. Adapters were machined to fit the

diameter of 9.3 mm with tolerance ±0.01/0.03 and therefore accuracy in the ma-

chined specimen dimensions was crucial as fitting the specimens into the adapters

by mechanical means would risk damage and alteration of the residual stress state in

the specimen.

Table 2.11 shows the final testing plan and figure 2.28 an example of the test set-up

showing a specimen, the corrosion attachment and the adapters fitted into the testing

machine. To achieve the necessary loading a frequency of 4.3 Hz was set providing a

loading cycle of approximately 2.1-18.4 kN. A minimum yield stress therefore refers

to 9% σy and a maximum yield stress to 74% σy.
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Specimen Fmin (kN) Fmax (kN) σm

46 2.13 18.4 Compressive

17 2.19 18.0 Compressive

9 2.23 18.3 Tensile

37 2.21 18.2 Tensile

Table 2.11: 4330 continuous radius specimen fatigue testing plan

Figure 2.28: 4330 continuous radius specimen in Denison-Mayes servo-hydraulic uni-

versal testing machine - Corrosion attachment and adapters also shown in image.
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Pre- σR Corrosion

No. corroded σm (% σy) rig Cycles Duration Result

46 YES - 9-74 YES 3,016,750 183.1 hrs Run-off

37 YES - 9-74 YES 2,164,003 + 129.1 hrs Run-off

9 YES + 9-74 NO 2582 4.3 mins Failure in centre

1 YES + 9-74 NO 3044 5.1 mins Failure in centre

8 NO + 9-74 NO 1,000,000 + 27.8 hrs Run-off

Table 2.12: 4330 continuous radius specimen uni-axial fatigue test results

The two tests subjecting pre-corroded specimens to a tensile mean stress were carried

out on a 250 kN servo-hydraulic machine with loads equivalent to those used on

the 600 kN machine. The maximum frequency of the machine was 10 Hz and the

specimens failed after 4.3 and 5.1 minutes. Therefore the corrosion attachment was

not fitted during these tests. A final uncorroded specimen was also tested on this

machine using the same stress range to compare with corroded specimen results.

Results of the uni-axial fatigue tests are shown in table 2.12. A compressive mean

stress is denoted - while a tensile mean stress is denoted +.

The average number of cycles achieved when pre-corroded specimens were subjected

to a tensile mean stress emphasises the success of the corrosion method, especially

when comparing this with the uncorroded specimen subjected to a tensile mean

stress for which the test was halted at 106 cycles. In this case the applied tensile

stress range did not cause stresses large enough for crack initiation, propagation or

failure to occur in the duration of the test. Pit formation and crack propagation

during the corrosion process resulted in the presence of damage and accumulating

this with crack propagation occurring through the application of a tensile load would

encourage accelerated failure. For this reason it was expected that corroding during

testing would make little difference to the overall result, the duration of the tests

indicating further that the interaction between corrosion and fatigue during testing

was not necessarily required to provide accelerated failure.

Contrary to early methods of pre-corrosion, testing presented in this section cap-

tured the interaction between corrosion and fatigue through the use of the corrosion

attachment. The two specimens subjected to a compressive mean stress demonstrated

the inability for cracks to propagate as the crack faces were not encouraged to open

during the test and therefore the beneficial effects of a compressive mean stress on

corrosion fatigue performance of 4330 low alloy carbon steel.
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2.5 Summary

Specimens of 4330 low alloy carbon steel were successfully pre-corroded through

dripping a 5% NaCl solution onto the specimens subjected to bending fatigue in an

R.R. Moore rotating beam bending fatigue testing machine. Pit depths were found

to increase with increased stress levels and the corrosion procedure was successful

in producing not only corrosion pitting but also fatigue crack initiation at the base of

pits.

Results have shown the detrimental effects of corrosion on the fatigue life of 4330

low alloy carbon steel when subjecting the material to a tensile mean stress. Pre-

corroded specimens tested under a tensile mean stress failed after an average of 2813

cycles. On the other hand, the application of a compressive mean stress indicated

beneficial effects on the fatigue performance of corroded 4330 low alloy carbon steel.

Pre-corroded specimens tested under a compressive mean stress for 3,016,750 and

2,164,003 cycles respectively did not fail. Therefore, the presence of compressive

residual stresses at the surface of a component, if of a large enough magnitude to

ensure that the entire cycle during fatigue remains in the region of compression,

eliminates the negative effects of corrosion on the fatigue performance of the mate-

rial. The depth of compressive residual stresses should be greater than the depths of

corrosion pitting to avoid the presence of tensile residual stresses at crack tip loca-

tions, which would in turn facilitate crack propagation and fatigue failure regardless

of the presence of a compressive residual stress.

Improved corrosion could be achieved through modifying the corrosion process, in-

troducing aspects such as corroding at high temperatures or utilising acids in the

corrosive fluid. Alternative methods of producing corrosion could also be investi-

gated, such as the use of spark erosion to create pitting (83). A larger number of

specimens should be tested if further studies were to be undertaken, a minimum of

three for each data point is suggested, allowing the investigation of differing stress

ranges and the effects of lower test frequencies on the interaction between corrosion

and fatigue. Development of the corrosion attachment for axial fatigue testing is rec-

ommended, utilising a spraying method and ensuring the protection of the machine

from corrosion, primarily the machine grips. Post-testing, destructive testing could

be used to assess crack propagation in corroded specimens that did not experience

failure under a compressive mean stress. This should then be compared with the

levels of crack initiation and propagation observed in corroded specimens prior to

fatigue testing. In the future, in line with the main aim of this project, corrosion

fatigue testing of clad specimens would also be desirable.
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The findings of these studies prove the mileage in developing cost-effective methods

of achieving high compressive residual stresses at the surface of a component to

as great a depth as possible to improve the fatigue performance of the material in

corrosive environments.

Ultimately, inducing surface compressive residual stresses to a significant depth in

non-clad components manufactured from a corrosive material has demonstrated the

ability to drastically reduce the detrimental effect of corrosion on fatigue life therefore

proving the hypothesis presented herein.
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Chapter 3

Weld Cladding of Low Alloy

Carbon Steel

Residual stress effects on dissimilar joints are discussed in this chapter to allow

an insight into considerations when moving from a component consisting of a

single material to a combination of materials. This results in a dissimilarity in

materials and therefore properties, in turn affecting residual stresses and ulti-

mately fatigue performance. A concept of using a cladding or a coating process

to deposit material onto an 4330 low alloy carbon steel to improve the fatigue per-

formance forms the basis for this research. Several coating and cladding processes

were reviewed, with a particular interest in the resulting residual stresses and the

erosion and corrosion performance of the resulting coating/cladding. Naturally

factors such as deposition methods, required equipment, ease of deposition, ma-

terial selection and cost were also considered. The weld cladding process was

identified as a key method of interest. Weld overlay cladding of two materi-

als, Inconel 625 and 17-4 PH stainless steel, onto a 4330 low alloy carbon steel

substrate was undertaken. A short discussion on the material selection process

indicates the reasons and benefits of the choice of clad materials. Weld cladding

process considerations are highlighted to ensure a clad of acceptable quality and

fitness for purpose. The effects of geometry, pre-heat temperature and post-weld

stress relief were also of interest and measures were taken to ensure these aspects

could be investigated.
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3.1 Introduction

The proven beneficial effects of compressive residual stresses on the corrosion fatigue

performance of 4330 low alloy carbon steel (77) led to the desire to induce these

stresses in the surface of a component which would be subjected to cyclic loading

in an erosive and corrosive environment. As discussed in the introductory chapter,

there are many methods of inducing compressive residual stresses. Processes such as

machining and welding however typically induce damaging tensile residual stresses,

through which stresses in the region of yield can result. Compressive residual stresses

of 800 MPa have been reported in thermal barrier coatings at the interface (4). Danger

also lies in welding processes due to the potential to shorten or by-pass the crack

initiation stage and alter the material properties of the substrate. For this reason

an in-depth understanding of the effects of welding processes on the residual stress

state, material properties and fatigue performance of a component is required. This

is the basis of this research: the development and validation of a fatigue-resistant

cladding technology. In the early stages of the research, coating technologies were

also of interest and therefore these will also be examined in the course of this chapter.

It can be said that coatings and claddings are effectively dissimilar joints in terms

of residual stress states as the process of creating the material substrate and coat-

ing/cladding combination results in residual stresses throughout the component due

to the thermal process, of which most importance are those stresses at the surface

and interface. However, some coating and cladding processes do not entail such a

thermal process, such as high-velocity oxy-fuel (HVOF) coatings which acts in more

of a peening manner inducing compressive residual stresses at the surface due to this

action. Severe discontinuity stresses and areas of stress concentration can arise at the

interface of the two dissimilar materials, potentially damaging the performance of the

coating/cladding material. The causes of residual stresses have been discussed previ-

ously, alongside their characteristics and influence on failure mechanisms. Methods

of influencing residual stresses have been introduced, with the focus now on cladding

and coating methods in particular. Cladding and coating processes will be discussed

and the residual stress distributions arising through these processes reviewed and

assessed with regards to fatigue performance.

In seeking to improve corrosion resistance, it is often the case that residual stresses

arising through these protective measures are not considered heavily, especially in the

sense of maximising a compressive residual stress with a view of increasing fatigue

life. Given the extremely detrimental effect of corrosion pitting on fatigue life it may

be that measures to improve corrosion resistance alone would be sufficient, regardless

of the resulting residual stress state. However, it is believed that in harnessing the

benefits of compressive residual stresses, while also potentially improving erosion
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and corrosion resistance provides an all-encompassing solution for the performance

of components in erosive and corrosion environments subjected to cyclic loading.

If compressive residual stresses are present in the component then even if erosion

and corrosion are occurring, the benefits of a compressive residual stress layer will

delay the negative effects experienced due to these mechanisms.

3.2 Effects of dissimilar joints on residual stresses

The nature of resulting residual stresses is dependent on the component state pre-,

during and post-process. Figure 3.1 illustrates key influences in resulting residual

stresses in thermal spray coatings. These factors are applicable in a general sense to

cladding and joining processes. The suggestion is made that the ratio of coefficient

of thermal expansion (CTE) is a dominant factor (84). As will be discussed later in

this thesis, metallurgical effects on residual stresses are also of great importance and

therefore related factors such as the cooling rate for example is especially important

in terms of precipitate formation and phase transformation in martensitic materials.

The nature of residual stresses due to the weld cladding process are dependent on

the thermal mechanisms and the degree of material dissimilarity. Residual stresses

generated through welding arise due to two main mechanisms: poor joint alignment

and structural mismatch or uneven distribution of non-elastic mechanical and ther-

mal strains (14). Factors such as manufacturing processes, material properties, com-

ponent geometry, external fixtures, welding procedures, post-weld heat treatments

and applied service loading will influence the residual stress state of a component.

Investigation of residual stresses in the three orthogonal directions is also essential as

potential variations with respect to the weld can in turn affect the constraint on ther-

mal expansion (85). However this is generally of greater concern in the case of joining

materials as opposed to cladding or coating processes, though stress generation and

potential shrinkage between welding passes would require this to be verified.

Cladding, buttering and post-weld heat treatment were investigated in dissimilar

metal welded pipes, concluding that yield strength in the cladding zone will heavily

impact the level of residual stress present at the inside surface of the pipe, however

the outside surface is generally unaffected by the yield strength of the cladding zone

(86). In considering residual stresses throughout a component it should always be

borne in mind that the self-equilibrating nature of residual stresses will also affect

the variation in residual stresses. If residual stresses are heavily influenced in one

region, the requirement for self-equilibration will dictate the consequent effect of

residual stresses elsewhere. The component geometry will also have an impact, for

example residual stress distributions varying in thick and thin pipes.
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Figure 3.1: Influential factors in residual stress generation due to thermal spray coating

processes - Modified from (84).

Residual stresses in dissimilar ferritic and austenitic steel pipe joints were investi-

gated, along with the effect of a buttering layer of Inconel 82. These studies concluded

that the buttering layer was effective in reducing heat-affected zone (HAZ) residual

stresses, in turn decreasing failure potential due to the residual stresses present in

these welded joints (87). Material surrounding the weld or coating will experience an

increase in temperature during the welding or coating process. This region is known

as the heat-affected zone, HAZ, and material in this region will undergo microstruc-

tural and material property changes.

3.3 Residual stress effects on failure mechanisms in coatings

and claddings

The interface between the clad/coating material and the substrate is a key area of

interest due to the potential for high discontinuity stresses in this region, which can

affect performance of a component in operation and failure mechanisms. Numerous

studies have shown that often, there is a transition from high tensile residual stresses

in the clad layer or coating to compressive residual stresses in the substrate. This has

been investigated with respect to various residual stress measurement techniques on

clad steel and it was found that although the magnitude and transition may vary, the

overall nature of tensile to compressive transformation can be identified using the

measurement techniques of neutron diffraction, ring-core and deep-hole measure-

ments (88). This study also highlights the difficulties in simulating residual stress
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distribution mainly due to the inability to easily capture the change in material prop-

erties.

An interfacial crack present can either penetrate or deflect depending on material

fracture energies and energy release rates (89). Residual stresses play a large part in

energy release rates due to thermal expansion ratios of substrate and coating mate-

rials and have been found to be especially influential in the case of thin films and

layered materials, affecting the quality of the interface.

Crack behaviour investigations using the Gurson micromechanical material model

for austenitic cladding on a ferritic substrate concluded that crack penetration in the

clad layer occurs with increasing load, however substrate crack extension is limited

with good correlation between numerical analysis and experiment (90).

It is widely accepted that a high compressive mean stress will inhibit fatigue damage,

although most fatigue test results generally relate to alternating loading or a tensile

mean stress. A previous study by Saal noted in (59) found that crack propagation

would only take place under a fully compressive stress cycle if a tensile residual

stress field was present around the crack tip.

A study of the influence of compressive residual stresses in nano nitride composite

coating of steel illustrated that cracks initiating due to corrosion were suppressed at

weak interfaces. This was due to the presence of compressive residual stresses and

allowed structural integrity to be retained. Furthermore, defects already present were

not worsened and therefore protected the substrate and the interface from corrosion

damage (91).

Coating failure can of course occur regardless of the nature of the residual stress.

It is commonly known that tensile residual stresses often cause fracture of the coat-

ing perpendicular to the interface, however compressive residual stresses can induce

buckling upon exceeding a critical stress, which can then lead to spalling (92). The

spallation of thermal spray coatings is confirmed in an investigation of tungsten car-

bide coatings for jet engine applications (93) and hence the criterion should be that

the coating possesses adequate compressive residual stresses without inducing spal-

lation while maintaining crack resistance.

In thermal barrier coatings, which are thick, durable, insulating materials capable

of withstanding high thermal gradients, compressive residual stresses are in fact the

reason for failure. This is due to the increasing influence of defects in the vicin-

ity of the interface connected with the thermal oxide layer (94). Crack initiation in

zirconia-based multilayer thermal barrier coatings is described as being due to stress

relaxation of the coating surface, with compressive residual stresses transforming to

tensile residual stresses as the coating cools (95). Using mullite however, stresses

remain in compression reducing the chance of crack initiation.
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The effect of residual stresses in cracking of steel is discussed in (96) concluding

that the formation of cracks will only occur at the bottom of a pit in areas of tensile

residual stress. The stress levels for cracks are required to be moderate at the surface

with little reduction with depth, while pitting occurs in areas with the highest surface

tensile residual stresses. However residual stresses can also transform active cracks

into dormant cracks when there is a change in stresses from high tensile to low tensile

or even compressive stresses.

Two methods of stress corrosion cracking resistance investigated, namely anti-welding

heat treatment and explosion treatment, both induce compressive residual stresses. Ex-

plosion treatment uses an explosive deformation energy and anti-welding heat treat-

ment induces a negative temperature field to relieve stresses and induce compressive

residual stresses. Using metal inert gas (MIG) welded SS400 steel it was found that

both processes induced compressive residual stresses therefore preventing stress cor-

rosion cracking and improving fatigue life (97). Stress corrosion cracking (SCC) is

highlighted in (98) for its accompanying apparent unpredictability. The role of ten-

sile residual stress in SCC is discussed.

Tungsten Inert Gas (TIG) 316L steel cladding of a portion of the inner wall of a 304

stainless pipe was presented as a means of preventing intergranular stress corrosion

cracking (99). The pipe was welded to a thick carbon steel plate with an Inconel outer

clad. The authors reported high tensile residual stresses on the 316L clad layer on the

inner surface of the pipe.

Surface finish can affect component integrity, which can be quantified through sur-

face resistance to pitting and stress corrosion cracking. Studies have been carried

out on steel surfaces to investigate the effect of sand blasting and wire brushing

which through inducing compressive residual stresses benefit fatigue life (100). Wire

brushing is often used as a cleaning technique, the wires of the circular brush in this

study being rotated at speeds between 280 and 900 rpm. In the case of coatings,

this is of concern primarily at the interface between coating and substrate. Unpol-

ished surfaces subjected to sand blasting and wire brushing were found to generate

compressive residual stresses of -175 MPa and -125 MPa respectively, these maxi-

mum values being present at the component surface. High-velocity oxy-fuel (HVOF)

sprayed components can be sand-blasted prior to HVOF spraying acting as a surface

preparation technique (101).

Stress corrosion cracking was studied using tensile test specimens fabricated with

various levels of compressive and tensile surface residual stresses exposed to a neu-

tral pH aqueous soil environment in combination with an applied cyclic stress (102).

The formation of micro-pitting was found to occur preferentially in areas where the

tensile residual stresses were the highest at around 300 MPa, while SCC initiation
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occurred in areas where the surface residual stress was in the range 150-200 MPa.

HVOF coatings are at risk of crack initiation at the coating surface due to the forma-

tion of a brittle structure attributed to oxidation, while failure can also occur at the

interface between coating and substrate due to plastic strains arising from the dif-

ferential mechanical properties. This was shown to be the case through three-point

bend tests of an Inconel 625 HVOF coating deposited onto a mild steel substrate

(103), where coating failure occurred not only due to the brittle oxide areas but also

due to the high discontinuity of stresses at the interface exceeding yield. Increased

bending caused crack growth and deformation as part of a multi-cracking process.

Studies of tungsten carbide cobalt chromium WCCoCr HVOF coatings found that a

thinner coating provided increased corrosion resistance whereas low adhesion was

reported in thicker coating samples (104).

The ability of fixtures to influence residual stress states is noted in a study aiming

to develop a fixture which would not cause a clamping load. This included the

examination of WCCo coatings and showed that increasing the coating thickness led

to a transformation from tensile to compressive surface residual stress, with a stress-

free state determined at a thickness of 365 µm (105).

Erosion resistance studies of WCCo thermal spray coatings highlighted that thermal

spray processes generally require both high material temperature and high velocity

of particles to ensure high levels of adhesion (106).

Cracked clad ferritic steel specimens showed that brittle failure in the HAZ of the

substrate is of greater concern than ductile failure consisting of crack formation and

growth within the clad layer. The cladding remained intact while cracks propa-

gated in the substrate material, further confirmed by numerical simulations showing

cladding failure as being secondary to substrate brittle failure (107). Failure occurring

primarily in the HAZ was also reported while investigating ferritic and austenitic

steel dissimilar pipe joints (87). Simulation models have also been used to investigate

failure mechanisms during welding and heat treatment processes (108).

Welding residual stresses examined using finite element simulation of a gas-shielded

arc weld joint of HQ130 grade high strength steel reported high discontinuity stresses

at the fusion boundary which may require adjustment of the welding procedure to

prevent cracking at the interface (109).

3.4 Altering residual stresses arising due to dissimilar joints

Effects on material properties must be investigated to ensure that components sub-

jected to joining processes adhere to any required standards. In the oil and gas
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industry, for example, there are certain requirements on hardness values of the sub-

strate and weld material post-welding (110). If these requirements are not met, then

post-weld treatments must be considered. Post-weld heat treatment can be utilised

as a measure to decrease hardness in the HAZ. Tempering can successfully decrease

hardness in the HAZ while maintaining corrosion resistance of the clad material.

Utilising a thermal stress relief process is however not always successful in the case of

dissimilar joints due to the dissimilarity of the materials used. This will be discussed

in section 4.2 with a focus on the effects on metallurgy and section 6.4 focussing on

the effects on residual stresses.

3.5 Coating processes

Many coating processes have a degree of similarity in that they are applied in the

form of molten material using a spraying process with thermal input from an electric

arc or an oxy-fuel combustion. Process parameter selection is key to achieving the

desired coating quality. The coating can be applied at different temperatures and

velocities as required and this along with the desired coating thickness and material

properties will often govern the choice of process. Generally coating thicknesses

are in the region of hundreds of micrometres and processes are restricted in their

application to complex geometries due to their line-of-sight nature. Developments

allow coating in some cases at angles or coating of internal surfaces, however spray

gun sizes do impose limitations in these cases. The powder used in these processes

can be manufactured by various means with chemical variations and particle sizes

altering the characteristics of the powder and in turn the deposited coating. Post-

deposition machining or grinding, using diamond grinding for example, is generally

required to remove the rough surface finish and prepare the component for service.

3.5.1 High-velocity oxy-fuel

High-velocity oxy-fuel (HVOF) coatings are the most common thermal spray coat-

ings and although costly are generally considered to provide the most superior qual-

ity for corrosion and wear resistance. A powder is used for the coating material in the

HVOF process with a gas flame accelerating the powder to impact the substrate with

high kinetic energy. The high-velocity gas is created through a mixture of fuel and

oxygen in a combustion chamber prior to passing through a nozzle. Through this

a coating with low porosity, high density and good adhesion is formed, adhesion

also facilitated by the grit blasting process the substrate experiences prior to coating.

Robotic control, portability and a variety of spray guns are available to cater for the
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specific component requirements. Coating materials include metals, alloys and cer-

mets and the fuel can be of gas or liquid form such as propane, propylene, kerosene

and hydrogen.

Poor bond quality can be a major disadvantage of the HVOF process as the coating

does not bond metallurgically but remains as a surface coating due to the softening

of the particles upon acceleration towards the substrate. Therefore component appli-

cation must be considered to assess the suitability of this method and those resulting

in similar adhesion. It may be that processes such as weld cladding are more suitable

where adhesion is essential.

Typical coatings utilised for their resistance to wear mechanisms are tungsten carbide-

based cermets, chromium carbide-based cermets, nickel chromium boron silicium

alloys and cobalt-based alloys. The latter are most often used for corrosive wear re-

sistance in the form of Stellite, most notably Stellite 6, Ultimet and Tribaloy alloys.

Modification of the composition of these alloys can achieve particular requirements.

For example, traditionally Stellite 6 is utilised in the cobalt chromium tungsten form,

however substituting molybdenum for tungsten giving Stellite 706 yields a compo-

sition with improved erosion and erosion-corrosion resistance due to secondary car-

bide formation (111). Tungsten carbide (WC) coatings are commonly added to using

cobalt or chromium to increase corrosion and wear resistance. The distribution of

chromium between carbides can result in beneficial wear resistance while chromium

distribution within the metallic matrix can result in corrosion resistance. The bene-

fits of chromium and cobalt in providing slurry erosion resistance are highlighted in

the results of erosion-corrosion testing of tungsten carbide hard metals subjected to

erosion-corrosion testing in a silica-water slurry, with cobalt and nickel binders alone

performing poorly in comparison with tungsten carbide nickel chromium cobalt and

nickel chromium grades, the addition of chromium increasing corrosion resistance

(112). Nickel chromium boron silicon grade cermets are favoured due to their low

melting temperature as well as post-coating fusion process options to decrease poros-

ity. From this point of view, WCNi/Cr/Si/B/C coatings may be more advantageous

than WCCo-base coatings. Vacuum-fusion was shown to improve erosion-corrosion

resistance with a significant decrease in material loss in austenitic stainless steel

HVOF coated with NiCrMoSiB under liquid and solid-liquid impingement condi-

tions in saline water (113).

Post-coating may be necessary to seal the coating, for example through a polymer-

resin sealing treatment or laser surface remelting, to prepare for operation in a cor-

rosive environment due to porosity. Although this may benefit porosity levels at the

surface of the component, depth penetration is less effective. Laser surface remelting

of Inconel 625 HVOF coatings illustrated the elimination of porosity (114).
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When combining laser treatment with HVOF for tungsten carbide cobalt chromium

(WCCoCr) coatings, care must be taken to ensure low irradiance to provide a uniform

microstructure, low porosity and increased hardness (115)

In producing HVOF coatings, corrosion effects must be considered. Due to the

bimetallic nature of the coating and substrate combination, there are risks of cor-

rosion at the interface if the interface is porous. However, if appropriately applied

the coating should provide protection to the substrate and thus the main concern is

the corrosion resistance of the material utilised for the coating. Cermet coatings suf-

fer from metal binder attack due to microstructural inhomogeneities which in turn

results in low corrosion resistance. Galvanic corrosion was shown to be the cause for

performance differences in bulk and HVOF sprayed coatings (114).

Application of HVOF coatings for the aerospace industry has been investigated with

the issue of spalling highlighted in WC-based coatings under high cyclic loading

(116).

Lee et al. found that the highest fracture toughness of WCCoCr HVOF coatings on a

steel substrate resulted when a small fraction of coarse powder was mixed with fine

powder, wear resistance also being of the highest value in this case. This was due to

the low level of porosity resulting through this method (117).

Regardless of these issues, the fact remains that corrosion resistance offered by these

coatings is greater than than of uncoated materials. Clearly the thickness of the coat-

ing and the metal binder used will determine the protection offered by the coating.

Fatigue life of Inconel 625 HVOF coatings on carbon and stainless steel was greater

than that of carbon steel coated components when corroded in an aqueous solution

for specific periods of time prior to fatigue testing (101). Residual stresses arising in

the coating will be due to a combination of the micro-stresses due to the quenching

effect, the stresses arising from the splatting effect of the sprayed particles (which

also enhances the surface hardness) and also the macro-stresses resulting from the

differing material properties. The effect of hot isostatic pressing as a form of post-

treatment of an HVOF sprayed cermet (WCCo) coating showed that this increased

the hardness, modulus, adhesion and cohesion of the coating while also decreasing

the sharp stress discontinuity at the coating-substrate interface (84). The WC content

has been shown to affect both the mechanical properties, temperature gradient and

the level of residual stress (118), (119).

High-velocity air-fuel (HVAF), a variation of HVOF, utilises compressed air as sug-

gested in place of oxygen. The advantages of this over the HVOF process are lower

costs and deposition temperatures. Detonation gun spraying is also similar to the
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HVOF process, however uses shock waves or deformation induced through spark-

plugs to deposit a powder onto the substrate at lower velocities but higher tempera-

tures.

3.5.2 Plasma transferred arc

A plasma created using a high-voltage electric arc can be used to melt a powder

substance in preparation for deposition using a nozzle. This is known as the plasma

transferred arc (PTA) process. The plasma can be created by a pilot arc between a

tungsten cathode and a copper anode followed by an arc between the cathode and the

component. This process uses a higher temperature than HVOF but a lower velocity.

Three gases: the plasma gas, most often argon, carrier gas, containing the powder,

and shielding gases are used in the deposition process. The resulting coating is de-

pendent on parameters such as the powder feed rate and travel speed and the arc

current and voltage. The stand-off distances and the gun sizes for the PTA process

are less than those for the HVOF process, therefore presenting opportunities for com-

plex geometries, particularly coating of internal surfaces. A study of the potential for

plasma spraying of internal surfaces presented the possibility of miniaturised equip-

ment, with the aim of the development of guns to allow coating of internal diameters

of less than three inches, a gun identified as being able to coat inner diameters of

1.6 inches (120). Variations on the PTA process include atmospheric plasma spraying

and vacuum plasma spraying.

The PTA process allows the deposition of not only metals but also ceramics and metal

matrix composites, therefore providing potential for increased wear resistance. Metal

matrix composites such as WCNi are often used. However, ceramics also present the

issue of brittle cracking and the plasma spray process also has the disadvantage of

high levels of porosity therefore questionable for use in a corrosive environment. This

will ultimately decrease protection of the substrate, however low levels of dilution are

obtainable using this process and therefore a single pass can provide a satisfactory

coating. Plasma spraying of Inconel 718 onto a mild steel substrate resulted, however,

in minimal porosity and good bond strength, with good slurry test performance in

3.5% NaCl solution (121).

Research into various alloys deposited using PTA on steel substrates focussed on

erosion resistance, emphasising that no relationship was found between room tem-

perature hardness and elevated temperature erosion resistance (122). Therefore ma-

terials required for high-temperature use should not be selected based on hardness

values. There are various material properties often consulted when assessing mate-

rial applicability. It should be ensured that correct procedures in material selection

are undertaken.
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The PTA process can also use materials which could not be used in a thermal spray

process, such as oxides, due to the inability to melt them using HVOF for example.

Due to metallurgical bonding through the PTA process, adhesion is less of a concern

than with a thermal spray process. The high temperatures involved in PTA requires

an in-depth knowledge of the consequent effects on coating material properties and

composition to ensure that perceived material benefits are not lost in an attempt to

attain a wear-resistant coating. The use of carbide-based cermet coatings, WC for

example, results in carbide degradation upon high energy input and therefore high

temperature presence, which decreases corrosion performance (123).

Hot isostatic pressing of plasma sprayed ceramic coatings was shown to be of benefit,

with hardness values being retained and residual stresses reduced (124).

3.5.3 Thermal barrier coatings

Thermal barrier coatings (TBC), the material of which is as suggested thermally in-

sulating, have four parts: a ceramic coating, a thermally grown oxide, forming and

thickening with system cycling, a bond coat for oxidation resistance and a substrate.

These coatings are deposited through either electron beam physical vapour depo-

sition or air plasma spraying. TBC’s produce stress gradients through the coating

thickness, an increase in substrate temperature transforming tensile residual stresses

in a zirconia coating to compressive residual stresses. Furthermore thermal history

was found to be a factor in the final residual stress state, with thermal cycling reliev-

ing stresses to an in-plane biaxial compressive stress state (125).

3.5.4 Physical vapour deposition

Physical vapour deposition (PVD) is a line-of-sight coating process that deposits

a metal vapour using a cathodic arc source in a vacuum chamber at temperatures

of 150-200◦C. A depositing compound is formed due to the presence of a gas in

the vacuum chamber, typically nitrogen, oxygen or a carbon containing gas. The

substrate must be electrically conductive and the resulting thin coating, typically 2-5

µm, whether of a single or multi-pass system, has good adhesion qualities. However,

due to the very thin coating layer, concerns naturally arise as to the appropriateness of

this method in erosive and corrosive environments where components are subjected

to cyclic loading.

The vapour can be produced in various ways, for example electron beam evaporation

or resistance evaporation. An ion plasma is commonly used to target the material

towards the substrate. Magnets can similarly be used.
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Multi-layered coatings can provide low elastic modulus and high hardness prop-

erties, which results in deformation without cracking and a lower degree of de-

adhesion.

The overall performance and quality of the coating can be assessed through investi-

gation of the residual stress state. A brittle coating can arise if large residual stress

magnitudes are present, presenting possible issues with delamination. If residual

stresses are low, high levels of wear resistance can avoid cracking and material me-

chanical properties will be satisfactory.

PVD results in residual stresses due to various factors, both thermal and mechanical,

such as the thermal expansion differential between coating and substrate. A high

compressive residual stress arises in the coating which, case-dependent, can be in the

region of 10-17 GPa (126). Due to the self-equilibrating nature of residual stresses,

tensile residual stresses will be present elsewhere in the component.

3.5.5 Chemical vapour deposition

Chemical vapour deposition (CVD) relies on a chemical reaction to deposit the mate-

rial onto the substrate, with the presence of gases in a reaction chamber. If a thermal

means is to be utilised, much higher temperatures than PVD are required, in the re-

gion of 500-1000◦C or greater. The thickness of coatings obtained through this process

is similar to that of PVD. A plasma-assisted CVD process uses a plasma discharge

to prompt the chemical reaction, therefore lowering the temperature required.

3.5.6 Diamond-like coatings

Diamond-like coatings (DLC) can be obtained using the PVD or CVD processes

along with a gas containing carbon to coat metals and even rubber. Typical coating

thicknesses can vary from as thick as 1-5µm and there are no line-of-sight limitations

for this process. The amorphous (non-crystalline) nature of these coatings results in a

non-brittle coating and allows for metal doping, the addition of elements into the coat-

ing. Material properties are dictated by the bonding present, diamond tetrahedral

bonds aiming to be maximised for the highest performance, the resulting coatings

known as tetrahedral amorphous carbon. On the other hand, the presence of a pla-

nar graphite structure decreases performance of the coating due to the impact on

hardness. The presence of hydrogen can likewise decrease hardness, the presence of

this being due to the gas utilised in the CVD process.

As with all coating processes, various parameters of the coating process will further

impact the final coating quality and properties. Adhesion can be poor, and therefore

a two-stage coating process can be utilised to introduce an intermediate layer to
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grade the transition between the substrate and the coating material. This could be

for example a PVD followed by a plasma-assisted CVD method, the first of a hard

material layer such as chromium carbide, chromium nickel or silicon carbide, acting

as the intermediate layer, followed by the DLC layer. Various forms of multi-layer

methods are available to avoid adhesion issues, with the possibility of also utilising a

specific adhesion layer.

3.5.7 Cold spray process

Unlike the previous processes which utilise high temperatures, the cold spray process

uses a high velocity to deposit a solid-state coating avoiding the high tensile residual

stresses induced by many coating processes. This removes the issues of thermal

degradation and residual stress effects limiting coating thickness. A supersonic jet of

compressed air is used to accelerate the coating in powder form through a nozzle to

velocities in the range of 500-1500 m/s, the coating material remaining in a solid state

to minimise oxidation. Coatings formed using this process are often in compression

as opposed to tension. Post-spraying heat treatments can be required to increase

the low ductility of the coating in the as-sprayed condition. Many materials can be

used in the cold spray method. As mentioned previously, when high temperatures

are involved, it is crucial to understand temperature effects on material properties

and composition. Therefore the cold spray process is ideal for materials that are

highly sensitive to temperature changes, where for example phase or grain structure

changes cause notable changes in the material. It has been shown, for example, that

cold spraying of WCCo results in particle refinement with coating thicknesses in the

range of 20-500 µm highlighted (127).

3.5.8 Infiltration brazing

Infiltration brazing uses a porous structure and a molten filler metal rolled into a

cloth to be applied to a component which is then subjected to high-temperature,

in excess of melting, vacuum-brazing to create a coating. The porous structure is

a powder consisting of tungsten carbide particles, the resulting coating therefore

containing fine WC particles. This thermal process results in metallurgical bonding

with again limitations in applicability due to high-temperature effects on material

properties. Standard ASTM erosion, abrasion, and corrosion tests concluded that

infiltration brazed tungsten carbide performed better than 1018 low carbon steel,

chrome carbide weld overlay, 400 Brinnell heat-treated hard-plate and solid tungsten

carbide (128).
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3.5.9 Friction surfacing

A coating material can be rotated against a substrate under constant axial force to

create a coating through the process known as friction surfacing. Localised heating

occurs due to this process and therefore plastic deformation of the coating material.

Metallurgical bonding occurs although this is a solid-state coating method. Again

this removes issues with dilution levels and thermal degradation. Solid state bonding

was shown to be excellent between austenitic stainless steel and a low carbon steel

substrate due to discontinuous dynamic recrystallisation of the deposited material,

improving corrosion and wear resistance (129).

3.5.10 Electroplated chromium

Commonly used chromium coatings can suffer from microcracking and therefore

decreased corrosion resistance. A chromium electroplate paired with a sublayer of

nickel can improve corrosion resistance by protecting the substrate. However, health

and safety concerns require thorough consideration of the application of electroplated

chromium.

3.6 Cladding processes

It is common practice to utilise a surfacing technique to deposit corrosion-resistant

alloys onto substrate materials if premature degradation is of concern in erosive and

corrosive environments. Arc welding has been utilised since its invention between

1939 and 1941, with conventional processes including submerged arc, gas metal arc

and tungsten inert gas. Weld overlay cladding is the term used to describe the laying

of corrosion resistant alloys using these methods. This process is popularly used in

thick-walled vessels although components of thicknesses in the region of 30-50 mm

can also be weld clad. In the case of thin components, heat sink removal will be

required and potential distortion effects accounted for. These processes are continu-

ally developing to account for the requirements of industry to utilise new materials,

adapt to more complex geometries and maintain a cost-effective result. Considera-

tion must also be given to the process variables, as high heat input may initially seem

beneficial, however effects on iron dilution, for example, may then require the laying

of an additional layer, and thus the perceived benefit in shorter process times is in

fact misleading.

The method of weld cladding was selected to test the hypothesis of the beneficial

effects of compressive residual stresses on fatigue performance. This would provide
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a means of reducing the use of expensive erosion and corrosion resistant materials,

although would add an additional cost for the cladding process itself.

Weld cladding is widely used in industry, with great popularity in the oil and gas in-

dustry to improve the performance of components operating in an erosive-corrosive

environment such as the geometry shown in figure 3.2. Using this process, relatively

thick layers of corrosion-resistant alloys can be deposited. However, this is often

not adopted with a view of maximising the benefits of the presence of compressive

residual stresses. Through obtaining weld clad components, residual stresses arising

through this process would be determined and the effects of cladding parameters in-

vestigated. Residual stresses arising at the surface of the component through the weld

cladding process should ideally be compressive in nature, with as great a magnitude

and to as large a depth as possible.

Figure 3.2: Example component geometry for weld cladding deposition - Photo cour-

tesy of Weir SPM.

3.6.1 Weld overlay cladding

Weld overlay cladding can be achieved using hot wire Gas Tungsten Arc Welding

(GTAW) to deposit a layer of clad material onto a substrate to create a bond between

the two materials. Hot wire GTAW, or Tungsten Inert Gas (TIG) welding, is a devel-

opment of conventional GTAW during which the melting of the filler wire, located

at the leading edge of the weld pool, requires energy from the arc. This decreases

the efficiency of the process and therefore in hot wire GTAW resistance heating of

the filler wire to the region of melt prevents decrease in weld pool temperature when

the filler metal is added to the weld pool behind the tungsten resulting in a smooth

weld bead. As the energy from the welding arc is not required to heat the filler wire,
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it can be utilised almost solely to penetrate the weld pool and generate fusion and

therefore this process has a travel speed two to three times greater than conventional

cold wire GTAW as shown in figure 3.3.

Figure 3.3: Comparison of deposition rates versus arc energy for cold and hot wire

GTAW - Figure as provided in (130).

The required components for the hot wire GTAW process are shown in figure 3.4.

The power source on the left provides a current to the GTAW torch to create the arc.

The power supply on the right provides a current to a circuit from the contact tube,

through which the wire is fed until it meets the weld pool. The wire is resistance

heated through the power differential across the wire extension, the level of which

depends on the length of wire protruding from the contact tube and the diameter of

the wire (131). Figure 3.5 shows the equipment utilised in the weld cladding process.

Upon removal of the arc the two materials solidify and a bond is created. Contam-

ination of the weld could result in decreased weld strength and this is prevented

through the use of compressed inert gas, most often argon, which reaches the weld

pool through a shroud surrounding the tungsten electrode (figure 3.6).

The capability of the technology to utilise digital data acquisition and multi-servo

control allows unique torch configuration and therefore suitability for a wide range

of geometries.
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Figure 3.4: Hot wire TIG principles - Figure as provided in (132).

Using hot wire GTAW, as well as cold wire GTAW or pulsed Gas Metal Arc Welding

(GMAW), enables positional welding and the ability to modify process variables to

control dilution and therefore presents this as an attractive option.

3.6.2 Laser cladding

Laser cladding is an overlay process which uses a laser beam to melt a powder supply

or a wire of the clad material onto the component surface. Although this process is

more expensive than weld overlay cladding, lower heat input into the substrate and

therefore a shallower HAZ results due to the increased heating and cooling rates fa-

cilitated by the laser. Many materials can be laid using laser cladding to increase cor-

rosion resistance, such as steels and stainless steels, nickel-based alloys and cermets.

Tungsten carbide (WC) is often used to provide wear and corrosion resistance. The

materials that can be used are very similar to those that can be used in HVOF coat-

ings, however, laser cladding provides greater layer thickness and improved metal-

lurgical bonding in comparison with thermal spray coatings and therefore improved

adhesion, critical in service loading. The application of the component must be con-

sidered to judge the appropriateness of the cladding material, as hard particles in

cermets for example can perform poorly in impingement conditions, however would

be appropriate in abrasive conditions.

The laser cladding process will be further discussed in chapter 8, where results of

laser cladding will also be presented.
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Figure 3.5: Hot wire GTAW equipment utilised - Weld cladding undertaken by IODS

Pipeclad, East Kilbride.
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Figure 3.6: Tungsten electrode, shroud and filler wire of hot wire GTAW equipment

utilised - Weld cladding undertaken by IODS Pipeclad, East Kilbride (133).

3.7 Weld overlay cladding of representative material and ge-

ometry

3.7.1 Material selection

In selecting the weld overlay cladding process, limitations are set on the materials

with which this can be achieved. The weld material must have the ability to be

drawn into a solid wire and coiled such that the material can be continuously fed

into the welding head. Otherwise manual feeding of the wire could be considered

and would allow a larger range of materials to be utilised, for example ceramics and

cermets.

Additionally service conditions must be taken into account to ensure that materials

will provide satisfactory performance in their application. In oil and gas applica-

tions, hydrogen sulfide (H2S), dissolved carbon dioxide (CO2) and chloride presence

in fuels must be considered. At high temperatures, corrosive effects will dominate,

whereas at high pressure, erosion will be of greater concern. In scenarios where ero-

sion and corrosion will occur, component manufacture is especially critical. In this

instance it must be assessed as to whether procedures such as coating or cladding

provides adequate performance for the cost benefit, or whether a more beneficial

solution would be to manufacture the entire component from a corrosion-resistant

material. Corrosion-resistant alloys such as austenitic and ferritic/martensitic steels,

duplex stainless steels and nickel chromium alloys provide the greatest protection in
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corrosive environments. Stellite 6, a cobalt chromium tungsten carbide (CoCrWC)

alloy is increasingly popular in weld overlay cladding due to its’ resistance to wear

and corrosion over a range of temperatures as a result of the large fraction of car-

bides present in the material. Effectiveness in resisting cavitation erosion, surface

deterioration and material loss as a result of vapour generation inside a liquid flow,

and galling, a form of adhesive wear between two sliding surfaces, further add to the

benefits of using this material in corrosive and erosive environments, particularly in

pump liners, shaft sleeves and valve trims.

For the present research, the greatest driver in material selection, and process selec-

tion, was to obtain a material combination which would induce compressive residual

stresses through the weld cladding process, particularly at the surface, the location

at which operational stresses are of the highest level.

Low alloy carbon steel The substrate material was chosen to be AISI (American

Iron and Steel Institute) 4330 low alloy carbon steel, discussed and investigated in

the previous chapter.

Nickel chromium-based superalloy Nickel-based alloys, as well as duplex steels,

are unique in that the level of strength they possess when welded matches that of

carbon steels. Material availability and process costs would result in difficulty in

manufacturing entire components from these materials with the need also for specific

welding procedures to harness these benefits. Using a carbon steel substrate on the

other hand facilitates ease in material and process selection providing a larger scope

in component geometry to which this can be applied. Using a stainless steel or

nickel chromium alloy is common in protecting against corrosion. Depositing a layer

of these materials can provide similar performance in service as manufacturing an

entire component using these materials, leading to a significant cost-saving while

maintaining component performance.

Nickel chromium molybdenum (NiCrMo) alloys, known an Inconel, offer resistance

against corrosion and oxidation and these are therefore popular choices in oil and

gas applications. Large components would incur great costs were these to cast from

these materials and again this highlights the benefit of a cladding process. Repair

of components is also often achieved using such a process, firstly machining the

area requiring repair and then laying the corrosion-resistant weld material using an

automated or manual welding process, enabling further operation of the component.

Due to the above benefits of nickel chromium-based superalloys and the popular use

of Inconel 625 in particular, this was chosen as the first clad material to be applied to

the 4330 low alloy carbon steel substrate.
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The typical nominal composition of Inconel 625 welding wire is shown in table 3.1

(134).

Ni 58% min.

Cr 20-23%

Mo 8-10%

Nb+Ta 3.15-4.15%

Fe 5% max.

Al 0.4% max.

Ti 0.4% max.

C 0.1% max.

Mn 0.5% max.

Si 0.5% max.

Cu 0.5% max.

P 0.015% max.

S 0.015% max.

Table 3.1: Typical nominal chemical composition of Inconel 625 welding wire

One of the considerations in producing a weld overlay cladding of Inconel 625 is the

formation of oxides on the weld bead if additional shielding gas is not utilised and

the weld pool reaches further than the region protected by the torch shielding gas,

resulting in poor weld quality due to arising porosity (135). The particular study in

which this is discussed pertains exactly to the use of nickel-based alloys deposited

on carbon or mild steel and therefore this provided guidance on the use of trailing

shields in obtaining a corrosion-resistant high quality weld clad as desired.

Martensitic stainless steel With the wide range of stainless steel materials available

and their common use due to high strength and corrosion resistance, a stainless

steel clad was also considered. More specifically precipitation hardening martensitic

stainless steel is often used when these performance measures are required.

17-4 PH stainless steel is one of the types of this alloy that is commonly used.

However, stress corrosion cracking (SCC) and corrosion fatigue have been highlighted

as potential issues associated with the use of precipitation hardening martensitic

stainless steels (38).

The typical nominal composition of 17-4 PH stainless steel welding wire is shown in

table 3.2 (136).
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C 0.05% max.

Ni 4.50-5.00%

Cu 3.25-4.00%

P 0.03% max.

Mo 0.75% max.

Nb/Ta 0.15-0.30%

Cr 16.0-16.75%

Mn 0.25-0.75%

Si 0.75% max.

S 0.03% max.

Fe Balanced

Table 3.2: Typical nominal chemical composition of 17-4 PH welding wire

Utilising a martensitic material in the welding process is known to produce compres-

sive residual stresses and it was the aim of this research to exploit this characteristic.

It is the volume change associated with the martensitic transformation upon cooling

of a martensitic steel that induces the compressive residual stress (137), (138). The

use of a 17-4 stainless steel clad and the effects of metallurgy and material properties

of martensitic steels on residual stresses will be discussed in detail in chapter 7.

3.7.2 Geometry

Weld cladding of two representative geometries was undertaken, allowing the effects

of substrate geometry to be assessed. Substrate material was obtained from unused

production quality material from the industrial research partner as detailed in figures

3.7 and 3.8. The components are representative of the thicknesses and dimensions of

the body of a hydraulic fracturing pump to which this technology is to be applied.

The outer diameter of the cylinder was clad to provide ease of residual stress mea-

surement. Plates were clad on one of the largest faces. It was believed and results

show that in this type of thick component the nature of residual stress is not sig-

nificantly dependent on the substrate geometry. These results will be discussed in

section 6.4.

3.7.3 Process considerations

The deposition of a weld material onto the base material requires a high level of heat

input to create a liquid region through which the dissimilar material bond and fusion
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Figure 3.7: Section detail for cylindrical components - Photo courtesy of Weir SPM.
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Figure 3.8: Section detail for rectangular components - Photo courtesy of Weir SPM.

of both materials is facilitated. In weld overlay cladding, the deposited material be-

haves like a protective layer, as opposed to fusion welding processes which utilise a

filler material to strengthen the joining of two base materials. The generation of heat

during this process can distort the component, as well as alter the material properties

of the base metal in the HAZ. Dilution levels should be taken into consideration

as welding qualification procedures often dictate acceptable levels of dilution of ele-

ments such as iron. Weld-metal dilution is said to be influenced by arc power and the

feed rate of the filler metal, with the level of dilution decreased when arc power was

decreased and/or the volumetric feed rate of the filler material increased in GTAW

welding of a superaustenitic stainless steel with two nickel-based filler metals (139).

The heating of the material in the vicinity of the weld causes microstructural changes

which in turn result in material property changes. A significant decrease in HAZ

toughness for example can cause cracking, common in the formation of brittle marten-

site. Measures to avoid such cracking include the use of pre- and post-weld heat

treatments. In the weld cladding process, two pre-heat temperatures were monitored

and recorded: 150◦C and 300◦C. These are the values to which the substrate material

was heated prior to commencing the weld cladding process. The aim of the investi-

gation of the effects of pre-heat temperature were to determine not only the effects

of pre-heat temperature on residual stresses but also on the metallurgy of the clad

and substrate post-cladding. Clearly from an economic perspective a lower pre-heat

temperature would be favourable. Additionally maximum interpass temperatures

were set at 100◦C above the pre-heat temperatures. This is the temperature to which

the component must cool prior to the laying of the second pass of clad material.
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A two pass system was utilised to control the levels of iron dilution. In studies of

a superaustenitic stainless steel fusion weld with both Inconel 625 and Inconel 622,

modifying arc power and filler-metal feed rate resulted in varying volumetric melting

rates of the filler metal and in turn weld dilution levels. These studies concluded that

decreasing the arc power and increasing the volumetric filler-metal feed rate brought

about a decrease in the level of dilution (139).

The use of a substrate pre-heat temperature also decreases the cooling rate after

each weld pass. The thickness of the substrate also influences the cooling rate, a

greater substrate thickness encouraging more rapid cooling. It is this quenching effect

that promotes martensite formation through microstructure shear transformation,

prohibiting the natural transformation from austenite to ferrite and iron carbide upon

cooling. Cooling temperatures were also monitored and recorded.

The cylinders were insulated during the cladding process with cooling post-welding

occurring solely through the internal bore (figure 3.9).

Figure 3.9: Controlled cooling of cylindrical components - Cylinders wrapped in rock-

wool.

Plates were also wrapped in insulating materials during the welding process and

cooled post-welding from the clad face only, with the block immersed in a bed of

vermiculite (figure 3.10), often utilised when high temperature insulation is required.

Two plates were also subjected to post-weld stress relief, with investigation of the mi-

crostructure before and after this process of a soak temperature of 530◦C ± 5◦C and a

minimum soak time of 2.5 hours. The most effective stress relief temperature is a tem-

perature in the region of the recrystallization temperature of the substrate, at which

point removal of deformation occurs with the formation of a new microstructure.
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Figure 3.10: Controlled cooling of rectangular components - Thick plates in bed of

vermiculite.

Sample Welding TPH TInt. Controlled

ID Description consumable (◦C) (◦C) cooling

Strath01 Cylinder Inconel 625 300 400 Yes

Strath02 Cylinder 17-4 PH 300 400 Yes

Strath03 Plate Inconel 625 300 400 Yes

Strath04 Plate 17-4 PH 300 400 Yes

Strath05 Plate Inconel 625 150 250 Yes

Strath06 Plate 17-4 PH 150 250 Yes

Strath07 Plate Inconel 625 150 250 Yes then PWSR

Strath08 Plate 17-4 PH 150 250 Yes then PWSR

Table 3.3: Weld cladding sample details

A top hat thyristor controlled, fan assisted furnace was used with direct computer

network data download capability. Post-weld heat treatment is utilised to reduce

damaging tensile residual stresses induced through the welding process along with

the benefit of tailoring material properties, for example encouraging an increase in

toughness post-martensite formation. The relative success of the stress relieving pro-

cess is discussed in sections 4.2 and 6.4 for both clad materials.

3.7.4 Clad components

Details of the samples weld clad are provided in table 3.3 and examples of the clad

cylindrical and rectangular specimens shown in figures 3.11 and 3.12.
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Figure 3.11: Weld clad 4330 cylinder - Cylinder dimensions: �outer=12”, �inner=5”,

L=10”.

Figure 3.12: Weld clad 4330 block - Block dimensions: L=12”, W=6”, H=4”. Image

showing strain gauge locations for ICHD residual stress measurement.
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3.8 Summary

Coating and cladding processes inevitably induce residual stresses due to the man-

ufacturing methods used to deposit additional materials on the substrate of engi-

neering components. Ideally residual stresses should be tailored to avoid severe

discontinuity stresses which are often produced at the interface between the sub-

strate and clad/coating materials. The presence of stress concentrations can heavily

influence the residual and operational stresses and appropriate evaluation of these

effects is critical in ensuring satisfactory performance of the particular purpose of the

component. Partnering optimum performance in cyclic applications and the creation

of an acceptable dissimilar joint is a difficult task. Erosion, corrosion and thermal

performance are examples of additional factors which may require assessment, with

ultimately the overall life of the component being of utmost importance.

High compressive residual stresses are desirable through the entire thickness of the

coating or cladding and preferably well into the substrate to facilitate increased fa-

tigue performance even in erosive and corrosive environments. At the interface,

discontinuity stresses should be as low as possible to avoid static bond failure or

premature sub-surface fatigue failure. To successfully obtain a fatigue-resistant clad

therefore requires an understanding of the effects and modification of variables influ-

encing the generation of compressive residual stresses as well as the levels of discon-

tinuity stress. It is understood that the majority of processes inducing compressive

residual stresses achieve this in a similar manner: plastic deformation of a small re-

gion of material constrained by a larger surrounding elastic region of material, which

dominates upon removal of the load forcing the plastically deformed area into a state

of compression (58). The mechanism for thermal processes is dependent upon the

heating and cooling of materials. Material properties arising through the dissimilar

joining process must also be satisfactory in the substrate, HAZ and clad/coating.

In considering the application of this technology in an industrial context, naturally

cost-effectiveness is also a factor.
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Chapter 4

Investigating Weld Clad Metallurgy

and Temperature-Dependent

Material Properties

Following the weld cladding of 4330 low alloy carbon steel with both Inconel

625 and 17-4 PH stainless steel, investigation into the resulting metallurgy and

material properties commenced. Metallurgical studies provided insight into the

quality of fusion arising through the weld cladding process and the resulting

microstructure in both substrate and clad regions. Chemical analysis provided

knowledge of the resulting composition of materials and the variation in composi-

tion due to the application of a two-pass cladding process. These results provided

understanding of aspects of the cladding process which would benefit from weld

procedure refinement. Temperature-dependent thermal and mechanical proper-

ties were investigated, with specimens produced from the weld clad components

to ensure that properties arising through the cladding process would be captured.

It will be shown that published data does not provide satisfactory information on

the behaviour of these materials, especially due to the effects of alloying and di-

lution impacting material properties. Upon completion of an extensive materials

testing program, an array of experimental data was obtained, which served as

the input into the finite element simulation to ensure accurate modelling of the

residual stresses resulting through weld cladding with the materials under in-

vestigation. Recommendations for potential continuation of the materials testing

program are provided.
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4.1 Introduction

Due to the nature of the weld cladding process, although a degree of alloying and

diffusion will occur, attention should be given to abrupt changes in material proper-

ties which can result in large discontinuity stresses. These stresses arising through

the cladding process can then further be altered due to operational stresses. To ap-

propriately assess fatigue performance, a thorough understanding of all contributing

factors must be acquired.

It is therefore clear, that if the material properties of the clad and substrate materials

play a major role in the stress state of the component, materials characterisation is

essential. Experimental testing of thermal and mechanical temperature dependent

material properties was undertaken to understand and simulate material behaviour

during cladding process. The data obtained served as input into the finite element

models which will be discussed in chapter 5. Metallurgical studies also provided

great insight into the effects of the cladding process and the influence of certain

parameters on the resulting metallurgy and residual stress states.

As described in the previous chapter, the substrate material is a low alloy carbon

steel of the grade 4330. The two clad materials are nickel-chromium-based superalloy

Inconel 625 and martensitic precipitation hardening stainless steel 17-4 PH.

4.2 Metallurgical examination

The cladding process results in metallurgical changes which require investigation

with regards to their effects on material properties and residual stresses and to iden-

tify necessary refinement to the weld cladding process. The aspects which can affect

the mechanical and thermal material properties are those of microstructural changes,

elemental diffusion and alloying effects. Furthermore, differences in metallurgical

structures will result from varying pre-heat temperatures prior to welding and cool-

ing rates during welding using the hot wire GTAW process, cladding materials and

post-weld heat treatments.

Specimens were prepared from the weld clad blocks Strath03-Strath08, detailed in

table 3.3 using Kalling’s etchant, providing the opportunity to assess the as-clad mi-

crostructures and the effects of pre-heat temperature, clad material and stress relief.

Figure 4.1 shows an example of a macrosection with the two clad passes, two HAZ’s

and substrate material clearly visible. Measurements of the locations of these points

of interest were taken on the samples as provided in table 4.1.
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Figure 4.1: General macrosection of clad and substrate - Example of two clad passes,

two HAZ’s and substrate material.

As can be observed from the data, the first pass was 3-4 mm in depth, with the second

pass bringing the total clad layer depth to 5-6 mm. The HAZ’s extended almost as

deep, however as these measurements are approximate, it is concluded that a good

level of consistency was achieved in the request for a 6 mm clad layer deposited in

two passes.

ID Strath03 Strath04 Strath05 Strath06 Strath07 Strath08

Depth in mm

Pass 2 3.4 3.8 3.5 3.2 3.2 3.2

Pass 1 5.1 5.8 5.4 5.2 4.8 5.6

HAZ 1 8.6 8.9 7.9 7.4 7.1 7.7

HAZ 2 9.9 10.7 9.3 9.3 8.5 9.8

Table 4.1: Depth of weld clad passes and HAZ’s from clad surface

Pre-cladding, the 4330 substrate material possessed a tempered martensitic structure

with visible alloy segregation (figure 4.2), which typically arises through the produc-

tion process of casting and forging. Areas of upper bainite, that is an incomplete

transformation of martensite, were also found. Although these areas will have little

effect on the mechanical properties on the whole, effects on residual stresses could

be significant. This will be further discussed in chapter 7. The light and dark band-

ing illustrates this alloy segregation. Non-metallic inclusions were observed as small

black spots in some areas. These inclusions could accelerate degradation in a cor-

rosive environment and therefore must be taken into consideration with regards to

potential fatigue cracking and failure.
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Figure 4.2: Substrate microstructure pre-cladding - Non-metallic inclusions observed in

the substrate pre-cladding. Magnification factor: x50.

Figure 4.3: General macrostructure of Inconel 625 cladding - ID: Strath03 - Heavy alloy

segregation in the HAZ.

Figure 4.4: General macrostructure of Inconel 625 cladding - ID: Strath05 - Moderate

alloy segregation in the HAZ.
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Figure 4.5: General macrostructure of Inconel 625 cladding - ID: Strath07 - Low alloy

segregation in the HAZ.

4.2.1 Inconel 625 clad on 4330

Observing the three images showing the macrostructure of the Inconel 625 cladding,

it can be seen that varying degrees of alloy segregation are present in the HAZ. In

figure 4.3 heavy alloy segregation can be observed. In figure 4.4 the level of alloy seg-

regation is moderate and finally in figure 4.5 only minor alloy segregation is visible.

Alloy segregation will be dictated to a large extent by the cooling rate experienced

post-cladding. As the components are of substantial thickness, slow cooling rates will

be encountered. The temperatures chosen as pre-heat and interpass temperatures, as

described in table 3.3, will also serve in slowing the rate of cooling to encourage solid

state diffusion, for example of chromium and nickel.

Figure 4.6: Fusion boundary of Inconel 625 cladding - ID: Strath05 - Magnification

factor: x50.

The fusion between clad and substrate materials shows that good levels of penetra-

tion are obtained through the cladding process.
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Examining the microstructure of the fusion boundary of the Inconel 625 cladding,

heavy micro-segregation is observed in the HAZ as shown in figure 4.6. The substrate

tempered martensitic microstructure has been changed through the welding process

and strong banding is observable in the HAZ. The lighter areas are regions of alloy

richness whereas the dark bands signify alloy lean regions. The driving factor behind

the post-weld heat treatment is to increase the homogeneity of the structure, aiming

to remove the bands of alloy segregation. Figure 4.7 shows that the PWHT has

successfully increased the homogeneity of the structure, the segregation bands visibly

no longer present.

Near-equilibrium cooling conditions were achieved by soaking at 530◦C for 2.5 hours.

Non-metallic inclusions are present in the substrate, however these are not connected

to the cladding process as these inclusions were observed pre-cladding as highlighted

in figure 4.2.

Drawing conclusions of the effects of pre-heat temperature and post-weld heat treat-

ment in considering alloy segregation, it is clear that stress relief has a positive ef-

fect in increasing homogeneity, as the decrease in alloy segregation between figures

4.4/4.6 and 4.5/4.7 illustrates. These samples were both clad with a pre-heat temper-

ature of 150◦C with sample Strath07 subjected to post-weld heat treatment. PWHT

will be further discussed in sections 6.4 and 11.5. Comparing figures 4.3 and 4.4,

the former clad with a pre-heat temperature of 300◦C and the latter 150◦C, alloy

segregation is lower in the case of the lower pre-heat temperature.

Figure 4.7: Fusion boundary of Inconel 625 cladding - ID: Strath07 - Post-weld heat

treatment successfully increases homogeneity of HAZ microstructure. Magnification fac-

tor: x50.

Comparing the two passes of an Inconel 625 clad shows a tempered structure in the

first pass (figure 4.8) and a cored columnar microstructure in the second (figure 4.9).

This is to be expected due to the two-pass system as the tempering effect occurs
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with the weld deposition and the final pass adopts the microstructure typical of

cast structures. The dispersed carbide precipitates present in the first pass in figure

4.8 arise through the melting of the substrate into a liquid form, the carbon elements

present in the substrate then diffusing into the clad material. Therefore upon laying of

the second pass, it would be expected that these carbides will reduce as the diffusion

will occur between the first and second passes of the clad. This is shown in figure

4.9.

Figure 4.8: Pass 1 microstructure of Inconel 625 cladding - ID: Strath03 - Single-phase

solid solution with dispersed carbides present. Magnification factor: x200.

Figure 4.9: Pass 2 microstructure of Inconel 625 cladding - ID: Strath03 - Single-phase

solid solution, classical cast dendrite and coring features present with no evidence of

carbide precipitation. Magnification factor: x200.

4.2.2 17-4 PH clad on 4330

Similarly, examining the macrostructure of the 17-4 PH cladding, alloy segregation

levels in the HAZ differ. Heavy alloy segregation is observed in figure 4.10, alloy
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Figure 4.10: General macrostructure of 17-4 PH cladding - ID: Strath04 - Heavy alloy

segregation in the HAZ.

Figure 4.11: General macrostructure of 17-4 PH cladding - ID: Strath06 - Moderate alloy

segregation in the HAZ.

Figure 4.12: General macrostructure of 17-4 PH cladding - ID: Strath08 - Minor alloy

segregation in the HAZ.
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segregation levels decrease in figure 4.11, with the lowest level of alloy segregation

in figure 4.12.

Therefore, the same conclusions can be drawn as to the effects of pre-heat tempera-

ture and post-weld heat treatment effects. A lower pre-heat temperature lowers the

extent of alloy segregation, illustrated in comparing figures 4.10 and 4.11, while stress

relief also decreases alloy segregation, shown by the lower level of alloy segregation

in figure 4.12 in comparison with figure 4.11.

Generally martensite is observed as a triangular form in the microstructure with a

grouping of the martensitic needles, highlighted in figure 4.13. Due to the hexagonal,

close-packed structure of 17-4 PH this is commonly observed. In this image, non-

metallic inclusions are also visible, again requiring attention and refinement of the

weld cladding procedure to avoid degradation of material properties and therefore

component performance.

Figure 4.13: Microstructure of 17-4 PH cladding - ID: Strath04 - Triangular form of

martensitic needles in 17-4 PH cladding highlighted by dashed lines. Magnification

factor: x200.

As in the case of the Inconel 625 cladding, the 17-4 PH cladding also experienced

variations between the first and second passes in terms of microstructure. Examin-

ing the microstructure post-cladding illustrates that through the solidification phase

coarse dendritic growth occurs in the clad material, expected to be observed during

any welding process as the molten metal cools.

The first pass was tempered by the laying of the second pass with coring more heavily

present in the second pass. The first pass contains non-continuous regions of inter-

dendritic δ-ferrite and martensite in the form of columnar grains, as shown in figure

4.14. Figure 4.15 shows a greater amount of coring and continuous grain boundary

δ-ferrite. The presence of δ-ferrite in both passes is to be highlighted, as the presence

of this phase is known to decrease corrosion resistance in stainless steel.
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Figure 4.14: Pass 1 microstructure of 17-4 PH cladding - ID: Strath04 - Columnar grains

of martensite and small non-continuous regions of inter-dendritic, grain boundary δ-

ferrite present. Magnification factor: x500.

Figure 4.15: Pass 2 microstructure of 17-4 PH cladding - ID: Strath04 - Increased coring

and greater level of continuous grain boundary second phase δ-ferrite observed in the

martensitic matrix. Magnification factor: x500.
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Examining the substrate post-cladding reveals areas of martensite and bainite (figure

4.16). This was found to be the case in samples Strath04, Strath06 and Strath08.

Figure 4.16: Microstructure of 4330 substrate clad with 17-4 PH - ID: Strath06 - Colum-

nar grains of martensite and small non-continuous regions of inter-dendritic, grain

boundary δ-ferrite present. Magnification factor: x500.

4.3 Chemical analysis

Elemental composition and therefore the extent of weld dilution can be assessed by

carrying out chemical analyses in a line and spot testing manner. This was under-

taken using a tungsten filament scanning electron microscope (SEM) with energy

dispersive X-ray spectroscopy capability. An electron beam is directed towards the

specimen with X-rays emitted from the specimen detected and the energy assessed

to determine the elemental composition of the region in which the electron beam is

acting.

The SEM results also allowed areas of alloy micro-segregation to be observed.

4.3.1 Inconel 625 clad on 4330

Chemical analysis of 4330 clad with Inconel 625, with emphasis on the weight per-

centage content of iron, showed that in travelling further from the clad and substrate

interface towards the clad surface, the level of iron present decreased. This illustrates

that iron dilution from the substrate material does occur, with the level of iron greater

in the first clad pass than in the second. This highlights the reasoning for a multi-pass

clad process. The low level of iron present in the second pass and therefore at the

surface of the component ensures satisfactory corrosion resistance.
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Clear variations in the chemical composition are observed in traversing from the clad

surface down to the fusion boundary. Table 4.2 shows that the iron content of the

clad material at the surface is around 7%, whereas at the fusion boundary this value

is around 26%. This is expected as the gradual decrease in iron content towards the

clad surface signifies a decrease in diffusion from the HAZ. Therefore in the chemical

composition of the second pass the iron content is much lower. Chromium is diffused

from the Inconel 625 clad into the substrate which will increase HAZ hardness values,

increasing cracking susceptibility. As highlighted a two-pass deposition method was

utilised for this very reason to ensure satisfactory corrosion resistance as hydrogen

induced cracking (HIC) is more likely to be an issue if high dilution rates occur. To

ensure satisfactory corrosion performance, industry requirements suggest that the

maximum iron dilution level should be 5%. On the other hand, fusion is required

between the substrate and the clad and therefore a certain degree of diffusion should

occur. A dilution level of 0% iron is therefore not the aim. This pattern in decreasing

iron levels was observed in all cases of Inconel 625 clad on 4330. The crossing from

clad into substrate material can be clearly observed through the vast differences in

chemical composition.

% Cr % Fe % Mn % Mo % Ni % Si

Clad surface 22.4 7.42 0 7.14 63.05 0

21.32 11.03 0 6.73 60.92 0

17.89 25.92 0 5.63 50.57 0

20.39 16.28 0 6.77 56.56 0

Fusion boundary 18.24 26.2 0 5.99 49.57 0

1.04 95.91 0.4 0 2.43 0.21

1.29 95.37 0.56 0 2.52 0.27

1.19 95.35 0.55 0 2.67 0.23

1.07 95.86 0.44 0 2.42 0.21

1.26 95.43 0.56 0 2.49 0.25

1.2 95.3 0.56 0 2.69 0.25

1.36 94.13 0.63 0.92 2.69 0.28

1.46 95.1 0.63 0 2.54 0.27

Substrate 1.11 95.74 0.48 0 2.45 0.22

Table 4.2: Chemical composition in Inconel 625 clad approaching fusion boundary -

ID: Strath05

Comparing the chemical composition in table 4.2 with that in table 3.1, it is observed

that chromium values obtained for the as-clad material generally follow the guide-

lines given in the nominal composition for the Inconel 625 welding wire. A 58% min-
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imum value is given in the nominal chemical composition for nickel and although

values obtained are not vastly different, some values obtained are lower. Molybde-

num values are lower in the as-clad condition than the typical nominal composition.

Iron values are higher than the maximum 5% typical value. Manganese and silicon

values obtained agree with the typical composition.

It should be noted that the chemical composition provided in table 3.1 is for the

typical nominal chemical composition of Inconel 625 welding wire, prior to weld-

ing. Values in table 4.2 are representative of the as-clad material hence the arising

variations. These values will also differ depending on the substrate materials due to

diffusion effects. The 5% maximum level given for iron is also not reflected in the

as-clad chemical composition, problematic also due to industry recommendations to

ensure adequate corrosion resistance.

The following ten spot analyses in tables 4.3 and 4.4 were taken vertically in the

HAZ demonstrate the variation in chemical composition between the parallel alloy

rich and alloy lean areas.

% Cr % Ni % Fe % Mn

1.08 2.56 95.93 0.42

1.07 2.62 95.96 0.35

1.1 2.62 95.73 0.55

1.09 2.51 95.7 0.43

1.15 2.77 95.55 0.54

1.07 2.45 95.92 0.56

1.13 2.59 95.84 0.43

1.19 2.6 95.71 0.51

1.13 2.67 95.46 0.47

1.21 2.6 95.46 0.46

Table 4.3: Chemical composition in alloy lean region of 4330 HAZ clad with Inconel

625 - ID: Strath05

In the alloy lean areas, shown as dark bands in the microstructure in figure 4.6, it can

be seen that chromium and nickel content is lower than in the alloy rich areas, the

light segregation band regions. The greater alloy content will later be seen to reflect

higher hardness values due to the larger quench effect experienced by the HAZ.

4.3.2 17-4 PH clad on 4330

A line analysis was also carried out on the 17-4 PH cladding on 4330, from the clad

surface through the HAZ and into the substrate. The main constituent elements in
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% Cr % Ni % Fe % Mn

1.23 2.44 94.59 0.5

1.16 2.67 95.63 0.53

1.18 2.64 95.35 0.52

1.21 2.67 95.24 0.58

1.28 2.72 95.14 0.52

1.31 2.79 95.02 0.6

1.36 2.7 94.71 0.61

1.39 2.96 94.73 0.59

1.56 2.99 94.43 0.64

1.45 3.00 94.23 0.61

Table 4.4: Chemical composition in alloy rich region of 4330 HAZ clad with Inconel

625 - ID: Strath05

table 4.5 are different in this case due to the composition of the clad material. The

first clad layer closer to the substrate possesses lower levels of chromium and copper

due to a greater level of diffusion with the substrate. This is also indicated by the

increased levels of iron in the first clad pass diffused from the substrate into the clad.

It is clear to see at which point the boundary between clad and substrate is crossed,

especially when observing the levels of copper, and to a lesser extent nickel. These

values highlight that these elements are not involved in the diffusion process.

Comparing the as-clad 17-4 PH material with the typical nominal chemical compo-

sition of 17-4 PH welding wire in table 3.2, silicon and manganese values follow

the typical nominal composition provided. Chromium and copper values follow the

typical composition values at the clad surface however towards the fusion boundary

these values decrease and are less than those in table 3.2. Nickel values obtained for

the as-clad condition of 17-4 PH are slightly less than those of the typical chemical

composition. Again the variation in chemical composition arising through the weld

cladding process in the clad and substrate materials and in the vicinity of the join is

to be expected.

4.4 Materials characterisation

It has previously been highlighted that material properties affect the residual stress

state arising due to the weld cladding process. Therefore a material testing program

was undertaken to determine the thermal and mechanical temperature dependent

material properties to provide an understanding of material behaviour and to serve
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% Si % Cr % Mn % Fe % Ni % Cu

Clad surface 0.45 16.41 0.57 74.65 4.53 3.39

0.44 16.69 0.58 74.75 4.32 3.21

0.44 15.9 0.6 75.43 4.4 3.22

0.44 14.99 0.56 76.94 4.16 2.91

Fusion boundary 0.41 13.47 0.62 78.73 4.05 2.73

0.26 1.3 0.64 95.12 2.67 0

0.28 1.3 0.66 95.02 2.74 0

0.28 1.34 0.67 94.99 2.73 0

0.24 1.16 0.54 95.46 2.6 0

0.22 1.07 0.47 96.02 2.22 0

0.26 1.3 0.59 95.37 2.47 0

0.25 1.19 0.55 95.52 2.48 0

0.23 1.14 0.5 95.73 2.39 0

Substrate 0.24 1.1 0.48 95.81 2.36 0

Table 4.5: Chemical composition in 17-4 PH clad approaching fusion boundary - ID:

Strath06

as input into the finite element simulation of the weld cladding process.

In commencing the materials characterisation program for substrate and clad mate-

rials, published data availability was investigated. Published data availability is very

limited for wrought materials with regards to temperature ranges and specific ma-

terials. Had complete data sets been available for these materials, properties in the

wrought condition would also not necessarily represent the correct grades of material

and would certainly not account for the effects of welding on the resulting proper-

ties and microstructure. Material properties of the welding wire will alter after the

material has been deposited and cools to room temperature, forming the clad layer

on the substrate on which it was deposited. The joining of the two materials will

further alter the properties of both materials, with solid-solid phase transformations

in respective materials also resulting in microstructural changes and therefore it is

clear that characterisation is a complex process.

Examples of temperature-dependent data sets for thermal conductivity, specific heat

capacity, thermal expansion coefficient and Young’s modulus for a low alloy steel,

a stainless steel and a nickel-chromium-based superalloy were provided in a report

comparing experimental residual stress measurements with finite element simula-

tions (140). This study highlighted the sensitivity of the finite element simulation

results with regards to the input of material properties. Thermo-physical properties,
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varying with temperature but not causing a change in chemical identity of a mate-

rial, include coefficient of thermal expansion, thermal diffusivity, thermal conduc-

tivity and specific heat capacity. The study highlighted that there can be variations

in material properties assumed, especially around the Curie temperature where a

phase change alters the magnetic or ferroelectric properties of a material. Variability

in physical properties at high temperature, stated as above 800◦C in (140), is unlikely

to heavily affect stress states due to the low strength a material possesses at these

high temperatures.

All published data referred to and plotted in the following sections was obtained

from a materials database (141), unless otherwise stated.

Experimental data was relatively easily obtained at room temperature. It was desired

to obtain data from room temperature to the melt temperature for each material.

These values are provided in table 4.6. Due to the inability of the testing equipment to

allow materials to be tested at melt temperature, data was obtained up to 1200-1250◦C

in the case of thermal properties. Temperature range limitations will be discussed

further in section 4.4.2 focussing on obtaining coefficient of thermal expansion (CTE)

data, highlighting the importance of ensuring that the temperature range captures

phase changes occurring upon heating and cooling.

Material Melt temperature (◦C)

4330 1427

Inconel 625 1350

17-4 PH 1440

Table 4.6: Melt temperatures of materials under investigation

4.4.1 Preparation of specimens for thermal property testing

A wire electro-discharge machining (EDM) process is a CNC process which utilises

an electric current and a fine wire to allow the cutting of conductive materials.

Deionised water is used to cool the material during the cutting process, the com-

ponent being submerged in this water to ensure minimal stresses are induced and a

fine surface finish is obtained. The cutting of the material is facilitated by the wire,

however the cutting is actually due to the sparks emitted between the cutting wire

and the material which causes erosion of the material.

4.4.2 Coefficient of thermal expansion

A Netzsch DIL 402C pushrod dilatometer was used to obtain the linear coefficient of

thermal expansion (CTE) in accordance with the ASTM standard (142). The speci-
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Figure 4.17: Machining of clad and HAZ layers from clad cylinder - Machined from 1

inch cylinder offcut using wire EDM process.

Figure 4.18: Specimens obtained for testing of thermal temperature-dependent mate-

rial properties - Machined from clad and HAZ layers using wire EDM process.
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mens took the form of thin rods, as shown in figure 4.18, with a length of 25 mm and

a diameter of 4 mm.

Measurements were obtained in a continuous manner from room temperature to

1200◦C initially for the heating phase. This upper temperature limit was chosen to

ensure no damage to the equipment in approaching melt temperature of the ma-

terials. The effects of heating rate were investigated using unclad 4330 specimens.

Figure 4.19 shows various readings using two heating rates Ṫ(h): 10K/min and 20

K/min. From a room temperature value until pre-phase change around 750◦C there

are slight variations in CTE values, with the bottom four curves being those for the

higher heating rate and the top four curves being for the lower heating rate. At the

phase change these curves are seen to group together and post-phase change remain

so. It was concluded that in the heating phase the heating rate does not greatly affect

results and so to decrease experiment duration a heating rate Ṫ(h) of 20 K/min, or
◦C/min, was utilised.

Figure 4.19: Heating rate effects on CTE of unclad 4330 - Data experimentally obtained

upon heating using a Netzsch DIL 402C pushrod dilatometer.

The ASTM standard highlights the need to conduct repeated measurements using

the same specimen to ensure that data obtained represents thermally stable data.

This was thought to be especially crucial in the case of the clad materials and sub-

strate where complex residual stress states would be present due firstly to the weld

cladding process and secondly due to subsequent machining to obtain the specimens

for thermal property characterisation. Repeating measurements would ensure that
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any effects due to residual stress changes through thermal cycling would not affect

the data obtained.

Figure 4.20: Repeated measurement effects on CTE of 4330 (HAZ of 4330 clad with

Inconel 625) - Data experimentally obtained upon heating using a Netzsch DIL 402C

pushrod dilatometer.

Referring to figure 4.20 these effects are observed with notable changes between the

first and second measurements of a HAZ sample of 4330 clad with Inconel 625 in the

vicinity of the phase change. A much smaller degree of variation is observed between

measurements two and three. This was the general trend observed in all cases and

so data was utilised for the finite element analysis from the second measurements of

all samples. Again around the phase change the data groups together, with slight

changes post-phase change between the first run and the second and third.

Cooling rates were also investigated with particular interest in the case of 4330 and

17-4 PH. Limited data was however obtained due to the incapability of the dilatome-

ter to perform controlled cooling to ambient temperature. This is illustrated in the

measurement obtained for 17-4 PH with a cooling rate Ṫ(c) of 25 K/min. The equip-

ment ended the measurement at a temperature of 312.4◦C due to the time expected to

reach room temperature with the chosen cooling rate. The data obtained showed that

this was not the case. Therefore data was obtained for cooling rates Ṫ(c) of 5 K/min

and 10 K/min, however even in these cases ambient temperature was not reached.

Final temperatures varied depending on the set cooling rate. Table 4.7 shows the

temperatures reached for respective cooling rates for all materials.
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Material Lower bound temperature (◦C)

Ṫ(c)=5 K/min Ṫ(c)=10 K/min Ṫ(c)=25 K/min

Inconel 625 80.3 140.0 -

17-4 PH 81.6 140.4 312.4

4330 HAZ (Inconel 625 clad) 80.7 147.7 -

4330 HAZ (17-4 PH clad) 80.8 145.0 -

Table 4.7: Lower bound temperature variation upon cooling in CTE experimental mea-

surements

Figure 4.21 shows the experimental data for heating and cooling of the 4330 HAZ

when clad with Inconel 625. It should be noted that below the lower bound tempera-

tures highlighted in table 4.7 data was extrapolated, as with data above 1200◦C. This

is the case with all CTE measurements.

Published material data was only available up to 600◦C, completely neglecting phase

changes and loss of strength of the materials approaching melt.

Figure 4.21: Coefficient of thermal expansion of 4330 (HAZ of 4330 clad with Inconel

625) - Data experimentally obtained upon heating and cooling using a Netzsch DIL 402C

pushrod dilatometer.

Data was extrapolated to melt temperature and down to room temperature when

required to provide a complete data set for input into the finite element model. This

was done observing the shape of the curve post-phase change and estimating the
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expected data to maintain this curve for the 4330 and 17-4 PH materials, as it was

clear that a linear extrapolation would not be appropriate. A linear extrapolation was

used in the case of the Inconel 625 due to the observed linear trend in CTE data.

Experimental data obtained for 4330 clad with 17-4 PH is shown in figure 4.22. Values

are similar to those of the 4330 HAZ clad with Inconel 625, however upon cooling at

the phase change it is seen that 4330 clad with 17-4 PH drops to a lower CTE value

for both cooling rate values.

Figure 4.22: Coefficient of thermal expansion of 4330 (HAZ of 4330 clad with 17-4

PH) - Data experimentally obtained upon heating and cooling using a Netzsch DIL 402C

pushrod dilatometer.

Specimens were also machined from unclad 4330 to investigate the variation in CTE

due to the weld cladding process. Comparing CTE values for the unclad and clad

HAZ cases in the heating phase, unclad 4330 possesses a lower CTE than both

HAZ’s. There are slight differences as already mentioned between the CTE val-

ues for 4330 clad with Inconel 625 and 17-4 PH, the former having the largest CTE

value at room temperature, before the data sets gather towards in approaching the

phase change (figure 4.23).

From figure 4.24 it is clear that Inconel 625 does not exhibit a phase change. Pub-

lished and experimental data does not present the same large variations observed

in the cases of 4330 shown previously. This is the expected reason for the increased

correlation between simulation and experimental residual stresses throughout these

studies, as 4330 and 17-4 PH are much more sensitive to material property changes
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Figure 4.23: Comparison of coefficient of thermal expansion of 4330 (HAZ of 4330

clad with Inconel 625 or 17-4 PH) - Data experimentally obtained upon heating using a

Netzsch DIL 402C pushrod dilatometer.

and possess more complex behaviours. Data for the heating and cooling phases of

Inconel 625 on the other hand are very similar as illustrated.

An added complication arose in the initial lack of agreement in experimental and

simulation residual stress states for the stainless steel clad and low alloy carbon steel

substrate combination. This was due to the martensitic transformation occurring

upon cooling which presents extremely large changes in material properties and the

arising residual stress state. This is clearly observed in figure 4.25, with a decrease

into the negative region for CTE as the martensitic transformation takes place upon

cooling.

The correlation between simulation and experimental residual stresses, as well as the

effects of material characteristics on residual stresses will be discussed in chapters 5,

6 and 7.
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Figure 4.24: Coefficient of thermal expansion of Inconel 625 (Clad on 4330) - Data

experimentally obtained upon heating and cooling using a Netzsch DIL 402C pushrod

dilatometer.

Figure 4.25: Coefficient of thermal expansion of 17-4 PH (Clad on 4330) - Data ex-

perimentally obtained upon heating and cooling using a Netzsch DIL 402C pushrod

dilatometer.
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4.4.3 Thermal diffusivity

Thermal diffusivity being a thermal transient property is important in temperature

assessment of materials and components. Data for the materials investigated was not

readily available and therefore this data was obtained using Netzsch LFA 427 laser

flash apparatus using the disc specimens shown in figure 4.18 in accordance with the

ASTM standard (143). These were 12.5 mm in diameter and 2-2.5 mm thick. The

exact dimensions were input into the software for each particular measurement.

As the name suggests, the specimen is subjected to short bursts of high intensity

radiant energy pulses and a temperature increase occurs at the rear face due to the

energy absorbed on the front face. Thermal diffusivity can be calculated using the

specimen thickness and the amount of time taken for the underside of the specimen

temperature to reach a certain temperature. As thermal diffusivity was to be obtained

over a temperature range, the standard dictates that readings should be repeated at

every increment. Therefore three shots were set for every temperature increment.

Initially measurements were obtained from ambient temperature to 1200◦C in 50◦C

increments in the heating phase alone. Latter experiments focussed on the impor-

tance of the cooling phase and therefore measurements were obtained in 100◦C in-

crements in the heating phase and 50◦C increments in the cooling phase.

Figures 4.26-4.29 present the thermal diffusivity data for both 4330 HAZ′s, Inconel

625 and 17-4 PH. Again clear variations are observed in the heating and cooling

phases of 4330 and 17-4 PH, while Inconel 625 data does not vary in this man-

ner. Large variations were present in measurements obtained post-phase change

and therefore the material data presented is for the measurement deemed to provide

the data with the lowest level of scatter.

For the purpose of the finite element simulation, thermal diffusivity was not directly

utilised. However it is this property that is primarily measured using the laser flash

apparatus. It is defined as the thermal conductivity divided by the product of the

specific heat capacity and density of a solid material as noted in equation 4.1.

α =
λ

Cp · ρ
(4.1)

From this relationship, the thermal conductivity could be calculated as will be pre-

sented in section 4.4.7. This relationship between material properties also provides a

means of ensuring experimentally obtained data is correct.
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Figure 4.26: Thermal diffusivity of 4330 (HAZ of 4330 clad with Inconel 625) - Experi-

mentally obtained using Netzsch LFA 427 laser flash apparatus.

Figure 4.27: Thermal diffusivity of 4330 (HAZ of 4330 clad with 17-4 PH) - Experimen-

tally obtained using Netzsch LFA 427 laser flash apparatus.
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Figure 4.28: Thermal diffusivity of Inconel 625 (Clad on 4330) - Experimentally ob-

tained using Netzsch LFA 427 laser flash apparatus.

Figure 4.29: Thermal diffusivity of 17-4 PH (Clad on 4330) - Experimentally obtained

using Netzsch LFA 427 laser flash apparatus.
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4.4.4 Specific heat capacity

Specific heat was initially calculated using the thermal diffusivity data obtained from

the laser flash equipment. However, due to issues with the data post-phase change

producing large amounts of scatter, alternative measurements were obtained.

A Netzsch STA 449 F1 Jupiter simultaneous thermal analyser (STA) was utilised, ad-

vantageous for the combination of thermogravimetry (TG) and differential scanning

calorimetry (DSC). The former observes mass changes and the latter, the method of

interest in this case, observes the associated heat required to increase the tempera-

ture of a sample in comparison with a reference material. The temperature range was

maintained as in previous experiments to ensure that equipment was not damaged,

yet obtaining data close to the melt temperature of all materials. The areas of most

interest are around the phase changes occurring in the low alloy carbon steel and

stainless steel materials, and these have been adequately captured in the experiment.

Upon heating, specific heat capacity values were calculated within the software using

the obtained experimental data and the specific heat capacity standard curve for

the sapphire reference material. Although this was not possible upon cooling, the

method could be applied manually, using the temperature dependent specific heat

capacity for the standard material and the application of a logarithmic curve fit as

shown in figure 4.30.

Figure 4.30: Specific heat capacity standard - Sapphire recommended in the ASTM

standard (144) for the heat flow calibration standard in heating and cooling experiments.
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Utilising the data for specific heat capacity of the standard material at the required

temperatures allowed the use of the relationship provided in the ASTM standard

(144). The specific heat capacity of the specimen using the mass and DSC data for

the sample and standard materials could then be calculated using equation 4.2.

Cp,specimen = Cp,standard ·
DSCspecimen ·Wstandard

DSCstandard ·Wspecimen
(4.2)

Figures 4.31-4.34 show the obtained experimental data for the heating of all materials

and the calculated cooling data. Figure 4.34 illustrates two sharp peaks upon cooling

for 17-4 PH. This was not observed in figure 4.25 for obtained CTE data, however

limitations in reaching ambient temperature and appropriate cooling rates when us-

ing the dilatometer have been discussed. Therefore it would be desirable to further

investigate the behaviour of 17-4 PH upon cooling to ensure thorough understanding

of the phase changes occurring and the effects on material properties.

Figure 4.31: Specific heat capacity of 4330 (HAZ of 4330 clad with Inconel 625) - Exper-

imentally obtained using a Netzsch STA 449 F1 Jupiter simultaneous thermal analyser.
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Figure 4.32: Specific heat capacity of 4330 (HAZ of 4330 clad with 17-4 PH) - Experi-

mentally obtained using a Netzsch STA 449 F1 Jupiter simultaneous thermal analyser.

Figure 4.33: Specific heat capacity of Inconel 625 (Clad on 4330) - Experimentally ob-

tained using a Netzsch STA 449 F1 Jupiter simultaneous thermal analyser.
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Figure 4.34: Specific heat capacity of 17-4 PH (Clad on 4330) - Experimentally obtained

using a Netzsch STA 449 F1 Jupiter simultaneous thermal analyser.

4.4.5 Density

Published data for the density of the materials was obtained and plotted. Using the

data obtained from dilatometry experiments, described in section 4.4.2, it is possible

to calculate the density of a material at a particular temperature.

Calculating density for an isotropic solid is achieved using equation 4.3.

ρT = ρre f ·

(
1 +

∆LTre f
Lo

)3

(
1 + ∆LT

Lo

)3 (4.3)

The values obtained for temperature dependent density values for the materials un-

der investigation are presented in figures 4.35-4.38.
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Figure 4.35: Density of 4330 (HAZ of 4330 clad with Inconel 625) - Calculated utilising

room temperature density value and experimentally obtained dilatometry data.

Figure 4.36: Density of 4330 (HAZ of 4330 clad with 17-4 PH) - Calculated utilising

room temperature density value and experimentally obtained dilatometry data.
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Figure 4.37: Density of Inconel 625 (Clad on 4330) - Calculated utilising room tempera-

ture density value and experimentally obtained dilatometry data.

Figure 4.38: Density of 17-4 PH (Clad on 4330) - Calculated utilising room temperature

density value and experimentally obtained dilatometry data.
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4.4.6 Poisson’s ratio

Initially Poisson’s ratio was assumed constant with temperature in the finite element

model which will be presented in the following chapter. However, due to the im-

portance of capturing material property behaviour and the desire to obtain the most

accurate residual stress state, Poisson’s ratio variation was also utilised as provided

in a material properties database (141).

Again, published data availability was limited. In the case of 4330, there was no data

available and therefore the data available for 4340 was utilised. Data was extrapolated

in figure 4.39 as was deemed appropriate observing the trend of the data. Data was

in this case available to a high temperature.

Figure 4.39: Poisson’s ratio utilised in simulation for 4330 HAZ (clad with both Inconel

625 and 17-4 PH) - Published data for 4340 steel obtained from (141) extrapolated to melt

temperature.

Published data was available for Inconel 625 to a fairly high temperature and the data

appeared to follow an almost linear trend. Therefore extrapolation was undertaken

making the assumption that this trend would continue to melt temperature as shown

in figure 4.40.

Upon investigating the variation of Poisson’s ratio for stainless steels, it was found

that there is a complex temperature-dependence. This is illustrated in figure 4.41.

The data obtained from the British Stainless Steel Association (145) for austenitic

stainless steels 304, 316 and 310 highlighted an increase to a point prior to around

400◦C followed by a sharp decrease to a point around 500◦C. This was followed by
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Figure 4.40: Poisson’s ratio utilised in simulation for Inconel 625 - Published data for

4340 steel obtained from (141) extrapolated to melt temperature.

an increase to 600◦C before the curve decreases sharply to the maximum temperature

at which this data is available. Data to represent the variation of 17-4 PH, namely

that available for 17-7 PH was plotted in figure 4.42 to draw comparisons in the

expected form for the variation in Poisson’s ratio with temperature accounting for

the fluctuation around 500◦C and consequent decrease.

Figure 4.42 shows the data set constructed for the variation with temperature of

Poisson’s ratio for 17-4 PH. Published data is available to a temperature of 481.85◦C.

The gradient of the curve at this point is very large and therefore extrapolation did

prove difficult.

It should be highlighted that the steels investigated in the course of this research were

not austenitic and that it has also been shown elsewhere that Poisson’s ratio in steels

continually increases with temperature (146). Therefore it is deemed inaccurate to

utilise the data set created in figure 4.42 and more appropriate to in fact assume a

continual increase in Poisson’s ratio to a maximum value of 0.5 in the plastic state.
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Figure 4.41: Poisson’s ratio trends for stainless steel - Published data for 304, 316 and

310 stainless steel obtained from (145).

Figure 4.42: Poisson’s ratio variation constructed for 17-4 PH - Published data for 17-7

PH steel obtained from (141) extrapolated to melt temperature.
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4.4.7 Thermal conductivity

Thermal conductivity λ can be calculated using the relationship 4.4 previously pre-

sented in section 4.4.3 using thermal diffusivity, specific heat capacity and density.

λ = α · Cp · ρ (4.4)

Utilising the data obtained experimentally, temperature dependent thermal conduc-

tivity values calculated are shown in figures 4.43-4.46. Figures 4.43 and 4.44 illustrate

phase changes at the same temperature upon cooling for 4330 HAZ when clad with

both materials. However, it is noticeable that the maximum values of thermal con-

ductivity reached upon cooling differ. Heating data is similar in both 4330 HAZ

cases, though phase changes are not visible as was the case in the CTE data for ex-

ample. Slight fluctuations are visible in phase change regions in figure 4.45 showing

data obtained for Inconel 625. Heating and cooling data does not differ greatly for

Inconel 625 as also previously observed in other obtained properties. Figure 4.46

showing data obtained for 17-4 PH indicates two possible phase changes upon heat-

ing, although as mentioned issues were encountered with data scatter post-phase

change. Slight peaks are observed in thermal diffusivity data for 4330 HAZ as shown

in figures 4.26 and 4.27 and so further testing would allow evaluation of the data to

deduce whether two peaks are in fact arising in thermal conductivity data upon heat-

ing of 17-4 PH. As was highlighted in figure 4.34, two peaks were also observed upon

cooling in the specific heat capacity data. Due to the use of this data in calculating

thermal conductivity these peaks are also present in this data.

As observed in (140), effects of phase changes are notable also in certain materials.

Published data plotted alongside the experimentally obtained data highlights the

inability of the published data to again accurately characterise the materials under

investigation.

Experimental results for 4330 highlight the variation in heating and cooling data,

both material data sets producing a gradual decrease upon heating, with a notable

rapid increase at high temperature for the HAZ 4330 when clad with 17-4 PH. Upon

cooling, the phase change around 400◦C is heavily reflected in thermal conductivity

values, especially again in the case of the HAZ 4330 when clad with 17-4 PH. The

linear trend observed in the published data is roughly followed by the Inconel 625

upon heating and cooling, however variations in data values are observed in heating

and cooling, along with observable minor peaks around 700◦C. The data obtained

for 17-4 PH illustrates that the data is highly sensitive to phase change effects re-

flected in two peaks upon heating (around 700◦C and 900◦C) and two peaks upon
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Figure 4.43: Thermal conductivity of 4330 (HAZ of 4330 clad with Inconel 625) - Cal-

culated using experimentally obtained thermal diffusivity, specific heat capacity and cal-

culated density.

Figure 4.44: Thermal conductivity of 4330 (HAZ of 4330 clad with 17-4 PH) - Calculated

using experimentally obtained thermal diffusivity, specific heat capacity and calculated

density.
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Figure 4.45: Thermal conductivity of Inconel 625 (Clad on 4330) - Calculated using

experimentally obtained thermal diffusivity, specific heat capacity and calculated density.

Figure 4.46: Thermal conductivity of 17-4 PH (Clad on 4330) - Calculated using experi-

mentally obtained thermal diffusivity, specific heat capacity and calculated density.
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cooling (around 100◦C and 250◦C), with the most pronounced during the martensitic

transformation upon cooling.

4.4.8 Hardness

Measurement of micro-hardness values throughout the clad, HAZ and substrate were

obtained for both clad and substrate combinations using a Vickers diamond indenter

and a 200 g load.

Variation in hardness values is indicative of the effects of the welding process on

arising material properties. Factors such as pre-heat temperature, heat input during

welding, cooling rate and post-weld heat treatment will potentially alter material

properties resulting from the welding process. The combination of clad and substrate

materials will also play a role in the resulting material properties. Generally, welding

high-strength low alloy steels is known to result in high hardness values often also

indicative of low ductility and therefore obtaining measurements of the resulting

hardness values due to the weld cladding process was especially necessary.

In the case of an Inconel 625 clad on 4330, chromium dilution from the clad material

into the HAZ will increase hardness values in the HAZ, in turn presenting issues

with increased risk of cracking. Alloy segregation in the HAZ due to solid-state dif-

fusion was highlighted in section 4.3.1 and this in turn presents variation in hardness

values depending on the levels of chromium and nickel present. These elements pos-

sess high hardenability characteristics and therefore hardness values increased with

increased presence of these elements.

Figure 4.47 shows the extreme variation in hardness values in alloy lean and alloy

rich areas. To decrease hardness values and to minimise the variation in values in

the substrate, weld procedure refinement is required. Higher hardness values were

found in the alloy rich areas, the areas of lighter banding, as shown in figure 4.47.

It is suspected that the diffusion of chromium from the clad layer into the substrate

encourages the formation of martensite in the HAZ which will create a brittleness

of the material. Although these hardness values are extremely high in the alloy rich

areas, the average HAZ hardness values will be lower and therefore the effects of the

extreme hardness values are likely be less influential. Refinement of the weld proce-

dure would allow these values to be decreased to abide by certain requirements, for

example the standards as defined by NACE International, the National Association

of Corrosion Engineers (110).

The variation in hardness values for an Inconel 625 clad, through the clad layer and

traversing into the HAZ is shown in figure 4.48. More extreme increases in hard-

ness values are observed in this material combination upon crossing the boundary
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Figure 4.47: Extreme hardness variation in HAZ (Clad with Inconel 625) - ID: Strath05

- Measured using a Vickers diamond indenter with a 200 g load.

between the clad and substrate materials.

Figure 4.48: Hardness variation in Inconel 625 clad layer and 4330 HAZ - Measured

using a Vickers diamond indenter with a 200 g load.

Variation in hardness values through a 17-4 clad layer and into the 4330 HAZ is

shown in figure 4.49. Throughout the two clad passes variations in hardness values

can be observed, with higher levels in the first pass.

Increased hardness values are often observed in the HAZ of the substrate material

due to welding processes due to the quenching effect. The hardness measurements

presented confirm high hardness values in the HAZ, with a greater degree of vari-
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Figure 4.49: Hardness variation in 17-4 PH clad layer and 4330 HAZ - Measured using

a Vickers diamond indenter with a 200 g load.

ation in the case of an Inconel 625 clad on 4330 due to the greater degree of ma-

terial dissimilarity. Regarding pre-heat temperatures, higher hardness values were

observed in samples Strath05 and Strath06. As noted in table 3.3, these samples

were clad with the lower pre-heat temperature of 150◦C and were not subjected to

post-weld heat treatment (PWHT). A lower pre-heat temperature increases the effect

of quenching on the HAZ. Values in these samples exceeded 500 HV. Such high

hardness values reduce the toughness of the material, a cause for concern due to the

consequential increase in brittleness.

In a tensile stress field, high hardness regions could prove problematic due to result-

ing decreased toughness. NACE standards, relating to oil and gas applications (110),

state that welding processes should be controlled such that hardness values in the

weldment, HAZ and base metal do not exceed 22 HRC, approximately 250 HV.
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4.4.9 Yield stress

Residual stresses are greatly influenced by mechanical properties due to the correla-

tion between, for example, yield stress and strain hardening and the magnitude of

residual stresses (140).

The large selection of low alloy steels presents a wide range of potential material

properties. As shown in figure 4.50, for 4330 low alloy carbon steel yield and tensile

strength values can vary greatly although all grades of 4330 have the same chemical

elements. The resulting properties are dependent on the production process of the

material, with slow cooling often implemented to avoid the formation of stress cracks

due air hardening. Heat treatment processes can further improve the properties of

the material, for example tempering.

Published yield stress values for 4330 low alloy carbon steel values were obtained

through manipulation of 4340 published data from the material properties database

(141). A multiplication factor was calculated based on knowledge of the yield stress

for 4330 at room temperature and the entire data set for 4330 was then produced us-

ing this multiplication factor and the published data for 4340 to obtain representative

data. The published data for 4340 along with the calculated data for 4330 is shown in

figure 4.51. As can be seen from this figure values at melt temperature are assumed

to be the same.

Preparation of specimens for mechanical property testing With reference to figure

3.12, it can be seen that limited material was available from which to manufacture

specimens to obtain mechanical properties. Flat tensile specimens were machined

from the clad and HAZ layers, which were extracted as before using a wire EDM.

Due to the residual stresses present in the layers, a number of specimens experienced

deformation during machining. Straightening of the specimens would entail alter-

ation of the residual stresses within the material and as highlighted above, residual

stresses are strongly correlated with the mechanical properties of the material. In the

case of extreme bowing, the specimens were straightened manually in a vice and it is

noted that cold working of this type will induce residual stresses. Further specimen

deformation was experienced during grinding of the specimens. Distortion during

machining due to the relief of residual stresses is common and is the basis of the

contour and slitting methods, however heating during the machining process may

also influence distortion. Specimen bowing was reduced through the replacement of

the cooling jet with a larger size jet to enable cooling of the entire specimen surface.

The specimen geometry was obtained from the ASTM standard (148). Two tabs at

either end of the specimen allowed gripping of the specimen with the gauge length in
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Figure 4.50: Variation in mechanical properties of cast alloy steels - Figure modified

from (147).
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Figure 4.51: Comparison of yield stress values of published 4340 data and calculated

4330 data - Utilising multiplication factor accounting for known room temperature yield

stress value of 4330 low alloy carbon steel.

the centre providing a region of uniform stress distribution and the eventual failure

region. The specimen geometry and dimensions are shown in figure 4.52.

To avoid failure outwith the gauge length, the radii and surface roughness of the

specimen were considered. Failure at the radii could occur if this dimension were

to be too small and likewise too high a surface roughness could encourage failure

outwith the gauge length. Surface roughness should therefore be minimised in the

gauge length region and at the radii of the meeting of the gauge length and the

tabs to ensure that failure is not encouraged through stress concentrations, but rather

through internal defects. This is highlighted in the ASTM standard as being of partic-

ular importance for high strength materials and therefore a surface roughness value

of Ra = 2µm was adopted as desirable in the gauge length and at the radii of these

specimens.

Specimen dimensions were measured to ensure consistency and adherence to the

ASTM standard. The location of these measurements in illustrated in figure 4.53.

These measurements would also provide the required cross-sectional area for the

calculation of the ultimate tensile strength (UTS).

An example of the obtained values for the 17-4 PH specimens and corresponding

4330 HAZ are tabulated in table 4.8. An analysis of the uncertainties during testing

will be presented in the discussion of the tensile testing program.
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Figure 4.52: Tensile specimen geometry and dimensions - Specimen dimensions in

millimetres, derived from ASTM standard (148).

Figure 4.53: Location of measurements of tensile specimen dimensions - Specimen

dimensions measured in the highlighted locations using vernier callipers to ensure con-

sistency and adherence to the ASTM standard.
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Testing Measurement number

temperature 1 2 3 4 5

Specimen (◦C) Length (mm) Width (mm) Thickness (mm)

Clad 25 93.82 4.06 4.06 8.00 8.00

Clad 25 93.76 4.04 4.06 8.00 8.00

Clad 25 93.78 4.04 4.06 8.06 8.06

Clad 150 93.78 4.04 4.06 8.00 8.00

Clad 300 93.74 4.00 4.00 8.00 8.00

Clad 450 93.76 4.06 4.08 8.00 8.00

Clad 600 93.84 4.02 4.02 8.04 8.04

Clad 780 93.52 4.06 4.06 8.02 8.00

Clad 820 93.84 4.04 4.04 8.06 8.06

HAZ 25 93.76 4.06 4.06 8.02 8.04

HAZ 25 93.72 4.04 4.04 8.00 8.00

HAZ 25 93.66 4.02 4.04 8.06 8.04

HAZ 150 93.76 4.02 4.04 8.04 8.04

HAZ 300 93.76 4.06 4.06 8.04 8.04

HAZ 450 93.72 4.02 4.04 8.08 8.08

HAZ 600 93.64 4.06 4.04 8.00 8.00

HAZ 780 93.72 4.04 4.04 8.02 8.02

HAZ 820 93.78 4.08 4.06 8.00 8.02

Table 4.8: Comparison of measured specimen dimensions for 17-4 PH and correspond-

ing 4330 HAZ tensile specimens
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The obtained measurements should be compared with the dimensions dictated in

figure 4.52. Along with the specified tolerance values in table 4.9, it could then

be determined whether the dimensions adhered to the required tolerance values by

examining the maximum variation between dictated and measured dimensions. It

can be seen that the maximum variation in the length of the specimen is greater than

the desired tolerance value. However, the length does not affect the cross-sectional

area of the specimen and therefore this will not affect the results with regards to

stress in the specimen.

Measurement number

1 2 3 4 5

Length (mm) Width (mm) Thickness (mm)

Average 93.62 4.00 4.00 8.00 8.00

Tolerance ±0.1 ±0.1 ±0.1 ±0.1 ±0.1

Maximum variation +0.22 +0.08 +0.08 +0.08 +0.08

Table 4.9: Calculation of average dimensions, tolerances and maximum variation for

17-4 PH and corresponding 4330 HAZ tensile specimens

Preliminary testing Preliminary testing was undertaken to calibrate the furnace

and the machine load cell.

Calibration of the furnace With the desire for temperature-dependent material

properties, tensile testing was to be carried out at various temperatures. This would

be achieved using an Instron three-zone furnace with a maximum temperature of

1000◦C. Temperature values in the three zones are displayed as measured by ther-

mocouples in the walls of the furnace. To determine the temperature of a specimen

in the furnace compared with the temperature indicated by the furnace controller,

a specimen was positioned in the furnace. Three thermocouples were positioned

along the gauge length of the specimen as shown in figure 4.54. These thermocou-

ple temperature measurements allowed evaluation of the differences in furnace and

controller temperatures.

The first calibration test was carried out at a furnace temperature of 100◦C. Points

of interest are as follows: the temperature of the specimen along the gauge length,

the temperature of the furnace in the three zones and the difference in temperatures

of the furnace and the specimen. Thermocouple readings were taken to determine

the difference in temperature between the furnace and the specimen. The results are

shown in figure 4.55.
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Figure 4.54: Positioning of thermocouples on tensile testing specimens - Location of

thermocouples along gauge length of specimen to enable monitoring of temperature

during testing.

It can be seen that the temperature of the specimen varies along the gauge length,

with the highest temperature experienced at the location of thermocouple 1, decreas-

ing to the lowest temperature at the location of thermocouple 3. The maximum

difference between temperatures at thermocouples 1 and 3 was 11◦C, possibly due

to variant cooling at these locations or due to the phenomena of heat travelling up-

wards. At the end of the test, thermocouple 1 provided a temperature reading 5◦C

higher than that at thermocouple 3.

Investigating the measurements of the three controllers reveals that the temperature

at the centre of the furnace is less than at the top and bottom. Furnace and controller

temperatures in locations 1 and 3 were 2-3◦C higher than location 2 in the middle of

the furnace, which is questionable due to the earlier finding of the specimen temper-

ature being lowest at location 3.

Calculation of the average thermocouple reading and comparing this curve with that

of the average furnace temperature illustrates that the average thermocouple reading

is much lower than the average furnace temperature reading, as shown in figure 4.56.

The furnace reaches 100◦C within 30 minutes, however at this point in time, the spec-

imen temperature is 35◦C. The furnace was held at 100◦C for a further 260 minutes

allowing the specimen temperature to increase to an average of 61◦C. It can be seen

that the increase in specimen temperature decreases towards the end of this time

period and therefore it was deemed that a steady state temperature distribution had
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Figure 4.55: Comparison of furnace, controller and thermocouple temperatures at

100◦C - Using a three-zone furnace and three thermocouples attached to the tensile spec-

imen.

Figure 4.56: Comparison of average furnace, controller and thermocouple tempera-

tures at 100◦C - Average values for furnace, controller and thermocouple temperature

values calculated from the obtained data at the specified temperature.

132



effectively been reached. At a furnace temperature of 100◦C, the specimen tempera-

ture could therefore be assumed to be approximately 40◦C lower.

A similar calibration experiment was conducted at a furnace temperature of 200◦C

with the data obtained displayed in figure 4.57.

Figure 4.57: Comparison of furnace, controller and thermocouple temperatures at

200◦C - Using a three-zone furnace and three thermocouples attached to the tensile spec-

imen.

The results of this experiment also illustrated that the desired furnace temperature

was obtained after 30 minutes of heating, at which point the specimen temperature

was on average 62◦C. After an additional 225 minutes the specimen temperature had

converged to an average of 114◦C (figure 4.58).

At a furnace temperature of 200◦C, the specimen temperature according to the ther-

mocouple readings is over 80◦C lower than that of the furnace, with again tempera-

tures varying at thermocouple locations.

Differing specimen heating rates were utilised in these tests: a heating rate of 0.1◦C/min

at a furnace temperature of 100◦C and a heating rate of 0.234◦C/min at a furnace

temperature of 200◦C. If the furnace temperature were to be increased to a higher

temperature, it would therefore require a shorter time period to attain the desired

specimen temperature. Maintaining the same furnace and specimen temperature is

the key issue in this experiment, as this would be required for the duration of the test

and throughout the gauge length of the specimen.
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Figure 4.58: Comparison of average furnace, controller and thermocouple tempera-

tures at 200◦C - Average values for furnace, controller and thermocouple temperature

values calculated from the obtained data at the specified temperature.

To account for testing at various temperatures, experiments were undertaken at vari-

ous temperatures with the furnace temperature set to a higher value than the desired

specimen temperature. It was hoped that using this method the specimen temper-

atures required would be attained. Upon achieving the specimen temperature, the

furnace temperature was decreased and the experiment continued for ten minutes as

an indication of the time duration for a tensile test. The results of this experiment

are shown in figure 4.59. The maximum specimen temperature attained can be seen

to be 820◦C when the furnace temperature is at the maximum level of 1000◦C. It

was found that throughout the test, at a specified furnace temperature, the specimen

temperature was approximately 250◦C less.

An alternative to the process of producing a calibration curve would also have been

to attach a thermocouple to all specimens and to attach this to the controller.

Another concern during this experiment was that of increased cooling rates of the

specimen during the ten minute time period at which the furnace temperature was

held at that of the desired specimen temperature. This indicated the need to conduct

the testing at a satisfactory cross-head speed to ensure that testing did not exceed

a time period of ten minutes and in turn allow as great a level of consistency in

temperature as possible.

Quantification of the assessment of the capability of the specimen retaining the re-
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Figure 4.59: Comparison of furnace and thermocouple temperatures at 1000◦C - Using

a three-zone furnace and three thermocouples attached to the tensile specimen.

quired temperature during testing was provided through heating a specimen to the

desired temperature. This temperature measurement was obtained from the middle

thermocouple. The temperature of the furnace was then decreased to the same tem-

perature and readings obtained from the middle thermocouple every minute for ten

minutes. The results of this experiment are shown in table 4.10. These results pro-

vided information on the likely variation in specimen temperature during the tensile

test and enabled the quantification of the error associated with this factor depending

on the duration of the test. This was not required in the case of tests carried out at

room temperature due to the furnace not being utilised in these tests.

The resulting temperature errors at the testing temperatures for the tests undertaken

are provided in table 4.11.

Concluding the calibration test, it is clear that there are issues maintaining the re-

quired specimen temperature and that the temperature of the furnace is higher than

that of the specimen. The calibration data obtained through these experiments were

utilised throughout the tensile testing program to provide specimen temperature in

relation to furnace temperature.

Calibration of the extensometer To allow measurement of the elongation of the

gauge length of the tensile specimen, a high-temperature Instron extensometer was

utilised during testing. This would in turn allow the Young’s modulus of the material
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Furnace temperature (◦C)

150 300 450 600 780 820

Time (minutes) Specimen temperature (◦C)

1 153 306 456 607 780 823

2 155 309 458 610 788 824

3 156 312 459 610 791 823

4 157 313 458 609 793 821

5 157 314 458 608 794 817

6 157 315 457 606 795 817

7 157 315 455 605 794 814

8 157 315 453 602 792 811

9 156 315 452 600 792 808

10 156 315 449 597 791 804

Table 4.10: Furnace and specimen temperature correlation experiment

to be determined. As the accuracy of the extensometer readings directly impacts the

determination of Young’s modulus, calibration of the extensometer was required.

Expansion or contraction of the extensometer during testing would affect Young’s

modulus values and therefore the extensometer was tested in the furnace without a

specimen in place.

Figure 4.60 shows the measured extension values of the extensometer with increasing

temperature plotted alongside the temperature of the furnace zones as experimental

time progressed. It can be seen that one sharp peak in extension measurement occurs

close to the beginning of the experiment, however in general very little extension is

observed with increasing temperature and therefore it was deemed that error due to

expansion or contraction of the extensometer would not majorly affect results.

Temperature limitations of the extensometer were such that the strain gauge should

remain at a maximum temperature of 200◦C, although applications with which the

extensometer can be used allow a maximum temperature of 1000◦C. The extensome-

ter when inserted into the internal surface of the wall of the furnace was cooled using

a computerised fan.

Tensile testing

Theory Applying an axial tensile load to the specimens and utilising an extensome-

ter to measure the extension of the specimen allows the determination of the yield
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Specimen Test Temperature

temperature duration variation

Material (◦C) (minutes) (◦C)

Clad 25 3 N/A

Clad 25 4 N/A

Clad 25 3 N/A

Clad 150 3 ±6

Clad 300 2 ±9

Clad 450 2 ±8

Clad 600 2 ±10

Clad 780 3 ±11

Clad 820 5 ±4

Substrate 25 2 N/A

Substrate 25 3 N/A

Substrate 25 3 N/A

HAZ 150 3 ±6

HAZ 300 3 ±12

HAZ 450 3 ±9

HAZ 600 3 ±10

HAZ 780 6 ±15

HAZ 820 8 ±9

Table 4.11: Resulting specimen temperature variation during tensile testing for 17-4

PH clad, corresponding HAZ and substrate materials
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Figure 4.60: Calibration of high-temperature extensometer - Using a three-zone furnace

for heating only and high-temperature extensometer.

stress and Young’s modulus of the material. The typical behaviour of a ductile mate-

rial during a tensile test is illustrated in figure 4.61.

The linear portion of the curve from a zero stress and strain value until the pro-

portional limit is the elastic region. In this region the material undergoes elastic

deformation and therefore with load removal the material adopts the original shape

once again. The modulus of elasticity, known as Young’s modulus, is calculated as

the gradient of the line in the elastic region of the stress-strain curve.

The point at which deviation from linearity occurs is known as the proportional limit.

At this point deformation remains elastic. Loading beyond the elastic limit produces

plastic, or permanent deformation. At the yield point, a rapid increase in strain

occurs without a major increase in stress.

The yield strength labelled in figure 4.61 is defined by an offset strain, utilised in

the case where the yield point is not clear. This value is often 0.2%. The ultimate

strength is the maximum stress value in the stress-strain diagram and the point of

fracture can occur at this point or following decrease in the stress-strain curve. This is

often observed by necking of the specimen, a visible elongation and decrease in area

of the central section of the specimen.

The conversion of load to stress is carried out by dividing the load by the original

cross-sectional area. The extension of the specimen is observed by comparing the

length at a certain load with the original length of the specimen. The strain is then
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Figure 4.61: Typical stress-strain curve obtained through tensile testing - Stress-strain

curve illustrating behaviour of a ductile material during a tensile test. Figure modified

from (68).

calculated by dividing the change in length by the original length. This allows a

stress-strain diagram to be plotted upon completion of the tensile test. The true mea-

sure of stress is obtained through measurement of the load and area during the test.

Utilising the original cross-sectional area and the load at a specific time in the test

does not account for the change in cross-sectional area during the test. For exam-

ple, using the decrease in area after the point of ultimate strength would provide

a higher stress value than calculating the stress at that point utilising the original

cross-sectional area. Likewise, the true strain accounts for the total incremental elon-

gation that has occurred until the point in question divided by the gauge length at

that point. True stress is observable by a continual increase to the fracture point.

In general, these stresses are described as engineering stresses to highlight that they

are utilised in engineering calculations, however utilise the original unchanged cross-

sectional area.

Testing procedure An Instron 8801 servo-hydraulic fatigue testing system was utilised

for the tensile testing program, with a force capability of ±100kN. As previously

mentioned an Instron three-zone furnace with a maximum temperature of 1000◦C

was also used to enable testing at elevated temperatures with the production of cus-

tomised Inconel 625 grips to enable gripping of the flat tensile specimens and test

endurance at elevated temperatures. During testing, the grips were cooled using a

water pumping system. The addition of these grips into the system along with the

cooling system applied to the grips introduced a heat sink effect. It has already been
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highlighted that there were difficulties in attaining and maintaining the required tem-

peratures and this will also have contributed to this. These grips are shown in figure

4.62. The specimens slotted into the recess shown and were clamped using a plate

and bolts.

Figure 4.62: Tensile testing custom machined grips - Grips manufactured in-house for

use with the Instron 8801 servo-hydraulic fatigue testing system.

The specimens were vertically positioned in the tensile testing machine as shown in

figure 4.63 and the load applied through the application of a load cell serving to

displace the specimen from the lower tab in a downwards manner.

The chosen elevated test temperatures are provided in tables 4.12 and 4.13. All ma-

terials were also tested at room temperature. These temperatures were chosen to

adequately capture the change in yield stress across a wide temperature range, also

taking into account the findings of the furnace calibration of the maximum speci-

men temperature reached. Slight variations in test temperatures were applied for the

4330 and 17-4 PH compared with the Inconel 625 to allow for phase change effects to

be observed. These phase changes upon heating were clearly highlighted in figures

4.21-4.25.

Cross-head speed values were increased at elevated temperature tests in order to

maintain better uniformity of temperature for the specific test with the resulting in-

crease in strain rate deemed insignificant. The increase in cross-head speed was

especially crucial in the case of Inconel 625 due to the ductility of this material. The

increase in cross-head speed was applied at a displacement of 5mm/min.

Results Upon completion of the tensile testing program, the stress-strain diagrams

obtained through testing at room temperature were analysed to determine the mod-

ulus and yield points for all materials and temperatures. This provided yield stress
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Figure 4.63: Tensile specimen positioned in custom machined grips - Grips manufac-

tured in-house for use with the Instron 8801 servo-hydraulic fatigue testing system.

Test Initial Increased

temperature cross-head cross-head

(◦C) speed (mm/min) speed (mm/min)

150 3 10

300 3 10

450 3 10

600 3 10

780 3 10

820 3 10

Table 4.12: Tensile test temperatures and corresponding cross-head speeds for 4330

and 17-4 PH
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Test Initial Increased

temperature cross-head cross-head

(◦C) speed (mm/min) speed (mm/min)

150 2 10

300 2 10

450 3 10

560 3 10

700 3 10

820 3 10

Table 4.13: Tensile test temperatures and corresponding cross-head speeds for Inconel

625

values. Three tests were conducted for all materials at room temperature with aver-

age values calculated and provided in tables 4.14-4.17. Creep effects were assumed

negligible over the duration of the test.

Measurement σy(MPa)

1 857

2 879

3 871

Average 869

Table 4.14: Resulting average room temperature yield stress of 4330 (HAZ of 4330 clad

with Inconel 625)

Measurement σy(MPa)

1 800

2 863

3 905

Average 856

Table 4.15: Resulting average room temperature yield stress of 4330 (HAZ of 4330 clad

with 17-4 PH)

At elevated temperatures, issues were encountered in utilising the high-temperature

extensometer and therefore stress-strain diagrams could not be obtained and con-

sequently modulus measurements were impacted. Although the extensometer was

capable of operating in the temperature range utilised, the internal electronic system

in the extensometer experienced melting during the first test. An alternative measure

of utilising the data of the load and cross-head displacement enabled determination
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Measurement σy(MPa)

1 468

2 479

3 474

Average 473.67

Table 4.16: Resulting average room temperature yield stress of Inconel 625 (Clad on

4330)

Measurement σy(MPa)

1 990

2 985

3 1006

Average 993.67

Table 4.17: Resulting average room temperature yield stress of 17-4 PH (Clad on 4330)

of the yield point of the specimen using the expression for stress of load divided

by area. Therefore when referring to extension, this is in reality displacement of

the cross-head. Figures 4.64 and 4.65 provide examples of the load versus extension

(cross-head displacement) and consequent calculated stress versus extension (cross-

head displacement) curves to obtain the yield stress for each material.

The discrete data points obtained at various temperatures are shown in figures 4.66-

4.69. Published data available for the materials under investigation was also plotted

on the same figure to allow comparison with experimental data. The linear portion

of the curves is where data has been extrapolated from the last available data point

to the melt temperature value, at which point the yield stress is assumed to be effec-

tively zero due to the loss in stiffness of the material at melt temperature. Maximum

temperatures at which published data was available in the software utilised (141)

are noted in table 4.18. The maximum temperature at which experimental data was

obtained was 820◦C. Above this temperature data was extrapolated for all data sets.

Material Maximum temperature (◦C)

4330 537.9

Inconel 625 981.9

17-4 PH 539.9

Table 4.18: Maximum temperature of available published yield stress data

The data for the 4330 HAZ when clad with Inconel 625 shown in figure 4.66 il-

lustrates a slight increase in yield stress at a temperature of 450◦C. This data point
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Figure 4.64: Load versus extension experimental data for 17-4 PH (Clad on 4330) - Ex-

perimentally obtained at room temperature using an Instron 8801 servo-hydraulic fatigue

testing system and three-zone furnace. Extension denotes cross-head displacement.

Figure 4.65: Stress versus extension experimental data for 17-4 PH (Clad on 4330) - Ex-

perimentally obtained at room temperature using an Instron 8801 servo-hydraulic fatigue

testing system and three-zone furnace. Extension denotes cross-head displacement.
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was modified for input into the finite element simulation as shown in figure 4.66

decreasing the value as it was deemed that any peaks in material properties could

cause inaccuracies in resulting residual stresses. This also occurred at a temperature

of 300◦C in the case of the low alloy carbon steel HAZ when clad with 17-4 PH. It

should again be highlighted that the data plotted as published 4330 data is in fact

data manipulated from available published data for 4340 steel, as described in section

4.4.9.

It can be observed that the experimental data for 4330 is lower than the published data

available. There is little difference in the values for yield stress when this material

is clad with different materials. It may have been expected that the yield stress of

the 4330 HAZ when clad with Inconel 625 would be lower than when the low alloy

carbon steel is clad with 17-4 PH due to the much lower yield of the nickel-chromium-

based superalloy and the effects of alloying and dilution. However it should also

be considered that upon heating the specimens machined from the clad blocks the

microstructure may undergo changes, for example possibly altering the martensitic

phase, and therefore potentially alter material properties. This again emphasises

the sensitivity of material microstructure and properties and the need for accurate

material property testing.

Figure 4.66: Yield stress of 4330 (HAZ of 4330 clad with Inconel 625) - Experimentally

obtained using an Instron 8801 servo-hydraulic fatigue testing system and three-zone

furnace.

Figure 4.68 comparing experimental and published temperature-dependent yield

stress values for Inconel 625 illustrates that the experimental data follows the same
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Figure 4.67: Yield stress of 4330 (HAZ of 4330 clad with 17-4 PH) - Experimentally

obtained using an Instron 8801 servo-hydraulic fatigue testing system and three-zone

furnace.

shape as that of the published data, however experimental values are higher than

published values. This is most likely due to the effects of alloying and diffusion from

the high-strength low alloy carbon steel substrate. The availability of published data

for Inconel 625 has been highlighted as being available to a much greater tempera-

ture, as noted in table 4.18.

In figure 4.69, it can be seen that two points have been slightly adjusted to ensure

a more intuitive and smoother experimental variation, most notably the data point

obtained at a temperature of 150◦C. The likely reasons for such a perturbation are

unknown however it is believed that experimental variation has also impacted results.
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Figure 4.68: Yield stress of Inconel 625 (Clad on 4330) - Experimentally obtained using

an Instron 8801 servo-hydraulic fatigue testing system and three-zone furnace.

Figure 4.69: Yield stress of 17-4 PH (Clad on 4330) - Experimentally obtained using an

Instron 8801 servo-hydraulic fatigue testing system and three-zone furnace.
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Discussion As previously mentioned, mechanical properties influence greatly the

residual stresses in a material. Although experimental data has been obtained for

the yield stress values of clad and substrate materials, these have been obtained as

single values across the 6 mm clad and HAZ regions, neglecting effects of diffusion

and alloying through the thickness of these areas. This will also impact the mate-

rial properties and ultimately the residual stresses in these region and therefore the

specimens utilised do not allow for the characterisation of the variation of mechanical

properties and ultimately residual stresses through these layers. This will be reflected

in the finite element simulation results in chapter 5, where it will be seen that the in-

put of material properties for the entire clad layer is indeed reflected in the inability

to capture variation in resulting residual stress distribution through this clad layer.

Further testing would require machining of thinner specimens to allow the variation

in properties across the clad layer and HAZ’s to be deduced.

Uncertainty analysis It is clear that there were many difficulties encountered dur-

ing the testing program and therefore the consideration of errors and uncertainties is

of importance. These may arise from various aspects of the test and are highlighted

in table 4.19. Efforts have been made through the preliminary testing results to assign

values to these highlighted sources of uncertainty.

The calculated error values at elevated temperature vary depending on the deviation

of the temperature from the desired temperature, as was investigated in the furnace

calibration testing program. Results of this experiment were shown in table 4.11. The

in-built error accounts for the variation in temperatures at the three thermocouples

within the three-zone furnace. This has been assigned the value obtained at the end

of the test as described in section 4.4.9, thermocouple 1 providing a temperature

reading 5◦C higher than that at thermocouple 3.

Affected result Instrument Uncertainty type Value (◦C)

Specimen Temperature

Furnace
Calculated ±4 - ±15

Reading ±1

Thermocouples
Reading ±1

In built ±5

Total error (elevated temp.) ±11 - ±22

Total error (room temp.) ±7

Table 4.19: Estimation of uncertainties affecting temperature values in tensile testing

program

It has also been mentioned that due to time limitations and inadequacies in the testing

procedure only a small number of samples were tested and therefore to increase the
148



reliability of obtained data and ensure statistical significance it would be desirable to

undertake testing of further specimens.

Metallurgical effects As will be highlighted throughout this research, the phase

changes of most importance are those upon cooling. The yield stress values obtained

through experiment are for discrete temperatures, achieved through heating of the

material to these temperature values. Therefore the results of the experimental tensile

testing program do not capture phase change effects, unlike the thermal properties

obtained where continuous data upon cooling captures phase changes providing a

more complete illustration of material behaviour.

During testing of the Inconel 625 specimens, the effect of slip was observed in the

gauge length due to the ductility of the material. This is shown in figure 4.70. Inconel

625 possesses a face-centred cubic structure, and it is these structures which typically

experience the occurrence of slip due to the presence of many slip planes. This

specimen also illustrated fracture in a location displaced from the centre of the gauge

length. This issue arose due to misalignment of the grips, with the grips subsequently

altered to encourage adequate fit and symmetry of the specimen in the grips. Stability

of the grips during testing was also monitored to ensure that the design of the grips

did not introduce any additional error. Poor fit of the specimen in the grips would

entail an initial adjustment of the specimen in the grips at the commencement of

the test. This was observed by an initial zero gradient in the obtained data curves.

Different coefficients of thermal expansion for grip and specimen materials could

also contribute to poor fit of specimens in the grips due to varying expansion and

cooling rates of respective materials. An appropriate fit at room temperature does

not ensure satisfactory fit at elevated temperatures.

Figure 4.70: Fracture location of Inconel 625 tensile specimen - Tensile test conducted

at room temperature. Occurrence of slip visible, the direction of slip dictated by the

close-packing of atoms.
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Testing at elevated temperatures produced oxide layers on the specimen, clearly visi-

ble at the two highest testing temperatures. The heat tint observed varies depending

on the temperature experienced by the material. Figure 4.71 shows a specimen tested

at 820◦C. Inspection of the fracture surface indicates varying levels of discolouration,

arising accordingly dependent on the fracture location.

Figure 4.71: Fracture surface of Inconel 625 (Clad on 4330) specimen - Tensile test

conducted at 820◦C. Illustration of the presence of heat tint.

Straining due to the gripping arrangement is clearly visible, as illustrated in figure

4.72 due to poor fitting of the specimens in the grips depending on the dimensions

of the machined specimen. Grips were machined such that specimens could be com-

fortably fitted into the grips, however this resulted in gaps between the grips and

the specimen. Furthermore if the specimen varies from the specified dimensions ad-

ditional gaps result. This is more clearly visible in the tab positioned in the upper

grip due to the movement of the tab downwards as the lower grip begins to pull

the specimen downwards at the commencement of the test. However, failure in the

gauge length of the specimens meant that results were not deemed to be adversely

affected. As highlighted previously, slip was observed in the Inconel 625 due to the

high level of ductility, but also in the other two materials, although not as prevalent.

Figure 4.72: Fracture location of 4330 (HAZ of 4330 clad with Inconel 625) tensile

specimen - Tensile test conducted at 450◦C. Occurrence of slip visible, although to a

lesser extent than with Inconel 625.
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Figure 4.73 shows that specimens were subjected to varying temperatures across the

gauge length, clear from the colour variance indicating variance in heat tint. This

was expected due to the earlier findings of temperatures varying at the three thermo-

couple locations. However, refinement of the testing procedure to ensure consistent

temperatures would be desirable.

Figure 4.73: Variation in heat tint in 4330 (HAZ of 4330 clad with Inconel 625) tensile

specimen - Tensile test conducted at 300◦C. Variance in heat tint illustrated indicating

variation in temperature levels experienced in specimen.

Reduction in yield strength with temperature With reference to the results for

yield stress of the materials under investigation, it can be seen from figures 4.66 and

4.67 that the yield stress of 4330 rapidly decreases with temperature to the maximum

testing temperature of 820◦C. This can similarly, although not as extremely, be seen in

17-4 PH. At a temperature of 150◦C, the point of the curve has been manipulated due

to the value being much higher than surrounding data points. It should however be

noted that this point occurs around the martensitic transformation temperature and

therefore could in fact reflect accurate variation in properties. Further investigation

of the effects of this occurrence on material properties would be desirable to examine

whether modification of such data points is the correct course of action. The strength

of this material arises from the carbon atoms present in martensite, however this also

creates a sensitivity to changes in temperature. This is the reason for the decrease in

strength at elevated temperatures post-diffusion of the carbon atoms.

Inconel 625 exhibits a somewhat constant decrease in yield stress with temperature,

with the sharpest decrease occurring between room temperature and the first test at

elevated temperature.

Orientation of tensile specimen with respect to clad passes Tensile specimens

were machined from the layers of clad and HAZ in a manner to maximise the num-

ber of specimens. The majority of specimens were harvested perpendicular to the

clad pass orientation. However, the 4330 block clad with 17-4 PH with a pre-heat

temperature of 150◦C had been sectioned for the purpose of residual stress measure-

ment and therefore a number of specimens were obtained parallel to the clad passes
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although the effect of this has not been investigated due to the inability to draw

statistical conclusions with the small number of specimens available.

4.4.10 Tensile strength

In a similar manner to the determination of the yield stress, tensile strength was also

determined from the experimental data. A critical point to note is that the correlation

between ultimate tensile strength (UTS) and fatigue strength is no longer applicable

upon welding steel. Therefore, what may be perceived as advantageous in material

selection, namely utilising a higher strength steel, is in fact irrelevant in the case of

welded materials. This is an often overlooked factor in material selection for this

purpose.

As can be seen from figures 4.74-4.77, the experimental results follow a similar trend

to the published data, with the experimental values lower in all cases. At the highest

temperatures, the published and experimental data curves intersect and there is a

sharp decrease in published data, which is not reflected in the experimental results.

This is observed in all materials, but most notably Inconel 625.

Figure 4.74: Tensile strength of 4330 (HAZ of 4330 clad with Inconel 625) - Exper-

imentally obtained using an Instron 8801 servo-hydraulic fatigue testing system and

three-zone furnace.

Another method of determining the tensile strength of a material is to utilise hardness

values obtained for the material and apply the correlation between hardness and

tensile strength for plain carbon and low-alloy steels. Data correlating these two
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Figure 4.75: Tensile strength of 4330 (HAZ of 4330 clad with 17-4 PH) - Experimentally

obtained using an Instron 8801 servo-hydraulic fatigue testing system and three-zone

furnace.

Figure 4.76: Tensile strength of Inconel 625 (Clad on 4330) - Experimentally obtained

using an Instron 8801 servo-hydraulic fatigue testing system and three-zone furnace.
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Figure 4.77: Tensile strength of 17-4 PH (Clad on 4330) - Experimentally obtained using

an Instron 8801 servo-hydraulic fatigue testing system and three-zone furnace.

properties is found in (149) and applied utilising the Vickers hardness data obtained

in section 4.4.8. The correlation between Vickers hardness and tensile strength is

illustrated in figure 4.78.

Figures 4.79 and 4.80 show the resulting tensile strength values for 4330 and 17-4 PH

with depth through the clad and HAZ layers utilising the correlation between tensile

strength and Vickers hardness. It can be seen in figure 4.79 that as depth increases

the variation in tensile strength decreases. This is due to travelling further from

the HAZ, the effects of alloying and diffusion being greatest closer to the clad layer.

Therefore further from the clad layer the microstructure will be more consistent with

the original substrate material and variations in properties arising due to alloying

and diffusion decrease.

Plotting the derived data for tensile strength for 4330 and 17-4 PH with depth on the

same figure illustrates the change in tensile strength upon crossing the clad boundary

into the substrate material. This is shown in figure 4.81. It can be observed that in

general values for 17-4 PH are more tightly grouped together, however it should be

noted that the data plotted for 4330 includes both that of 4330 clad with 17-4 PH and

Inconel 625, samples 4, 6 and 8 being clad with 17-4 PH and 3, 5 and 7 clad with

Inconel 625.

Table 4.20 lists the experimental and derived values for all materials, indicating the

range in the case of the derived data. The hardness values and therefore derived
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Figure 4.78: Correlation between tensile strength and Vickers hardness - Data obtained

from (149). Correlation applies to plain carbon and low alloy steels, cast steels and

limited high alloy and or/work hardened steels.

Figure 4.79: Tensile strength of 4330 (HAZ of 4330 clad with 17-4 PH or Inconel 625)

- Samples 3, 5 and 7 indicate 4330 clad with Inconel 625. Samples 4, 6 and 8 indicate

4330 clad with 17-4 PH. Derived from correlation between tensile strength and Vickers

hardness using data obtained experimentally from microhardness measurements.
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Figure 4.80: Tensile strength of 17-4 PH - Derived from correlation between tensile

strength and Vickers hardness using data obtained experimentally from microhardness

measurements.

Figure 4.81: Tensile strength of 4330 (HAZ of 4330 clad with 17-4 PH or Inconel 625)

and 17-4 PH - Derived from correlation between tensile strength and Vickers hardness

using data obtained experimentally from microhardness measurements.
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tensile strength values may be influenced by the cladding parameters such as pre-heat

temperature and consequent effects such as the level of alloying and dilution. Tensile

strength for 4330 is lower when clad with Inconel 625, which is to be expected due

to the lower tensile strength values of Inconel 625 in comparison with 17-4 PH. The

range of tensile strength values for 4330 is very large, signalling that the HAZ is very

sensitive to the welding process and this is reflected in resulting hardness values and

therefore also in derived tensile strength values. Experimental and derived values

correlate well in the case of 17-4 PH. Experimental values lie in the lower region of

the range for 4330.

Data presented herein for tensile strength was not utilised for the purpose of the weld

cladding simulation in this case. However in future it would be recommended that a

bilinear material model is implemented in the finite element model ideally utilising

data from experimentally obtained stress-strain curves.

Tensile strength (MPa)

Material Experimental Derived

Inconel 625 770 -

17-4 PH 1167 1115-1150

4330 HAZ (Inconel 625 clad) 1017 886-1666

4330 HAZ (17-4 PH clad) 1010 963-1760

Table 4.20: Comparison of experimental and derived tensile strength values at room

temperature

4.4.11 Young’s modulus

Due to the issues encountered with the extensometry during the tensile testing pro-

gram, the determination of Young’s modulus was undertaken separately. This was

undertaken for all materials under investigation using a TA Instruments Dynamic

Mechanical Analyser (DMA) Q800. Using a single sample, Young’s modulus values

are obtained at specified temperatures through the application of a three-point bend-

ing load to the beam-like specimen. The dimensions of the specimen are measured

prior to testing, with deflection of the beam measured throughout the experiment.

The specimen geometry is shown in figure 4.82. These specimens were machined

from remaining tensile test specimens as shown in figure 4.83. As yield is not ex-

ceeded during testing, the same specimen could be utilised to obtain yield over the

entire temperature range.

The maximum load of the machine is 18 N, with this value being reached using a 3

N/min ramp rate. Stress-strain diagrams can then be constructed using the obtained
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data and the Young’s modulus calculated by determination of the gradient of the

stress-strain curve. Creep effects were again assumed negligible over the duration of

the test.

Figure 4.82: DMA specimens for experimental determination of Young’s modulus -

Dimensions in millimetres.

Figure 4.83: Machining of DMA specimens for experimental determination of Young’s

modulus - Specimens machined from remaining tensile test specimens using wire EDM.

Readings could only be obtained upon heating and cooling the specimen from room

temperature to 500◦C due to the limited temperature range of the equipment. Mea-

surements were obtained in 100◦C increments to observe effects with increasing tem-

perature.

For the purposes of the finite element simulation, Young’s modulus values were

extrapolated to melt temperature, assuming a zero value at the melt temperature.
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Values were extrapolated in a manner such that the values of Young’s modulus de-

creased consistently to a value of effectively zero stiffness at melt temperature. This

was deemed appropriate due to previous studies on the characterisation of weld

metal indicating that the stiffness of the material decreased gradually with increas-

ing temperature (150).

Minimal variation would be expected in heating and cooling data for Inconel 625 and

this is indeed the case. There is also minimal variation in heating and cooling data

for 4330. Notable variation is observed for 17-4 PH, with slightly increased stiffness

values upon cooling.

The values extrapolated along with the experimental results and the available pub-

lished data are shown in figures 4.84-4.87.

Figure 4.84: Young’s modulus of 4330 (HAZ of 4330 clad with Inconel 625) - Experi-

mentally obtained using a TA Instruments Q800 DMA.

Previous studies of austenitic stainless steel cladding on ferritic steel reactor pressure

vessels revealed that the Young’s modulus of as-clad material deviate from the bulk

modulus, the degree of variance depending on the orientation to the cladding plane

(151). This is attributed to effects from the texture arising during solidification and

the presence of the δ-phase. Through annealing, the δ-phase is dissolved and the de-

viation from the bulk modulus decreases. Earlier discussions highlighted that some

tensile specimens were machined parallel to the orientation of clad passes, while

the majority were machined perpendicular to the clad passes. The specimens ma-

chined for the purposes of obtaining Young’s modulus were obtained from the same
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Figure 4.85: Young’s modulus of 4330 (HAZ of 4330 clad with 17-4 PH) - Experimentally

obtained using a TA Instruments Q800 DMA.

Figure 4.86: Young’s modulus of Inconel 625 (Clad on 4330) - Experimentally obtained

using a TA Instruments Q800 DMA.
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Figure 4.87: Young’s modulus of 17-4 PH (Clad on 4330) - Experimentally obtained

using a TA Instruments Q800 DMA.

material. Unfortunately , however, due to the small number of specimens tested, con-

clusions could not be drawn as to the presence of anisotropy of Young’s modulus.

These findings do however illustrate that effects of the cladding process on material

properties should also be considered.

4.4.12 Toughness

For the purpose of the finite element simulation and therefore the validation of the

model with experimental residual stresses, toughness values were not utilised. How-

ever, as the weld cladding process will impact toughness values it would be of inter-

est to investigate resulting toughness values. Commonly weld consumables would

be tested to obtain this property. In the same way as the thermal and mechanical

properties were obtained as described in this chapter, it would be possible to exper-

imentally obtain toughness values for the clad, HAZ and substrate regions of the

materials under investigation. Although this was not the focus of this research, the

potential testing method was considered.

With concerns over brittleness of the HAZ, the Charpy test would provide further

insight into this, with the aim of this test being to indicate the energy absorption

required to cause material fracture. A weighted mass is used to impact a notched

specimen on the surface opposite to that on which the notch is machined, causing

fracture of the specimen. The energy required for fracture is determined by assessing
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the height reached by the mass post-impact. This value of energy and cross-sectional

area of the specimen are then used to determine the toughness of the material.

The dimensions for standard Charpy specimens would require a length of 55 mm

with 10 mm square ends. The limitation of available material led to the investigation

of the preparation of sub-size or miniaturized specimens. Appropriate dimensions

for miniaturized specimens were obtained from the ASTM standard (152). These

specimens would require the machining of customised shims to enable testing as the

testing equipment available has a minimum standard depth requirement of 10 mm in

line with the standard Charpy specimen dimensions as provided in the ASTM stan-

dard (153). The miniaturized specimens dictated a depth of 4.83 mm and therefore

the specimen would be required to be brought forward to allow the mass to impact

the specimen at the required location. Sub-size specimen dimensions as provided in

the appendices of the ASTM standard (153) and shown in figure 4.88 were selected

as the most appropriate. With the thickness of these specimens being less than the

standard specimens, shims would also require machining to allow the specimen to

be impacted in the correct location and ensure that the weighted mass does not begin

to travel upwards prior to impacting the specimen. Surface finish requirements are

also provided in the standard.

Figure 4.88: Sub-size Charpy specimen geometry and dimensions - Specimen dimen-

sions in millimetres, derived from ASTM standard (153).

A consideration of undertaking testing utilising miniaturized specimens would be

that results from the standard Charpy specimens would not be directly comparable

to results of the miniaturized Charpy specimens. Therefore, miniaturized specimens
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of unclad materials would also be required to allow comparison and conclusion as to

the effects of the welding process on the toughness of these materials.

It would also be of interest to assess the change in ductility of the materials with

temperature, also possible through the Charpy test. This is not of importance in the

operation of the weld clad components, but certainly is of interest with regards to

potential weld process refinement to ensure the most satisfactory material properties

arise through the cladding process.

Furthermore, studies have been undertaken to assess the toughness of the interface

of as-sprayed specimens subjected to the HVOF coating process (154). These studies

examining coating adhesion of chromium carbide coatings indicated that toughness

of the interface of as-sprayed components varied inversely with the square root of

the coating thickness. Annealed components on the other hand appeared to possess

toughness values independent of coating thickness. Similar research could be carried

out in the case of the clad specimens to examine the effects of clad thickness, PWHT

and material combinations on interface toughness.

Alternatively, Izod testing could be undertaken, with the specimen fixture differing

to that of the Charpy test. Izod testing would also be restricted to testing at room

temperature due to the method of fixing the specimen. The facilitation of sub-size

specimens for Charpy testing and access to testing equipment would present Charpy

testing as the most favourable option.

163



4.5 Summary

At the beginning of this chapter, metallurgical studies showed that the weld cladding

process produced good fusion between clad and substrate materials. Neither non-

metallic inclusions nor weld defects were found to be present. However, non-metallic

inclusions were observed in the substrate material, present prior to application of

the cladding process. The use of such material should be minimised, particularly

in demanding applications involving fatigue and corrosion. The two-pass system

applied produced variation in the microstructure in both passes due to the tempering

of the first pass upon deposition of the second pass. This is beneficial due to the

increased levels of homogeneity arising through this tempering.

Alloy segregation in the HAZ has been highlighted, creating alloy rich and alloy

lean regions, increasing hardness values in areas of increased chromium and nickel

content. PWHT was found to decrease alloy segregation, therefore also beneficial in

decreasing hardness values. Care must be taken when investigating the HAZ proper-

ties, as the supposition of average hardness values being adequate would not account

for the range of values that has been shown to result through the weld cladding pro-

cess. The NACE standard states that values exceeding the maximum hardness values

provided are acceptable if several readings in the same region result in an average

lower than the maximum permitted value, however the number of measurements

required is not specified (110). Bearing this in mind, the weld cladding process re-

quires further investigation and refinement to minimise regions of high hardness,

but also generally to ensure satisfactory resulting material properties. Iron dilution

levels should also be monitored. Iron dilution was found to be greater in the first

pass of an Inconel 625 clad in comparison with the second as expected, with a rec-

ommendation of iron dilution levels of less than 5% at the clad surface so as not to

impact corrosion resistance benefits of Inconel 625. A martensitic structure resulted

upon welding with 17-4 PH, with the effects of heating and cooling rates known to

affect the resulting microstructure in such materials. Therefore, it would be beneficial

to refine the welding process for 17-4 PH clad on 4330 to ensure that the resulting

microstructure and material properties are satisfactory. As will be discussed in a later

chapter, the welding process applied when utilising 17-4 PH as the clad material also

heavily impacts the resulting residual stress state and therefore there are likely to be

contradictory requirements to ensure adherence to standards whilst also maintaining

a desirable stress state.

Investigation of the thermal and mechanical properties of the materials selected for

the purposes of this research has illustrated the wide range of considerations when

undertaking the weld cladding process. The relationship between properties of the
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clad and substrate materials can heavily influence resulting properties, with poten-

tially large variations as the interface between the clad and substrate is traversed.

The 17-4 PH and 4330 materials are better matched due to both being high strength,

martensitic materials with similar yield stress values and a body-centred cubic lattice

structure. Inconel 625 on the other hand possesses a face-centred cubic lattice struc-

ture, has a lower yield stress and does not exhibit phase changes upon heating and

cooling. This is clearly illustrated in the results of the material property characteri-

sation program presented in this chapter, especially in the case of the temperature-

dependent thermal properties.

Results of the material characterisation program have been presented in this chapter,

with details of the production of specimens, the testing procedure and issues encoun-

tered documented. Based on the program conducted, recommendations have been

provided for future studies to further improve knowledge and understanding of the

effects of the welding process and the arising material properties.

Capturing the thermal behaviour of materials is crucial for the accurate simulation

of residual stress generation. Coefficient of thermal expansion has been said to be

a dominant factor in the generation of residual stresses (84), with 4330 and 17-4 PH

possessing similar characteristics upon heating and cooling. The effects of CTE on

resulting residual stresses will be further investigated and discussed in section 7.4.1.

It is clear when reflecting upon the results showing the variation in CTE values upon

heating and cooling that input of respective material data sets would result in a very

different residual stress state in a thermal transient analysis. Moreover, it has been

proven that in all cases available published material properties are inadequate for

input into a finite element model if accurate stresses are desired. Early studies have

been undertaken and presented as to the effects of the cooling rate on CTE values and

it would clearly be beneficial to investigate higher cooling rates to capture expected

effects of cooling rate on material properties. It is realised that cooling rates examined

in this testing program are not indicative of the cooling rates that will occur during

the weld cladding process, particularly in the early stages of cooling immediately

after the weld cladding process has been completed. This is discussed in section 5.6.

A major limitation of the characterisation of the materials is the inability to capture

the cooling rates that will be experienced in the early stages of the cladding process

as the molten metal is deposited onto the pre-heated substrate.

Usually, material selection is driven by the desire for higher strength materials to en-

sure a higher UTS and therefore increased fatigue strength. It has been mentioned in

this chapter, that the correlation between UTS and fatigue strength is lost upon appli-

cation of a welding process. It should also be highlighted that fatigue consists of the

crack initiation and propagation stages. In the crack initiation stage, the correlation
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with UTS is applicable in non-welded applications. However, in the crack propaga-

tion stages, correlation exists between fatigue strength and toughness. In non-welded

scenarios, the majority of the lifetime of a component can be spent in the crack initi-

ation phase. In the case of welding, defects that arise due to the welding process can

behave in a similar manner to initiated cracks and therefore welding can produce a

bypassing of the crack initiation phase (155), entering the crack propagation phase at

an early stage of component operation. This is of course undesirable and can cause

fatigue failure at a much earlier stage than anticipated if not correctly assessed and

accounted for. A suitably tough material with the capability of minimising crack

propagation rates would be most appropriate in this case. These factors illustrate

the importance of understanding material behaviour in specific scenarios, as this can

very much alter the points of importance in material considerations.

In future, to further increase understanding and appreciation of the effects of the

weld cladding process on material properties, it would be of interest to investigate

the effects of pre-heat temperature, cooling rates and PWHT on resulting material

properties. Other aspects such as welding speed and the number of passes could also

be investigated but it is clear that this would require a large number of specimens to

undertake such a testing program to ensure that all results are sound from a statistical

point of view.

166



Chapter 5

Simulating the Weld Cladding

Process

Simulation of the weld cladding process was undertaken in Abaqus, investigat-

ing initial axisymmetric models through the deposition of one-pass. The mod-

elling process was developed to account for the deposition of two passes and weld

beads in an axisymmetric model, likewise in a planar model and finally a three-

dimensional model developed accounting for the temporal deposition process and

the thickness of the weld beads. It was found that the nature of residual stresses

arising in all models remained the same, allowing the conclusion to be drawn

that increasing the complexity of the weld clad model is not strictly necessary

in this case. The reasons for this are discussed herein. Material properties were

emphasised as more crucial in capturing the correct residual stress state in the

clad layer. The effects of pre-heat temperature are discussed, results illustrating

that a higher pre-heat temperature successfully decreases the discontinuity stress

arising in the vicinity of the interface. This would be desirable from a fatigue

perspective. Cooling rates at various nodes in the model are examined to provide

an indication of the temperature history experienced throughout the substrate

and clad materials. The need for further investigation of the microstructure and

experimental testing for material properties using representative cooling rates is

discussed. Ultimately, initial axisymmetric models successfully capture the de-

velopment of residual stresses in the weld clad cylinder and provide results with

which to compare experimental residual stress measurements to gauge correlation

and allow validation of the finite element model.
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5.1 Introduction

The nature and distribution of residual stresses in dissimilar joints resulting due to

the application of thermal processes such as welding and brazing, are invariably

important for fatigue life assessment. Dissimilar material joining influences these

residual stresses as discussed in chapter 3 and therefore the development of the

fatigue-resistant weld cladding concept requires the residual stress state to the ex-

amined.

Simulation of residual stresses and dissimilar joints requires in-depth knowledge of

the behaviour of both substrate and joining material. This proves to be one of the

greatest challenges as heavily emphasised in the previous chapter due to the poor

availability of temperature-dependent material property data from room temperature

up to melting point, particularly for the as-clad material as opposed to the welding

consumable and substrate material, more commonly available. The importance of

this data should not be underestimated, as phase transformations in particular are

integral to capturing the behaviour of the dissimilar joint. This is discussed in a study

by Katsuyama et al. (156) demonstrating that neglecting this aspect can deny the com-

pressive nature of stresses in the substrate completely. Capturing phase changes in

the solid-state of a material is therefore highlighted as crucial in both the joining and

post-weld heat treatment processes. This was the driving factor for the in-depth in-

vestigation of the temperature-dependent material properties in the previous chapter.

Having obtained experimental data for the clad and substrate materials, modelling

of the weld cladding process was investigated. Simulation of the weld cladding pro-

cess presented in this chapter was modelled in Abaqus utilising the geometry of the

weld clad components presented in chapter 3 and the material properties presented

in chapter 4.

5.2 Complexity of weld clad modelling

The mechanisms involved in inducing residual stresses were discussed in section

1.2.1. In the simulation of the weld cladding process it is crucial to capture all factors

contributing to the final residual stress state arising due to the weld cladding process.

One of the key findings in the previous chapter was the influence of heating and cool-

ing on the temperature-dependent material properties, particularly illustrated in the

experimentally obtained thermal material properties. With the thermal transient na-

ture of the weld cladding process, it is clear that the heating and subsequent cooling

of the component will influence the residual stresses arising due to specific material

behaviour such as phase transformations.
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Due to the complexity of weld modelling, benchmark exercises are a common method

utilised in examining successful modelling of the residual stresses arising through

such processes.

The European Network NeT (157) conducted a round robin exercise examining the

residual stresses in a single weld bead on a flat austenitic steel plate through measure-

ment and simulation of the arising residual stresses. This research was undertaken

over the course of nine years, with fourteen sets of residual stress measurements,

five measurement techniques and over forty finite element simulations. The spec-

imen utilised in this study therefore provides a benchmark and guidance for the

simulation and measurement of residual stresses. Highlighted in this study is again

the importance of accurate thermal and mechanical material properties varying with

temperature and the use of an appropriate material model.

Another example of such a benchmarking exercise is the investigation into the de-

sign and manufacture of a pressuriser safety/relief valve nozzle with and without

weld overlay (140). This comparative study was undertaken by three organisations,

investigating the effect of heat input, manufacturing history and constitutive models

on the resulting residual stresses in the simulation model. These values were also

compared with experimental residual stress measurements using the deep-hole and

incremental deep-hole drilling methods. The three organisations, BE-ANSTO, EMC2

and Westinghouse used 46, 48 and 25 passes respectively for the main weld. It is

within the reporting of this research that is has been postulated that the effects of

variations in thermal material properties will not greatly impact final residual stress

states above a temperature of 800◦C due to the lower strength possessed by materials

at such high temperatures.

Investigation into accurate weld modelling and the influence of simulation variables

on resulting residual stresses predicted by the simulation include factors such as

welding heat input, manufacturing history and material constitutive models. These

aspects are well introduced in the literature (158), (159).

Weld simulation will often focus either on the thermo-dynamics approach or the

thermo-mechanical approach. The former concentrates on the thermal behaviour of

the HAZ and models the molten weld pool, while the latter concentrates on the heat

source energy, accounting for the thermo-mechanical behaviour on a global scale

(160).

The coupling of thermal and mechanical aspects is presented in (158). Heat transfer

effects cause deformation which in turn generates heat. The thermal properties of

the material are specific to each material depending on the composition and phase

changes experienced, these phase changes related to latent heat. Both thermal and

deformation related phase changes can occur. It is emphasised that microstructural
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effects influence deformation through phase and volume changes. Such material

behaviour is temperature dependent as illustrated in the previous chapter in the

experimentally obtained data. The ability to determine solid state phase changes

through dilatation is illustrated showing the dilatation of a martensitic stainless steel

upon heating and the visible phase change from ferrite to austenite. This illustra-

tion matches that observed in the case of the heating curve obtained experimentally

for 4330 and 17-4 PH. The coefficient of thermal expansion data presented in section

4.4.2 is derived from thermal dilatation data with respect to temperature obtained

experimentally using the equipment described. Upon cooling the martensitic trans-

formation is observed at a lower temperature according to the experimental data

obtained during testing of 4330 and 17-4 PH and it is emphasised that thermal di-

latation and the constraint thereof is the cause for welding stresses with the cooling

stage being of most importance with this dominating heating effects. Varying lev-

els of modelling complexity include factors such as including temporal variations in

thermal and mechanical material properties. More specifically this can be accounted

for through increasing conductivity in the weld pool, modifying the heat capacity to

account for phase changes and accounting for the heating and cooling processes.

Development of the modelling process will be investigated in this chapter, accounting

for the following characteristics of the weld deposition process:

• Accounting for the deposition of one pass using an axisymmetric representation

• Accounting for weld beads in the deposition of one pass

• Accounting for the deposition of two passes

• Accounting for weld beads in the deposition of two passes

• Accounting for the deposition of two passes in a planar model

• Accounting for weld beads in the deposition of two passes in a planar model

• Accounting for weld beads in the deposition of two passes in a 3D model

5.3 Simulating the weld cladding process using an axisym-

metric representation

In modelling the weld cladding process, the overall residual stress state in the model

was the key interest. Therefore, a simplified modelling approach was justified as

discussed in (158). The initial two-dimensional axisymmetric models simplify the

three-dimensional cladding process.
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The level of complexity included in accounting for the material behaviour is variable

in welding simulation. As has been previously discussed it may be that published

material data is utilised or that data is provided by the manufacturer. Material prop-

erties can be subject to assumptions such as low values of yield stress and elastic

and hardening moduli to account for the low strength and stiffness of materials at

high temperatures. This method of altering yield stress and elastic and hardening

moduli was applied by Brickstad and Josefson in (161), along with the setting of

the coefficient of thermal expansion as a constant throughout the simulation. This

constant value was the mean value across the temperature range. The experimen-

tal thermal and mechanical properties obtained with temperature and extrapolated

to melt temperature herein enable a simplified characterisation of materials for the

weld clad simulation, whilst capturing major variations in material properties due to

phase changes, for example.

The influence of thermal and mechanical properties on resulting residual stresses

has also been discussed in the welding of aluminium plates (162). This study con-

cluded that yield stress has the most notable impact on residual stresses, while it is

satisfactory to utilise average values for material properties to achieve a satisfactory

indication of residual stresses. This is understandable in the case presented, where

the thermal expansion value is essentially constant with temperature. In fact, the data

presented in (162) clearly allows the assumption of constant material properties even

for density, thermal conductivity and specific heat capacity. However, as highlighted

in the previous chapter, this is far from the case with the materials under investiga-

tion. This also presents inaccuracies in the deformation produced in the model as

thermal dilatation dictates deformation (158). The observation that Young’s modulus

has a minimal effect on the resulting residual stresses could also be argued in the

research presented herein, due to little variation in Young’s modulus values in steels.

However, there is still a notable variation with temperature in all material properties,

both thermal and mechanical. Therefore the experimental testing program discussed

in the previous chapter was of utmost importance in preparation for the modelling

of the weld cladding process.

It is common to reduce the complexity of the simulation model by decreasing the

dimensions accounted for in the model (158). Reducing the number of passes is also

a method of decreasing complexity of the model. It was demonstrated by Rossillon

and Depradeux (163) that inclusion of the last deposited pass as well as the reduction

of the number of passes provides a satisfactory residual stress distribution when

compared with multi-pass simulations of austenitic pipe girth welds. This led to the

initial simulation model adopting an axisymmetric form with the deposition of the

entire clad layer thickness in one step.
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The use of an axisymmetric model to simulate the residual stresses arising due to

spiral weld cladding of Inconel 625 on SA210 carbon steel showed good agreement

with experimental neutron diffraction measurements (164).

The transformation of the clad cylinder into an axisymmetric model is shown in

figure 5.1. The applied mesh is also illustrated with the use of the Abaqus element

type CAX4T with bi-linear displacement and temperature shape functions.

Figure 5.1: Model for clad deposition on outer diameter of cylinder - Illustrating the

transformation of the weld clad cylinder into an axisymmetric model. Dimensions in

millimetres.

Figure 5.2 shows the cylinder with a clad layer applied onto the inner diameter of the

cylinder. This case was also investigated due to the more realistic nature in terms of

application of the cladding technology at this location of the components in question.

It was found that stresses were of a similar nature and therefore that cladding on the

outside diameter of the cylinder, a simpler cladding process in terms of deposition,

would provide an indication of the stresses that would be expected generally from

utilising the representative geometry and materials.

Figure 5.2: Model for clad deposition on inner diameter of cylinder - Illustrating the

transformation of the weld clad cylinder into an axisymmetric model. Dimensions in

millimetres.

In terms of the model and heat input to model the weld material deposition process,

the level of complexity is simplified. This is achieved by carrying out a transient

thermal analysis, assigning a temperature to the weld material and assigning appro-

priate convective heat transfer coefficients and/or insulation boundary conditions
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where relative acting as a method of heat input. In the initial axisymmetric model,

the entire clad layer is effectively therefore deposited onto the pre-heated cylinder

at the beginning of the thermal transient analysis. This creates the assumption of

no variation in the temperature or stress fields in the axial and hoop directions as

a function of time. Upon commencing the next time step, the entire model begins

to cool to room temperature and the material develops stiffness as the model cools.

This method has been often utilised, with Carmet et al. prescribing a temperature of

1500◦C for the molten weld pool (165) and Goldak et al. prescribing both a maximum

temperature and the melt temperature for the analysis (159). The weld material is also

set at melt temperature in the investigation of fusion welds by Jones et al. (166). It

is noted however, that utilising this approach does not accurately capture the heat-

ing characteristics prior to welding, as the material is prescribed at melt temperature

from what is viewed as the beginning of the welding process.

Lindgren discusses cut-off temperatures used in various published modelling pro-

cesses, these temperature values being the upper limit for which variation in me-

chanical material properties are accounted for (158). As was presented in the previous

chapter, yield stress and Young’s modulus were assigned a zero value at melt temper-

ature, with a linear extrapolation from the last obtained experimental data point. A

lower cut-off temperature can increase the error in residual transverse stresses, a 2-15%

overestimation of stresses arising when the cut-off temperature was varied between

600◦C and melt temperature (167).

The melt temperatures for the materials investigated are listed in table 4.6. Neither

the solid-liquid phase change nor latent heat effects have been accounted for in the

analysis.

The momentary heat source utilised, as mentioned, is categorised as a simplified

model (158). Thermal boundary conditions, as shown in figure 5.3, have been applied

to capture the cooling process applied in the real weld cladding process and the

cladding setup. The radial edges of the model were insulated to simulate no axial

heat transfer and plane strain conditions applied on the radial lines.

The assumption of plane strain boundary conditions applied herein is highlighted

as producing larger longitudinal stresses (158). It is clear that this type of model

does not account for the welding speed and therefore it can be considered a weld

with infinite speed. This type of model does not capture the transient nature of

the welding process in a multi-pass process. It should be noted that the welding

simulation discussed in this text is not that of weld cladding, but primarily butt-

welds.

Temperature-dependent material properties as experimentally obtained and extrap-

olated to melt temperature for 4330, Inconel 625 and 17-4 PH were utilised to charac-
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Figure 5.3: Boundary conditions for axisymmetric model - Boundary conditions illus-

trated for an outer clad cylinder.

terise thermal and mechanical behaviour assuming an elastic-perfectly plastic mate-

rial model.

The thermal event, degree of constraint and therefore the development of residual

stresses due to the weld cladding process are primarily governed by CTE, specific

heat capacity, thermal conductivity, Young’s modulus and yield stress. The finite ele-

ment software utilised assumes a linear extrapolation between data points and were

data not to have been extrapolated to melt temperature, a zero-gradient extrapola-

tion would have been assumed from the last available data point. Therefore, it is

not only crucial to ensure accurate values for material properties but also the entire

temperature range, especially for the five properties noted above.

Initially density was considered constant, however due to the use of density as a

multiplicator with heat capacity in a thermal analysis, temperature-dependent den-

sity was accounted for as detailed in section 4.4.5. Poisson’s ratio was also initially

considered constant, and although this is deemed acceptable, the variation in this

property was also accounted for in the simulation as detailed in section 4.4.6.

The entire component was subjected to slow cooling on the inner and outer diameters

using a convective heat transfer coefficient of 10 W/m2K representative of low speed

air flow over a surface. A bulk temperature of 25◦C was assigned. Emissivity was

assumed constant throughout the analysis.

Finite element model data input for all models is provided in Appendix A.

5.3.1 Results

Results are presented for both dissimilar weld clad cases, with the clad material

applied on the outside of a low alloy carbon steel thick cylinder using two pre-heat

temperatures.

In obtaining residual stress distributions for the axisymmetric model, a path was

plotted in the radial direction from the inner to the outer diameter. The path therefore
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begins at the bore, this being the substrate material, and traverses towards the clad

material at the outside diameter. Figure 5.4 shows the path highlighted in the centre

of the axisymmetric model. Meshes utilised are the result of convergence studies.

Figure 5.4: Axisymmetric model path - Path utilised in obtaining results data for the

axisymmetric model.

In plotting the hoop, radial and axial stress components along this path, the location

of the substrate-clad interface has been highlighted using a vertical dotted line to

facilitate understanding of the variation in stresses due to respective materials. Like-

wise, the yield stress of the clad material has been highlighted on each figure using a

horizontal dotted line to illustrate the level of residual stress present in the clad layer

at the end of the analysis.

Figure 5.5 shows the stress component results at the end of the analysis for the ax-

isymmetric model of 4330 substrate, pre-heated to 150◦C and clad in one pass with

Inconel 625. It can be seen that radial stresses are compressive along the path, yet

lower than hoop and axial stresses. Hoop and axial stresses are compressive in the

substrate, with a large discontinuity stress as the path approaches the interface, reach-

ing high into the tensile region. The level of tensile residual stress is not as great as

the yield value of the substrate material (869 MPa when clad with Inconel 625). Upon

entering the clad layer, these tensile residual stresses decrease to below the level of

yield of the clad material (474 MPa). Hoop stresses remain constant throughout the

clad layer, whereas axial stresses increase slightly towards the clad surface.

Figure 5.6 illustrates stress component results for the same clad and substrate com-

bination, with a higher pre-heat temperature of 300◦C. The stress components are

similar to those in figure 5.5 in the substrate, however the discontinuity stress at the

interface is much lower in both the hoop and axial components. Hoop and axial

stresses are of the same level and trend as in the previous model.

In the case of a 17-4 PH clad with a pre-heat temperature of 150◦C, residual stresses

are tensile in the substrate material. Figure 5.7 shows that radial stresses are again

lower than hoop and axial. A tensile discontinuity stress arises as the path approaches

the interface, however again these stress levels are lower than the yield stress of the

substrate when clad with 17-4 PH (856 MPa). Both stresses decrease significantly

into the compressive region upon entering the clad material. Hoop stresses reach the

yield stress value of the clad material (994 MPa) while axial stresses remain at a level

slightly lower than yield. Both stress components increase slightly towards the clad

surface.
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Figure 5.5: Stress components in an axisymmetric model of 4330 substrate and Inconel

625 clad with pre-heat temperature of 150◦C - Results shown with the path beginning

at the inner diameter, travelling towards the clad surface with the interface highlighted.

Figure 5.6: Stress components in an axisymmetric model of 4330 substrate and Inconel

625 clad with pre-heat temperature of 300◦C - Results shown with the path beginning

at the inner diameter, travelling towards the clad surface with the interface highlighted.
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Figure 5.7: Stress components in an axisymmetric model of 4330 substrate and 17-4

PH clad with pre-heat temperature of 150◦C - Results shown with the path beginning

at the inner diameter, travelling towards the clad surface with the interface highlighted.

Using the same clad material with a higher pre-heat temperature of 300◦C (figure 5.8),

the radial stress component remains largely unchanged in shape, although slightly

less in value. Tensile discontinuity stresses have again decreased, while compressive

residual stresses remain at the same level as in the previous model.

Hoop stress values in the substrate material are of similar levels regardless of clad

material. Table 5.1 shows the similarity between axial and hoop stress values in each

clad material case, highlighting that the pre-heat temperature does not impact the

stresses at the clad surface.

Clad material TPH(
◦C) σAxial(MPa) σHoop(MPa)

Inconel 625 150 394.3 380.89

Inconel 625 300 393.9 381.96

17-4 PH 150 -972.94 -1009.34

17-4 PH 300 -973.47 -1008.85

Table 5.1: Comparison of axial and hoop stress components at the clad surface in a

one-pass model

The model assumed an idealised interface, hence the large discontinuity stresses in

the vicinity of the 4330 substrate and clad material for both materials and pre-heat

temperatures. Upon reaching the clad material, a transformation in the nature of
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Figure 5.8: Stress components in an axisymmetric model of 4330 substrate and 17-4

PH clad with pre-heat temperature of 300◦C - Results shown with the path beginning

at the inner diameter, travelling towards the clad surface with the interface highlighted.

stresses occurs in all cases. This is due to the requirement of residual stresses being

self-equilibrating, therefore the presence of tensile residual stresses in one region of

the component requires a balancing of the stresses through the presence of compres-

sive residual stresses elsewhere in the component. The self-equilibrating nature of

the stresses were confirmed graphically, taking account of the increase in volume of

material with increasing radius. From a fatigue perspective and for the application of

this technology, it would be desirable for compressive residual stresses to be present

throughout the clad layer of the clad component. Therefore these initial studies in-

dicate that the 4330 and 17-4 PH combination is more desirable when focussing on

residual stresses.

Yielding is seen to occur in residual hoop stresses present in a 17-4 PH clad layer,

reflecting the elastic-perfectly plastic model utilised. However, stresses remain below

yield for hoop and axial components in the Inconel 625 clad case, 20% and 17% below

the yield stress level respectively. Yielding however occurs not upon exceeding the

yield value in the hoop stress component, nor in the axial or radial components.

Rather yielding occurs upon exceeding the Von Mises equivalent stress and therefore

it is also beneficial to observe the distribution of this stress component.

The results obtained illustrate the success of the models in capturing the distribu-

tion of residual stresses, self-equilibrating in nature, throughout the clad cylinder.
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Early studies using published data resulted in tensile residual stresses in the 17-4 PH

clad model, confirming the observation that inaccurate material data can completely

transform the nature of residual stresses in the finite element model (156).

Although the axisymmetric model presented in this section is a simplification of

a process with spatially and temporally varying deposition, it is representative of

methods such as evaporative deposition or spray coating followed by sintering.

Residual stresses obtained through the finite element model will be compared with

residual stresses obtained experimentally in chapter 6.

5.4 Developing the modelling process

The simplification in the initial models prompted an investigation into the effects of

the spatial and temporal variation of the weld cladding process. This is achieved

using element birth and death to model the activation of elements representing the

clad layer.

Accounting for weld beads in the deposition of one pass Using the method of

prescribing a temperature to the weld material, the weld section was divided into

beads to begin to account for the spatial and temporal variation of the weld cladding

process. This requires the elements of each bead to be activated at the necessary time

step to model the laying of the weld material at this point in the simulation. In this

case of the axisymmetric model, it is as if the weld material is being deposited in

rings along the length of the cylinder.

The model is completely defined at the beginning of the analysis, with the weld ma-

terial then removed by deactivating weld clad elements. The weld is deposited by

reactivating these elements in a sequential manner. The geometry utilised is illus-

trated in figure 5.9.

Figure 5.9: Geometry implemented in the representation of weld beads in the depo-

sition of one pass - Geometry illustrated for an axisymmetric model clad on the outer

diameter.

The mesh utilised for this model is illustrated in figure 5.10, an increased number of

elements introduced to ensure that variations in stress in the beads are captured.
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Figure 5.10: Mesh implemented in the representation of weld beads in the deposition

of one pass - Mesh illustrated for an axisymmetric model clad on the outer diameter.

Accounting for the deposition of two passes The weld cladding process, as de-

scribed in chapter 3, was a two-pass weld and therefore this was to be captured and

investigated in the finite element model.

Previous studies investigated the laying of multiple passes in thermal coatings, with

the particles of the coating forming a layer deposited onto a previously deposited,

solidified layer (168). This effectively removes the fluid dynamics aspect of the anal-

ysis and results in an analysis solely of a thermo-mechanical nature. This is much

like the method utilised in this research, however the second pass is to be laid on

the first upon reaching the interpass temperature, with the substrate and first pass

being assigned appropriate temperatures and cooling rates to reach the interpass

temperature. The maximum interpass temperatures are noted in table 3.3.

The clad layer shown in figure 5.1 was divided into two to introduce the deposition

of two passes into the axisymmetric model. This modelling technique effectively lays

two 3 mm clad layers along the entire length of the cylinder with a cooling step

between these two passes. The same pre-heat temperature values were utilised in the

initial step of the analysis. The entire model was then cooled to room temperature

after the laying of the second pass.

Accounting for weld beads in the deposition of two passes To further increase

correlation between the finite element model and the real cladding process, the two

pass model was modified to create weld beads. The geometry is shown in figure 5.11.

This model then effectively deposits rings around the circumference of the cylinder

in two 3 mm passes. The same mesh was utilised as shown in figure 5.10.

Figure 5.11: Geometry implemented in the representation of weld beads in the depo-

sition of two passes - Geometry illustrated for an axisymmetric model clad on the outer

diameter.

180



Accounting for the deposition of two passes in a planar model The axisymmetric

model was then developed into a planar model, depositing two passes at once at melt

temperature with a cooling step to the interpass temperature in between. The geom-

etry and mesh utilised in these models is shown in figures 5.12 and 5.13. This creates

the same assumption of the clad layers being deposited onto the circumference of the

cylinder in rings.

Figure 5.12: Geometry implemented in the deposition of two passes in a planar model

- Geometry illustrated for a planar model clad on the outer diameter.

Conclusions The development of the finite element model to more accurately ac-

count for the weld deposition process illustrated little variation in residual stresses

through the modifications discussed in this section. Therefore focus was placed on

investigating the methods most representative of the weld deposition process, namely

the deposition of weld beads in two passes.

5.4.1 Accounting for weld beads in the deposition of two passes in a pla-
nar model

To increase the accuracy and account for the spatial and temporal variation in the

two-dimensional planar model, the weld beads were deposited using the informa-

tion from the welding process. This allowed the simulation to follow the process of

laying the first pass considering the speed of the welding process. This was calculated

using the data provided by the cladding vendor for the speed of the weld cladding

process and this was then utilised to calculate the time to clad the entire circumfer-

ence. Dividing this value according to the number of elements deposited around the

circumference of the cylinder provided the length of time assigned to each time step
181



Figure 5.13: Mesh implemented in the deposition of two passes in a planar model -

Mesh illustrated for a planar model clad on the outer diameter highlighting also the path

utilised in obtaining path plot data.

for the deposition of each bead. The model was then cooled to the interpass tem-

perature appropriate for each model depending on the pre-heat temperature prior

to the laying of the second pass. Plane strain conditions were assumed in the axial

direction.

Hoop stress contour plots highlight the development of residual stresses throughout

the cladding process. Figure 5.14 shows the laying of the first bead in a model of

17-4 PH clad. Compressive residual stresses exist in the substrate with the weld bead

possessing a tensile nature.

After deposition of the entire first pass, figure 5.15 shows that compressive residual

stresses exist in the HAZ region. As elements deposited closer to the beginning of

the simulation have been allowed more time to cool and therefore for the stress state

to develop, it can be seen that stress values differ around the circumference.

Comparing figures 5.15 and 5.16, it can been seen that by the end of the cooling step

to reach the interpass temperature, the stress distribution is notably different. Very

high compressive residual hoop stresses exist in the substrate, especially in the HAZ,

with high tensile residual stresses in the clad layer.

Deposition of the second pass creates a similar pattern of stress development as the

deposition process develops. Tensile residual stresses are present in the substrate and

clad layer, with a region of compressive residual stresses in the HAZ (figure 5.17).

Upon commencing cooling to room temperature, as shown in figure 5.18 variations

in stresses are seen around the circumference in the clad layer. Upon completion
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Figure 5.14: Deposition of the first weld bead in a planar model - Example illustrating

results for hoop stress in a planar model of 4330 substrate pre-heated to 150◦C and clad

with 17-4 PH accounting for the deposition of beads in two passes.

Figure 5.15: Commencing cooling to interpass temperature in a planar model - Exam-

ple illustrating results for hoop stress in a planar model of 4330 substrate pre-heated to

150◦C and clad with 17-4 PH accounting for the deposition of beads in two passes.
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Figure 5.16: Completion of cooling to interpass temperature in a planar model - Ex-

ample illustrating results for hoop stress in a planar model of 4330 substrate pre-heated

to 150◦C and clad with 17-4 PH accounting for the deposition of beads in two passes.

Figure 5.17: Prior to deposition of the last weld bead in a planar model - Example

illustrating results for hoop stress in a planar model of 4330 substrate pre-heated to

150◦C and clad with 17-4 PH accounting for the deposition of beads in two passes.
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of the cooling step when the entire model has reached room temperature, it is seen

that the stress distribution throughout the model is uniform in respective clad and

substrate regions. Figure 5.19 shows high tensile residual stresses in the substrate and

very high compressive residual stresses in the clad layer as indicated by preliminary

experimental results in chapter 6.

Figure 5.18: Commencing cooling to room temperature in a planar model upon com-

pletion of welding process - Example illustrating results for hoop stress in a planar

model of 4330 substrate pre-heated to 150◦C and clad with 17-4 PH accounting for the

deposition of beads in two passes.
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Figure 5.19: Completion of cooling to room temperature in a planar model upon com-

pletion of welding process - Example illustrating results for hoop stress in a planar

model of 4330 substrate pre-heated to 150◦C and clad with 17-4 PH accounting for the

deposition of beads in two passes.

A similar stress distribution as in the previous planar model is observed in the case

of laying weld beads in a planar model. The path utilised in extracting data for stress

components is highlighted in figure 5.13.

Figure 5.20 shows tensile residual hoop stresses in the substrate and a further increase

in these stress values to above yield value in an Inconel 625 clad layer. Axial stresses

remain compressive in the clad layer and transform into tensile residual stresses in

the clad layer.

A higher pre-heat temperature results in doubling of the hoop stresses in the sub-

strate, while in the clad layer the stress level remains the same (figure 5.21). Axial

stresses remain similar in nature along the path.

A 17-4 PH clad demonstrates similar stress states with regards to pre-heat temper-

ature effects. Hoop stresses increase in the substrate and decrease in the clad layer

with a higher pre-heat temperature when comparing figures 5.22 and 5.23. Axial

stresses remain similar in both cases, tensile in the substrate and compressive in the

clad layer.

Comparing tables 5.2 and 5.3 illustrates that in all cases the inclusion of weld beads

has not altered the final residual stress at the clad surface. This is interesting due

to the visible development of the stress state shown in figures 5.14-5.19, however

confirms the expectation that the effect of spatial and temporal variation is not of

utmost importance in the modelling of the weld cladding process in this case.
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Figure 5.20: Stress components in a planar model of 4330 substrate and Inconel 625

clad with pre-heat temperature of 150◦C accounting for the deposition of beads in two

passes - Results shown with the path beginning at the inner diameter, travelling towards

the clad surface with the interface highlighted.

Figure 5.21: Stress components in a planar model of 4330 substrate and Inconel 625

clad with pre-heat temperature of 300◦C accounting for the deposition of beads in two

passes - Results shown with the path beginning at the inner diameter, travelling towards

the clad surface with the interface highlighted.
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Figure 5.22: Stress components in a planar model of 4330 substrate and 17-4 PH clad

with pre-heat temperature of 150◦C accounting for the deposition of beads in two

passes - Results shown with the path beginning at the inner diameter, travelling towards

the clad surface with the interface highlighted.

Figure 5.23: Stress components in a planar model of 4330 substrate and 17-4 PH clad

with pre-heat temperature of 300◦C accounting for the deposition of beads in two

passes - Results shown with the path beginning at the inner diameter, travelling towards

the clad surface with the interface highlighted.
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Clad material TPH(
◦C) σAxial(MPa) σHoop(MPa)

Inconel 625 150 265.41 544.87

Inconel 625 300 193.94 538.73

17-4 PH 150 -1099.15 -798.97

17-4 PH 300 -1129.31 -676.74

Table 5.2: Comparison of axial and hoop stress components at the clad surface in a

two-pass planar model

Clad material TPH(
◦C) σAxial(MPa) σHoop(MPa)

Inconel 625 150 265.32 544.94

Inconel 625 300 193.14 538.66

17-4 PH 150 -1100.06 -796.62

17-4 PH 300 -1126.94 -689.85

Table 5.3: Comparison of axial and hoop stress components at the clad surface in a

two-pass & beads planar model

5.4.2 Accounting for weld beads in the deposition of two passes in a 3D
model

Three-dimensional weld modelling is increasing in use, however it is still common-

place to decrease the number of passes as it is clear that accounting for a large number

of passes requires a large amount of computational time. For this reason, it was de-

cided to model the three-dimensional model accounting for the accurate thickness of

weld bead and the correct number of passes, but to model only one bead thickness to

obtain an indication of the residual stresses arising through this deposition process.

This was due to the observation that decreasing the complexity in three-dimensional

models can lead to the same issue as in two-dimensions, namely an infinite welding

speed assumption (158) and therefore cladding the entire circumference of the 3D

model was deemed inappropriate in further investigating the weld cladding simula-

tion process.

The restraint arising due to the welding process must always be considered, and

although the laying of subsequent beads is not included herein, the weld geometry

in terms of weld bead thickness and number of passes is accurate.

The mesh utilised in the 3D model is shown in figures 5.24 and 5.25. Due to the large

aspect ratio present due to the mesh utilised it would be recommended to further

investigate refinement of the mesh should this model be utilised more thoroughly in

the determination of residual stresses due to the weld cladding process. The mesh

utilised could lead to erroneous stress values at the interface and therefore as in case
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of the axisymmetric model a mesh biased towards the clad layer would be more

suitable to ensure that variations in stress in the vicinity of the interface are captured.

The path utilised for obtaining results is as previously defined, highlighted in figure

5.26. Weld beads were deposited onto the pre-heated substrate at melt temperature

of the clad material. Due to the large difference in temperature, the bead experienced

a rapid quenching effect as shown in figure 5.27. This is in line with expectations

comparing to the welding processes, where cooling rates are extremely high at the

beginning of the process.

Figure 5.24: Geometry and mesh implemented in the deposition of two passes in a 3D

model - Geometry illustrated for a 3D model clad on the outer diameter with two passes

of one bead thickness.

Figure 5.25: Geometry and mesh implemented in the deposition of two passes in a 3D

model emphasising bead thickness - Geometry illustrated for a 3D model clad on the

outer diameter with two passes of one bead thickness.
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Figure 5.26: Three-dimensional model path - Path utilised in obtaining results data for

the 3D model.

Figure 5.27: Temperature gradient in bead deposition in a 3D model - Geometry illus-

trated for a 3D model clad on the outer diameter with two passes of one bead thickness.
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Figures 5.28-5.31 show that all stress component values are negligible throughout the

substrate material. Large discontinuity stresses exist in the vicinity of the interface.

In the case of an Inconel 625 clad, a higher pre-heat temperature results in a slightly

higher hoop stress upon entering into the clad material. Hoop stresses drop in both

models towards the clad surface. Axial residual stress discontinuity is slightly de-

creased when using a higher pre-heat temperature. Substantial radial stresses are

observed in the clad layer, particularly in the case of a higher pre-heat temperature.

Figure 5.28: Stress components in a 3D model of 4330 substrate and Inconel 625 clad

with pre-heat temperature of 150◦C accounting for the deposition of two passes -

Results shown with the path beginning at the inner diameter, travelling towards the

clad surface with the interface highlighted.

Radial stresses in the 17-4 PH clad models are similar in value. Axial stresses are

larger in the first pass of the clad layer when a higher pre-heat temperature is ap-

plied. The stress discontinuity is therefore larger. However at the clad surface the

values are similar. Hoop stresses are compressive in the clad layer, regardless of

pre-heat temperature as previously in the two-dimensional models. A lower pre-heat

temperature results in a larger discontinuity stress. In both pre-heat temperature

cases, the hoop stress decreases towards the clad surface (figures 5.30 and 5.31).
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Figure 5.29: Stress components in a 3D model of 4330 substrate and Inconel 625 clad

with pre-heat temperature of 300◦C accounting for the deposition of two passes -

Results shown with the path beginning at the inner diameter, travelling towards the

clad surface with the interface highlighted.

Figure 5.30: Stress components in a 3D model of 4330 substrate and 17-4 PH clad with

pre-heat temperature of 150◦C accounting for the deposition of two passes - Results

shown with the path beginning at the inner diameter, travelling towards the clad surface

with the interface highlighted.
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Figure 5.31: Stress components in a 3D model of 4330 substrate and 17-4 PH clad with

pre-heat temperature of 300◦C accounting for the deposition of two passes - Results

shown with the path beginning at the inner diameter, travelling towards the clad surface

with the interface highlighted.

Table 5.4 shows that differences between pre-heat temperatures used present only

small differences in axial stresses. There are more notable differences in hoop stress

values, with larger hoop stresses at the clad surface in both clad materials when a

higher pre-heat temperature is used. This is contrary to the previous findings in

tables 5.1 and 5.3 in which hoop stresses do not present such differences depending

on pre-heat temperature. These results indicate that it would therefore be desirable

to use a lower pre-heat temperature in the case of an Inconel 625 clad to minimise

the damaging tensile residual stresses, while a higher pre-heat temperature when

cladding with 17-4 PH would increase the beneficial compressive residual stresses.

To ensure that such measures are appropriate this should also be confirmed with

experimental residual stress measurements, presented in chapter 6.

Clad material TPH(
◦C) σAxial(MPa) σHoop(MPa)

Inconel 625 150 389.99 288.37

Inconel 625 300 394.82 351.50

17-4 PH 150 -902.65 -110.10

17-4 PH 300 -870.30 -170.06

Table 5.4: Comparison of axial and hoop stress components at the clad surface in a

two-pass & beads 3D model
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In investigating the modelling of the weld cladding process in three-dimensions, it

has been shown that the laying of representative weld bead thickness results in vari-

ation in residual stresses through the clad layer, stresses decreasing towards the clad

surface. In general however, the nature of residual stresses arising in the clad layer

and largely in the substrate has remained consistent throughout the investigation of

the modelling process and therefore this development of the modelling process pri-

marily serves as an illustration of the process. It has been highlighted that modelling

techniques do not impact the stress state as much as may be expected. Therefore the

axisymmetric model was generally utilised throughout the investigation of the simu-

lation of the weld cladding process to minimise computational time and maintain an

accurate representation of residual stress generation.

5.5 Effect of pre-heat temperature

Prior to cladding the components, the substrate was heated to a specified tempera-

ture as previously described. Two pre-heat temperatures were investigated: 150◦C

and 300◦C. Experimental residual stress measurements were also obtained for com-

ponents weld clad using these two pre-heat temperature values. These will be pre-

sented in chapter 6. Utilising a pre-heat temperature has the purpose of decreasing

the thermal gradient between the dissimilar materials. This aids in avoiding brit-

tle martensite formation which can cause thermal fracture (169). It also serves as a

drying of the material to avoid hydrogen embrittlement particularly in high strength

steels should excessive hydrogen be absorbed (170). The use of a pre-heat temper-

ature can lead to higher levels of plastic deformation through the increase in yield

strength of the substrate material (171). This is unfavourable for the residual stress

state and highlights that the use of pre-heating should not be considered a favourable

solution in all cases. As the aim of pre-heating the substrate is to reduce the heat sink

effect, a higher pre-heat temperature would be expected to reduce the resulting resid-

ual stresses.

In the previous sections, it has been emphasised that the applied substrate pre-heat

temperature did greatly affect the resulting residual stress state in the vicinity of the

join. Comparing hoop and axial stresses in an Inconel 625 model shows that values of

stress remain the same in the clad layer but the discontinuity stresses are very differ-

ent as expected. A higher pre-heat temperature decreases the discontinuity stresses

by over 150 MPa in both hoop (figure 5.32) and axial (figure 5.33) stress components.

This lower discontinuity stress is beneficial from a fatigue point of view due to de-

creased risk of fatigue cracking. However, these discontinuity stresses are still of a

high level and tensile in nature, therefore detrimental for fatigue performance.

195



Figure 5.32: Hoop stress in an axisymmetric model of 4330 substrate and Inconel 625

clad - Results shown for two pre-heat temperatures with the path beginning at the inner

diameter, travelling towards the clad surface with the interface highlighted.

Figure 5.33: Axial stress in an axisymmetric model of 4330 substrate and Inconel 625

clad - Results shown for two pre-heat temperatures with the path beginning at the inner

diameter, travelling towards the clad surface with the interface highlighted.
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In the case of a 17-4 PH clad, again a higher pre-heat temperature decreases the

tensile discontinuity stress in the substrate in both hoop (figure 5.34) and axial (figure

5.35) stress components. Stresses in the clad layer are the same for both pre-heat

temperatures.

Figure 5.34: Hoop stress in an axisymmetric model of 4330 substrate and 17-4 PH

clad - Results shown for two pre-heat temperatures with the path beginning at the inner

diameter, travelling towards the clad surface with the interface highlighted.

Ultimately the goal would be to eliminate discontinuity stresses to ensure that fatigue

cracking is not encouraged upon reaching the substrate after eroding and corroding

of the clad layer. Furthermore, sub-surface cracking could be encouraged in this

region and clearly this would be undesirable during component operation.
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Figure 5.35: Axial stress in an axisymmetric model of 4330 substrate and 17-4 PH clad

- Results shown for two pre-heat temperatures with the path beginning at the inner

diameter, travelling towards the clad surface with the interface highlighted.

5.6 Nodal cooling rates

The thermal transient nature of the weld cladding process impacts the resulting resid-

ual stresses and the development of these stresses with time and therefore investigat-

ing the temperature-time variation is of interest.

The resulting constraint due to differences in thermal expansion between materials

will result in variations in temperature and coupled with the temperature variations

arising due to the prescribed temperature fields in the model it can be expected that

cooling rates will greatly differ in the substrate and the clad materials. This is likely

to have an impact most notably at the beginning of the process when the thermal

transient event is more severe.

The nodes investigated are highlighted in figure 5.36. Nodes A-D are located in the

substrate while nodes E-M are located in the clad layer.

Cooling rates are shown to be rapid at the beginning of the analysis. Clad layer nodes

cool more rapidly when a lower pre-heat temperature is applied, shown in figures

5.38 and 5.40. This is to be expected due to the quenching effect of the substrate. A

higher pre-heat temperature therefore results in a slower cooling of the nodes with

node D, in the substrate closest to the clad layer, reaching a higher temperature. The

nodes in the substrate, nodes A-C, experience a higher heating rate at the beginning
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Figure 5.36: Node label assignments - Letters assigned to nodes in the axisymmetric

model to investigate cooling rates.

of the analysis when a higher pre-heat temperature is applied.

A lower pre-heat temperature allows the entire model to cool to a consistent tem-

perature quicker as shown in figures 5.37 and 5.39 as cooling of the clad layer nodes

is accelerated by the lower pre-heat temperature. A pre-heat temperature of 150◦C

results in a substrate temperature of approximately 290◦C upon commencement of

the cladding process, while nodes in the substrate are heated to approximately 405◦C

with a pre-heat temperature of 300◦C. This demonstrates that the molten nature of

the clad layer material heats the lower pre-heat temperature nodes to a greater level,

an increase of 140◦C in comparison to an increase of 105◦C in the case of a higher

pre-heat temperature. This is with the aim of decreasing the temperature differential

between clad and substrate materials.

Figure 5.37: Nodal cooling rates for first 500 seconds for an Inconel 625 clad and pre-

heat temperature of 150◦C - Investigation of nodal cooling rates for an axisymmetric

model using nodes highlighted in figure 5.36.
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Figure 5.38: Nodal cooling rates for first 30 seconds for an Inconel 625 clad and pre-

heat temperature of 150◦C - Investigation of nodal cooling rates for an axisymmetric

model using nodes highlighted in figure 5.36.

Figure 5.39: Nodal cooling rates for first 500 seconds for an Inconel 625 clad and pre-

heat temperature of 300◦C - Investigation of nodal cooling rates for an axisymmetric

model using nodes highlighted in figure 5.36.
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Figure 5.40: Nodal cooling rates for first 30 seconds for an Inconel 625 clad and pre-

heat temperature of 300◦C - Investigation of nodal cooling rates for an axisymmetric

model using nodes highlighted in figure 5.36.

Similar patterns were observed in the case of a 17-4 PH clad. Comparing figures

5.42 and 5.44 illustrates that the clad layer nodes cool more quickly in the case of a

lower pre-heat temperature due to the quenching effect of the substrate. Node D is

likewise heated to a higher temperature when a higher pre-heat temperature is used

as would be expected. Nodes A-C are heated more quickly when a higher pre-heat

temperature is applied.

Figures 5.41 and 5.43 show that all nodes reach the same temperature at a slightly

earlier time when a lower pre-heat temperature is applied as the clad layer nodes

are forced to cool more quickly due to this increased cooling effect arising from the

lower pre-heat temperature. In the case of a pre-heat temperature of 150◦C nodes in

the substrate are heated to a temperature of approximately 325◦C, while a pre-heat

temperature of 300◦C results in nodes in the substrate being heated to approximately

450◦C. This again demonstrates that the molten nature of the clad layer material

heats the lower pre-heat temperature nodes to a higher level in an aim to decrease

the temperature differential. Comparing the temperatures reached by nodes in the

substrate when both clad materials are applied shows that in the case of a 17-4 PH

clad the substrate nodes are heated to a greater temperature in the case of both pre-

heat temperatures.

It would be desirable to utilise cooling rates obtained from the actual cladding pro-
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Figure 5.41: Nodal cooling rates for first 500 seconds for a 17-4 PH clad and pre-heat

temperature of 150◦C - Investigation of nodal cooling rates for an axisymmetric model

using nodes highlighted in figure 5.36.

Figure 5.42: Nodal cooling rates for first 30 seconds for a 17-4 PH clad and pre-heat

temperature of 150◦C - Investigation of nodal cooling rates for an axisymmetric model

using nodes highlighted in figure 5.36.
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Figure 5.43: Nodal cooling rates for first 500 seconds for a 17-4 PH clad and pre-heat

temperature of 300◦C - Investigation of nodal cooling rates for an axisymmetric model

using nodes highlighted in figure 5.36.

Figure 5.44: Nodal cooling rates for first 30 seconds for a 17-4 PH clad and pre-heat

temperature of 300◦C - Investigation of nodal cooling rates for an axisymmetric model

using nodes highlighted in figure 5.36.
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cess to inform testing procedures for material property determination. As was high-

lighted in the experimental testing program, cooling rates investigated are not rep-

resentative of the high cooling rates that will be encountered at the beginning of the

weld cladding process.

Cooling of the nodes in the substrate is less complex and fairly similar and therefore

in obtaining material properties representative of the cooling rate experienced by the

material, it would be acceptable to utilise the same data for the three nodes displaced

from the clad region. This is expected as the substrate is allowed to cool manually at

a rate not required to be as great as that in the clad layer region. In the vicinity of the

clad region, and certainly in the clad layer, cooling is of a more complex nature and

would require further investigation to understand material behaviour and the effects

on material properties, microstructure and ultimately residual stresses.

A relatively slow convective cooling rate, using a heat transfer coefficient of 10

W/m2K, was applied in these models to accurately capture the weld cladding process

utilised to clad the components under investigation. With the use of higher cooling

rates, residual stresses could be induced to a higher level, which may or may not be

desirable depending on the nature of the stresses.

Correlation of the cooling rate from the weld cladding process with the cooling rate

in the simulation is possible through utilising thermocouple measurements obtained

during the cladding process.

Rapid cooling rates illustrated also confirm that little time is spent in the high tem-

perature regions during the cladding process and therefore further strengthen the

case that material properties at these high temperatures will not greatly impact the

final residual stress state (140).

5.7 Discussion

Investigation of the simulation process has indicated that for the present two-pass

weld clad axisymmetric component the nature of stresses in the clad layer remains

unchanged with increasing mesh layers accounting for spatial and temporal varia-

tion. Simulation of the laser cladding process of steel with a metal matrix composite

was compared with experimental residual stress determination (172). The study illus-

trated that although creep effects were not accounted for in the finite element model,

good correlation between simulation and experiment was obtained due to the in-

significance of creep in this scenario. The effects of creep are only one of the aspects

of the simulation, however this supports the neglect of creep in the current simu-

lations. In the cited study, substantial compressive residual stresses were found to

remain in the clad layer post-cladding. The models presented in this chapter capture
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the tensile or compressive nature of the residual stresses dependent on clad material.

All models allow the conclusion to be drawn that tensile residual stresses arise in an

Inconel 625 clad layer and compressive residual stresses in a 17-4 PH clad layer.

Previous discussions regarding the complexity of weld clad modelling have empha-

sised the wide range of possibilities in weld modelling. Figure 5.45 illustrates various

constitutive models used in the modelling process. Current modelling is a simplifica-

tion of constitutive modelling, with the second type being that accounted for herein,

where experimental data accounts for variations in material properties. There is

clearly scope for increased complexity in the modelling process to account for plas-

ticity, microstructural effects and hardening.

Figure 5.45: Schematic illustrating increasing complexity of computational weld mod-

elling - Modified from (158).

As previously discussed, and also mentioned by Goldak and Akhlaghi (173), the

development of the microstructure of the material is dependent on the temperature

history experienced. This introduces a coupling between the thermal characteristics

of the model and the microstructural. Phase changes may result in volume changes

causing a coupling between the microstructural and mechanical aspects of the model.

Depending on the deformation occurring in the model, the rate of phase transfor-
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mation prescribes the formed microstructure. This time-based process is likewise

dependent on the rate of temperature change and not simply the absolute temper-

ature.. Therefore a coupling arises between various aspects of a weld analysis. The

extent of inclusion of these aspects determines the level of complexity of the analysis.

Modelling the weld clad case using 17-4 PH is complex due to large differences in

data depending on cooling rates. Therefore it would be required to further investigate

data at cooling rates appropriate to the cladding process, these being much higher

than those utilised in the experimental program.

The assumption of the idealised interface presents discontinuity stresses that are

likely to be greater and exist over a narrower zone than those arising in reality. This

is due to alloying and diffusion occurring through the weld cladding process, there-

fore rendering an idealised interface inaccurate, albeit demonstrating a worst case

scenario.

Axial stresses in the weld and HAZ have been observed as being strongly correlated

with the yield properties of the substrate material. Hoop stresses, however, can be

observed to vary depending on the yield properties of the clad material (161). This

would require further investigation as to the applicability of this finding in the current

research, as axial stresses were found to be similar to hoop stresses throughout.

The Abaqus Welding Interface was also utilised in the modelling of the weld cladding

process. This allows the analysis to be performed in two steps, firstly a thermal

analysis, after which the temperature contours resulting from this first analysis are

then used as the input into the structural analysis. Such a loosely coupled analy-

sis presents great potential and would require further investigation, especially with

regards to the capability of introducing nodal temperature sensors to mimic ther-

mocouples enabling further calibration of the simulation model with the welding

process were more accurate thermocouple measurements to be available from future

cladding programs.

Further complexity of the weld cladding process is the cyclic nature of the welding

process and although the re-heating effect is being captured in the axisymmetric

model, the deposition process could be developed such that weld beads overlap upon

deposition therefore introducing a modified heating of previously laid weld material

as the spiralling of the weld cladding process progresses.

It has been stated (158) that an axisymmetric model does not adequately capture the

transient nature of the welding process, although this has been a popular method

of decreasing the complexity of the model. The primary factor affected is shrinking

in the axial direction due to the effect of the entire circumference welded at once

(158). Experimental residual stress determination presented in chapter 6 indicate
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good correlation between simulation and experimental residual stresses and through

this it is possible to confirm the validity of the axisymmetric models favoured herein.

5.8 Summary

The modelling of the weld cladding process has been investigated indicating that

a three-dimensional, multi-pass modelling procedure is of secondary importance.

The need for accurate material properties was clearly observed through the use of

published data in early simulation models resulting in tensile residual stresses in

a 17-4 PH clad layer. Upon inputting experimentally obtained material properties,

residual stresses were transformed, being compressive in nature, as confirmed by the

experimental results reported in chapter 6. This is concluded to be primarily due to

the martensitic phase change upon cooling, captured in thermal property data. This

finding was in accordance with the those of Katsuyama et al. (156).

Although the spatial and temporal variation of the weld cladding process has been

developed in this research, the laying of weld beads does not take into account the

effects of repeated phase changes due to the heating, cooling and re-heating of the

weld material and HAZ.

There are various levels of complexity accounted for in weld modelling. In a study,

three organisations, BE-ANSTO, EMC2 and Westinghouse used 46, 48 and 25 passes

respectively for the simulation of a large weld (140). This is an example of the varying

levels of complexity in some weld simulations. In the case of the clad components

in this research, a two-pass system was implemented and found to be a reasonable

approximation given the axisymmetric nature of the final model.

The assumption of an idealised interface is shown to be inaccurate in chapter 4 and

therefore the model should be developed to account for true representation of mate-

rial properties to obtain an accurate stress distribution and allow for a clearer under-

standing and more accurate predictions of the effects on fatigue performance. It has

been shown previously that the cladding process results in a variation in elemental

composition and grain structure and therefore it is expected that material properties

will vary with depth. It has also been highlighted that cooling rates differ greatly

throughout the model and this will further impact material properties and result-

ing residual stresses. Therefore, although accurate material data has been obtained

from the clad and HAZ regions for both material combinations, simulation models

using a step change in such properties at an idealised interface remains a significant

approximation to reality.

The discontinuity stresses predicted to be present at the interface of the clad com-

ponents in the case of both clad materials were found to be very high and could
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therefore result in fatigue cracks developing sub-surface. A lower pre-heat temper-

ature resulted in higher discontinuity stresses. It is also supposed that accounting

for the alloying and diffusion occurring through the cladding process will accurately

model the discontinuity stresses, shown in chapter 6 to be lower in reality than is

illustrated in the results presented in this chapter.
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Chapter 6

Experimental Determination of

Residual Stresses due to Weld

Cladding

Experimental techniques of measuring residual stress are discussed in light of the

key aspects requiring consideration in selecting an appropriate technique. Focus

is placed on incremental centre hole-drilling, the method with which residual

stresses present in the weld clad components were obtained experimentally. Con-

siderations such as surface preparation, potential influences from the weld clad

profile and the drilling technique are discussed. Results of the experimentally ob-

tained residual stress distribution are presented for a depth of 1 mm from the clad

surface. An investigation of the depth of compressive residual stresses in a block

clad with 17-4 PH is also presented, illustrating the presence of compressive

residual stresses in the 17-4 PH clad layer and into the 4330 HAZ. Potential

errors in the incremental centre hole-drilling technique are discussed and con-

sequential uncertainties in residual stress values presented. The experimental

residual stresses obtained are compared with the residual stresses obtained in the

previous chapter through finite element simulation of the weld cladding process.

Good correlation was obtained between experiment and simulation, especially in

the case of an Inconel 625 clad. Complexity in obtaining correlation in the case

of a 17-4 PH clad is discussed.
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6.1 Introduction

The previous chapter presented results of an investigation into the modelling of the

weld cladding process. It is very common to validate simulation findings with ex-

perimental measurements to obtain correlation and aid in modelling to a level of in-

creased accuracy in the aim of decreasing the need for expensive and time-consuming

experimental investigation. In this chapter, experimental residual stress measure-

ments using the incremental centre hole-drilling method will be presented, obtained

in the case of both clad materials and both cylindrical and rectangular substrate ge-

ometries. These results allow conclusions to be drawn as to the success of the finite

element modelling process and the level of correlation obtained. The areas in need

of further development are also identified.

6.2 Residual stress measurement

Experimental residual stress measurement includes a wide variety of methods de-

pending on the type of stress requiring measurement. The characteristics of the com-

ponent and the nature of the stress were introduced in chapter 1. In the case of type

2 and 3 stresses, these stresses being micro stresses, care must be taken to ensure that

the volume utilised to obtain such measurements is suitably adequate to characterise

these stresses. Methods used to measure macro stresses, on the other hand, do not

have the ability to determine micro stresses due to the nature of the technique, for

example in the case of hole drilling.

The various techniques to measure residual stresses are well introduced by Rossini

et al. (174). The most appropriate technique must be deduced through consideration

of the depth of measurement, the required level of material removal and the level

of destructiveness of the technique. This is illustrated in figure 6.1. Methods can

be categorised as destructive, semi-destructive or non-destructive, with these terms

referring to the effects of the measurement procedure on the component.

A method which is destructive releases stresses in the component through a form of

material removal, such as the sectioning of the component, to produce deformation

in the material encouraging the residual stresses to re-equilibrate.

Semi-destructive methods use a similar principle, however removing smaller amounts

of material such as through the drilling of a hole. Therefore the overall structural

integrity of the component is not affected to the same degree as with destructive

methods, such as the contour method.

Non-destructive methods utilise alternative methods such that the component re-

mains intact and the structural integrity is not affected, for example through the use
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of high-energy radiation. This also leads to the ability to define methods according to

the method through which stresses are obtained, primarily relaxation or diffraction.

Figure 6.1: Residual stress measurement techniques - Classification of residual stress

techniques according to depth of measurement, material removal and destructiveness.

Modified from (175).

Kandil et al. (4) present a review of technique selection highlighting the advantages

and disadvantages with regards to practical, physical and material aspects for an

extensive range of methods.

Residual stresses can be calculated from the measurement of residual strain with the

additional knowledge of material properties. The type of stresses and the depth to

which stresses are required further directs one towards a selection of appropriate

residual stress measurement methods. A selection of methods will be briefly dis-

cussed herein. In this chapter focus will be placed on the hole-drilling method and

residual stress measurements obtained using this method.

6.2.1 Relaxation techniques

In the case of relaxation techniques, residual stresses are obtained as a result of the

relaxation of stresses due to material removal. This relaxation is determined through

the displacement of the material, measured as displacement or strain, with the con-

version of these strain values into stresses providing the associated residual stresses.

Due to the material removal required in these methods, they are generally destructive

in nature. However as will be presented in this chapter, material removal can be min-

imal such that it does not affect the global residual stress distribution, therefore some
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relaxation methods can be classed as semi-destructive. Relaxation methods include

the hole-drilling, contour and slitting methods.

6.2.1.1 Hole-drilling method

The hole-drilling method as mentioned is a semi-destructive relaxation technique.

Stresses are released through the drilling of a hole, with the local displacement of

the surface in the close vicinity of the hole measured. A high-speed air turbine is

commonly used to drill the hole and remove the material, although air abrasion can

also be used (176). The high-speed air turbine, with speeds up to 400,000 rpm (177),

results in minimal stresses induced through the hole-drilling process. The strain

associated with this process of material removal is measured using a strain gauge

allowing the residual stresses once present in the hole to be determined. The nature

of the drilling process is incremental with the change in residual stress calculated at

each incremental stage. To ensure that an accurate stress gradient is obtained drilling

increments must be small.

In obtaining residual stress measurements with depth, the method can be referred to

as the incremental centre hole-drilling method (ICHD). This method was originally

introduced by Mathar (178) and is presented and supported in the ASTM standard

(179). This method of measuring strain relaxation is the most commonly used due to

the long-standing history of the method and the ability to utilise this method both in

the laboratory or in the field.

The accuracy of the readings obtained through ICHD decreases as the hole depth

increases as surface changes become less sensitive with material removal at greater

depths. The maximum depth for useful strain readings is considered to be one half

of the diameter of the drilled hole (180).

Due to the small volume of material removal due to this drilling of a hole, the hole-

drilling method is regarded as one of the most favoured techniques to limit com-

ponent damage and hence described as semi-destructive. ICHD is however highly

sensitive to user technique, instrumentation errors, applied material constants and

hole tapering and roundness. For this reason the radius of the drilled hole is also

of utmost interest, to compare the drill diameter with the resulting hole diameter to

assess the eccentricity of the hole. Likewise, the radius from the centre of the hole to

the centre of the strain gauge is of particular interest.

Schajer presents the hole-drilling theory in (181). In the case of a 45◦ rectangular

strain gauge rosette as shown in figure 6.2, the stress variables can be defined as:

P =
σ3 + σ1

2
(6.1)
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Figure 6.2: Example of strain gauge utilised in the hole drilling method - Vishay Preci-

sion Group strain gauge type EA-06-062RE-120 utilised in the hole drilling measurements

(177).

Q =
σ3 − σ1

2
(6.2)

T = τ13 (6.3)

Stress directions are annotated in figure 6.3.

Figure 6.3: Annotated strain gauge rosette - Stress component and principal stress di-

rections annotated on strain gauge rosette. Figure obtained from (182).

Strain variables are likewise defined as:

p =
ε3 + ε1

2
(6.4)

q =
ε3 − ε1

2
(6.5)

t =
ε3 + ε1 − 2ε2

2
(6.6)
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In equations 6.1 and 6.4, P and p effectively represent the pressure of the residual

stress present and the associated strain relaxations, while Q, q, T and t represent the

shear stress and strain components.

These variables can be transformed to obtain the following equations, introducing

the dimensionless coefficients ā and b̄:

āP =
Ep

1 + ν
(6.7)

b̄Q = Eq (6.8)

b̄T = Et (6.9)

These variables can then be used to obtain the Cartesian stress components:

σ1 = P−Q (6.10)

σ3 = P + Q (6.11)

τ13 = T (6.12)

Principal stresses are obtained through combination of the stress variables P, Q and

T:

σmax, σmin = P±
√

Q2 + T2 (6.13)

σmax, σmin =

[
p

ā(1 + ν)
±
√

q2 + t2

b

]
E (6.14)

The angle β between the first gauge as labelled in figure 6.3 and the maximum princi-

pal stress direction is determined using either of the following equations, these being

equivalent:

β =
1
2

tan−1
(

T
Q

)
(6.15)

β =
1
2

tan−1
(

t
q

)
(6.16)
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The use of coefficients ā and b̄ in the conversion from measured strains to calculated

stresses requires validation and calculation. It is common to conduct experiments in

order to achieve this using test samples which are loaded to a known level. This is

due to the difficulty of using specimens with residual stresses induced as the exact

nature and distribution of these stresses is unknown. This was done by Bynum using

the air-abrasive method of material removal and tungsten carbide nozzles with large

inner diameters to improve the quality of the hole (183).

The strains measured through the hole-drilling process can be converted into residual

stresses using several methods: the uniform stress, the power series, the integral, the

Kockelmann or the hole-drilling (HDM) methods, amongst others. Depending on

the expected stress distribution and the desired degree of accuracy the appropriate

method can be selected.

Comparison of the Uniform, Power and Integral methods on measurements obtained

on a shot-peened aluminium sample showed that as expected the Uniform stress

method did not capture the non-uniform distribution arising due to the shot peening

process. The Power method provided an indication of stress variation with depth,

although unable to capture the sub-surface peak arising through shot peening. The

expected stress profile featuring the sub-surface peak in compressive residual stresses

was captured only by the Integral method (180).

The Integral method was utilised in this research due to the expected variation in

residual stresses with depth and the general consensus that this method provides

the most accurate values for residual stresses (180). The Integral method uses a finite

element calculation as a method of calibration. Stresses at the various depths at which

measurements are obtained are utilised to consider the overall contribution to the

total strain relaxation. The disadvantage of this coupling method is that errors arising

in one increment will be carried into the successive increment. Schajer highlights that

the Incremental Strain and Average Stress methods are approximations of the Integral

method (181).

In drilling incrementally, the first increment considers the relaxation of strain due to

the drilling of the hole and relaxation of the material at the component surface. Upon

drilling below the surface two factors must be considered: both the relieving of stress

associated with drilling at that depth and the effect of this material removal at the

strain gauge location at the component surface. This results in additional coefficients

for consideration at each depth increment as drilling progresses.

Small increments are preferable to minimise abrupt variations in data. Through ap-

plying small increments, the Integral method has the potential to obtain rapidly-

varying residual stress fields at the surface of components with complex residual
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stress distributions, such as shot peened samples. The optimisation of depth incre-

ments has been investigated and presented by Zuccarello (184) and Stefanescu et al.

(185). Sensitivity to errors can be reduced by considering the distribution of depth

increments, with constant depth increments resulting in large errors. The incremen-

tation chosen also depends on the location at which stress variations are of most

interest.

Figure 6.4: Example of the setup utilised in the in-house ICHD process - Showing the

Vishay RS-200 precision milling equipment mounted on the weld clad cylinder and an

example of a strain gauge utilised in obtaining residual stress measurements.

Electronic speckle pattern interferometry The displacement due to the drilling of

the hole can also be observed using electronic speckle pattern interferometry (ESPI)

(186). This method compares digital interference images obtained during the drilling

process, however is more costly and entails a more complex setup with the need for a

vibration table to eliminate the potential for errors due to the occurrence of vibration

during measurement. However, without the need to install a strain gauge rosette and

prepare the component surface in the same way as with ICHD, the ESPI method can

also prove to be more beneficial depending on the specimen in question.

6.2.1.2 Deep-hole drilling

A method of obtaining hole-drilling measurements through the depth of a component

has been developed in the form of the deep-hole drilling method (187). Initially a

reference hole of small diameter is drilled, the diameter of which is measured by

an air probe. Using a trepanning process, material is then removed in a columnar

form around the reference hole. Stress relaxation occurs and this in turn results in a
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modification of the dimensions of the reference hole and the column drilled. Residual

stresses can in this way be obtained in the plane normal to the axis of the hole in a

similar manner to the conventional hole-drilling method (188). Although this allows

for increased depth of measurements, the process is of course of a higher level of

destructiveness than the conventional hole-drilling method.

6.2.1.3 Sectioning methods

Sectioning methods encompass a selection of residual stress measurement methods

destructive in nature.

Sachs boring Sachs boring method is an example of this. As the name suggests,

this method involves boring through the material, often used in autofrettaged thick-

walled cylinders. Strain gauges are installed on the outer diameter of the component

to obtain strain readings while the component is subjected to material removal. Re-

laxed strains are utilised similar to the previous methods described. Although a

method typically employed for residual stress determination in autofrettaged thick-

walled cylinders, Parker notes that the Sachs’ method of material removal does not

reliably determine residual stresses, with overestimations in the region of 24-43%

(189).

Slitting method The slitting method, also referred to as the crack compliance method

focusses on relieved strains in the vicinity of a slit. Strain gauges are installed close to

the slit or crack and an incremental slit is cut into the component. Changes in strains

are recorded with readings taken as the slit is extended into the component. These

are then used to obtain a back calculation resulting in the residual stress distribu-

tion. The method assumes uniformity along the length of the slit and solely provides

stresses normal to the cut surface (174). This method is highly sensitive with the

ability of deducing low magnitudes of residual stress in the region of 10 MPa (190).

Contour method The contour method is also a destructive technique first presented

by Prime (191). The displacement of a cut face is accurately measured and a finite

element model used in which the opposite of the obtained face profile or contour

is applied as a displacement boundary condition. Bueckner’s elastic principle of

superposition is used to obtain the residual stresses normal to the cutting plane. This

method will be described in greater detail in section 8.5 with results of residual stress

measurements obtained using this method also presented in this section.
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6.2.2 Diffraction techniques

6.2.2.1 X-Ray diffraction

X-ray diffraction (XRD) determines the residual stresses in a component through the

alteration of lattice plane spacing due to elastic deformation. These deformations

cause a change in the stress from the prior stress-less state to the applied stress (174).

The surface of the material is penetrated using high energy X-rays, the crystal planes

of the material diffracting some of these X-rays. The angular position of the diffracted

X-rays are obtained using a detector which notes the ray intensity.

Figure 6.5 illustrates the striking of atoms K and P by the rays on the left-hand side

of the figure. Scattering of the beams then occurs as shown on the right-hand side

of the figure. These scattered rays are in phase if the path difference between them

is a complete wavelength of positive integer n. This relationship between the X-rays

and the crystal lattice structure is governed by Bragg’s law, shown in equation 6.17

(192). A positive integer n is multiplied by λ, the wavelength of the X-ray, on the left

hand side of the equation, this being equal to the product consisting of the distance

between crystal lattice planes d, the index hkl representing the Miller index, which

describes the family of crystalline planes. The angle between the incoming ray and

the crystal lattice plane is θ.

Figure 6.5: X-Ray diffraction - Showing the diffraction of X-rays by a crystal lattice.

Figure obtained from (192).

nλ = 2dhklsinθ (6.17)

Upon penetration of the material, the atom adopts the frequency of the incoming

X-ray. The alignment of the atoms in the crystal lattice will occur at certain angles

resulting in an in-phase wave. The intensity of the diffracted beam allows peaks
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to be determined, the centre of the peak calculated from the peak width at half

maximum. The angle θ at which constructive interference occurs can be obtained

when the location of the peaks are known and these values can be used in Bragg’s

law to calculate the spacing between the crystal planes.

The strain εhkl in the material is determined using the values of the interplanar spac-

ing for the material in the stress-free state d0
hkl and the stressed state dhkl :

εhkl =
dhkl − d0

hkl
dhkl

(6.18)

The higher θ values enable smaller changes in plane spacing to be detected and

therefore the setup should ideally allow for an angle of 70-80◦ to be spanned.

A base value for the diffraction peak for the material is obtained and scanning un-

dertaken at a series of angles as the specimen is rotated. A three dimensional repre-

sentation of the residual stresses in the specimen is obtained through this rotation of

the specimen and observing the location of the peaks and constructive interference

with reference to the original diffraction peak obtained (4).

As XRD measurements are confined to the surface of the component, measurements

with depth can be achieved through electro-polishing the material to remove the

material with minimal effects on residual stresses and allow further measurements

to be obtained at this depth. In this way, XRD can be used to obtain residual stresses

with depth, for example using the laboratory or portable equipment manufactured

by Proto Manufacturing (193).

XRD also enables insight into the material state, with characteristics such as grain

size and the presence and orientation of phases.

6.2.2.2 Neutron diffraction

Neutron diffraction also utilises the elastic deformation in a polycrystalline mate-

rial and evaluation of the lattice plane spacing in a material to determine the stress

change from the stress-free state. However, higher energy neutrons are used instead

of X-rays. Neutrons enable a penetration depth of up to many centimetres, provid-

ing greater penetration than X-rays (194). Ezeilo and Webster report residual stresses

being determined to depths of up to 40 mm (195). However, neutron diffraction pos-

sesses very high costs and limited availability to equipment. In measuring residual

stresses using XRD and neutron diffraction, the measured area and depth must be

considered and the consequential effects on the averaging of the stress value in these

regions.
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Weld cladding

Specimen Gauge Clad circumferential/axial

ID No. material location

Strath01 1-XX3.A Inconel 625 0◦

1-XX3.B Inconel 625 180◦

Strath02 2-XX3.A 17-4 PH 0◦

2-XX3.B 17-4 PH 180◦

Strath03 3-3.A Inconel 625 mid

3.3.B Inconel 625 25%

Strath04 4-3.A 17-4 PH mid

4-3.B 17-4 PH 25%

Strath05 5-3.A Inconel 625 mid

5.3.B Inconel 625 25%

Strath06 6-3.A 17-4 PH mid

6-3.B 17-4 PH 25%

Strath07 7-3.A Inconel 625 mid

7-3.B Inconel 625 25%

Strath08 8-3.A 17-4 PH mid

8-3.B 17-4 PH 25%

Table 6.1: Details of residual stress measurements obtained on weld clad specimens

6.3 Experimentally determining residual stresses due to weld

cladding

The incremental centre hole-drilling method was utilised to obtain the residual stress

distribution in the 4330 cylinders and blocks weld clad with Inconel 625 and 17-4

PH as shown in figures 3.11 and 3.12. Measurements were obtained on the speci-

mens as detailed in table 6.1. Strain gauges were installed on diametrically opposing

locations at the centre of the outer diameter of the cylinders. This allowed any non-

axisymmetric effects of the cladding and/or any variability in the measurement pro-

cesses to be deduced if present. On the block specimens strain gauges were installed

on the centre-line on the weld clad surface, at the centre point and quarter-length

point. This would allow global bending effects to be observed if resulting due to the

weld cladding process.

The gauge designations are listed in table 6.1.

The installation of the strain gauge type EA-06-062RE-120 by Vishay Precision Group

is shown in figure 6.6 along with the hole-drilling setup. The strain gauges were

installed such that element 1 was aligned with the axial direction and element 3 with
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the weld direction i.e. the circumferential direction on the cylindrical specimens. On

the block specimens element 1 was aligned with the transverse direction and element

3 with the weld direction, i.e. the longitudinal direction.

Figure 6.6: Example of the setup utilised in the Stresscraft ICHD process - Showing

the customised precision milling equipment positioned around the weld clad cylinder

utilised by Stresscraft (196) in obtaining residual stress measurements.

Prior to the laying of the strain gauges, the weld clad profile was machined us-

ing a small milling cutter, similar to the drill utilised for drilling the hole. Varying

depth increments, beginning with 16µm, then 8µm and lastly 2µm were utilised to

minimise the effects of machining on the residual stress distribution. Machining pro-

ceeded until complete removal of the weld clad profile such that the strain gauge

could be installed without the presence of irregularities on the surface. In this case

of the cylindrical specimens the gauge surfaces were machined flat, as opposed to

cylindrical.

The amount of material removed for each gauge is listed in table 6.2.

The centre of the strain gauge rosette was positioned at a location where two weld

beads previously met i.e. in line with a weld trough. The surface was treated with

acetone to degrease, acidic ferric chloride to etch and dilute ammonia to neutralise

the area, followed by another degreasing stage prior to the installation of the gauge.

The Loctite 407 adhesive was used to install the gauge on the surface of the cylinder

as shown in figure 6.7 and the block as shown in figure 6.8.

The zero-depth was determined with initial drilling in 2µm increments until the

gauge material and adhesive had been removed.
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Specimen Gauge Material Removed (µm)

Strath01 1-XX3.A 298

1-XX3.B 314

Strath02 2-XX3.A 634

2-XX3.B 538

Strath03 3-3.A 170

3.3.B 170

Strath04 4-3.A 458

4-3.B 394

Strath05 5-3.A 218

5.3.B 298

Strath06 6-3.A 506

6-3.B 692

Strath07 7-3.A 154

7-3.B 138

Strath08 8-3.A 362

8-3.B 522

Table 6.2: Depth of material removal required on weld clad specimens to remove weld

clad profile

Figure 6.7: Strain gauge installed on weld clad cylinder - Strain gauge type EA-06-

062RE-120 by Vishay Precision Group.
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Figure 6.8: Strain gauge installed on weld clad block - Strain gauge type EA-06-062RE-

120 by Vishay Precision Group.

Tungsten carbide cutters were used to drill the holes with the depth increments

utilised in the drilling process noted in table 6.3. Strain values were recorded at

each of these increments to a maximum depth of 1408 µm. Combination strains are

calculated as detailed in equations 6.4-6.6. Thereafter combination stresses and in-

plane Cartesian stresses were calculated to a depth of 1024 µm according to equations

6.1-6.3 and 6.10-6.12. A new drill was used for each hole drilled to ensure that no

errors arose due to drill bluntness.

Depth of increment (µm) No. of increments

32 4

64 4

128 8

Table 6.3: Depth increments utilised in the ICHD process

Figure 6.9 shows the drilling process. Drilling was undertaken in accordance with

the guidelines provided in (180).

Young’s modulus and Poisson’s ratio were used for clad materials as shown in table

6.4 in the conversion of strain to stress values using the Integral method.
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Figure 6.9: ICHD drilling process utilised by Stresscraft - Figure showing the drilling

process on the weld clad cylinder, with the strain gauge wired and the drill placed to

drill into the centre of the installed strain gauge rosette (196).

Inconel 625 17-4 PH

Youngs modulus (GPa) 205.3 196.4

Poissons ratio 0.312 0.272

Table 6.4: Material properties utilised in the strain-stress conversion process
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6.3.1 Considerations

Extensive residual stress measurements were obtained using the ICHD method, both

in-house and externally, providing a large array of data and therefore confidence in

the stress distributions obtained. This measurement program also allowed for the

investigation of surface preparation techniques and the effects of curvature in the

machining of the surface.

6.3.1.1 Surface preparation

In preparing the weld clad profile for residual stress measurements utilising strain

gauge rosettes, the weld clad profile requires machining to provide a smooth sur-

face upon which to lay the strain gauge. Machining of a component will modify

the self-equilibrating residual stress distribution in a thin surface layer. The major-

ity of machining processes induce tensile residual stresses, detrimental to fatigue

life, potentially increasing susceptibility to stress-corrosion cracking as highlighted

by Paxton (11). The effects of these induced tensile residual stresses when super-

imposed with potential tensile residual stresses resulting from the weld cladding

process can result in very high detrimental stresses. In machining a component in

which compressive residual stresses have been induced, it should be ensured that

these beneficial residual stresses are not removed. It would furthermore be desirable

to induce compressive residual stresses through surface preparation as shown to be

possible in figure 6.10. The surface of the component is also the most crucial in terms

of component operation, as stresses experienced at this location are often highest.

Gentle grinding was not possible due to non-availability of suitable CNC grinding

equipment.

The thermal environment at the surface during machining could also impact the

residual stress distribution if the component is heated through temperature gradients

arising during machining and therefore measures must be taken to ensure that the

component remains cool throughout the process.

Various surface preparation methods were used for the removal of the weld clad

profile: hand-grinding, a CNC milling method removing material in regular depth

increments and a CNC milling method with varying depth increments to minimise

machining effects. It was found that the latter was most reliable and gave the most

consistent results.

Although it was found that using a milling technique with depth varying increments

produces the greatest degree of correlation with the finite element simulation, dis-

crepancies still arose close to the surface. This is to be expected due to the machining
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of the weld clad profile to allow the installation of the strain gauge rosette modifying

the surface residual stress state.

Figure 6.10: Residual stresses induced through grinding processes - Residual stress

distributions arising in a hardened steel due to grinding operations. Modified from (4).

Residual stresses due to varying cutting conditions were investigated in (197). Results

from this study as shown in figure 6.11 illustrate that when tensile residual stresses

and a low surface hardness occur, such as in area A, the number of cycles to failure

is low. In area B, the number of cycles is much greater although the stress level

is around zero. Although areas A and C have hardness values in the same region,

the residual stress present in area C illustrates the beneficial effects of compressive

residual stresses on fatigue life when paired with high hardness levels. This study

also concluded that higher hardness values result from the use of a tool with a small

radius and a chamfered edge. This provides guidance on the most favourable cutting

conditions to increase fatigue performance.

Electropolishing Electropolishing was investigated as a method of surface prepa-

ration to minimise residual stresses induced through machining processes. This is

one of the processes known to be capable of material removal without inducing ad-
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Figure 6.11: Effects of residual stress and surface hardness on fatigue life - Figure

obtained from (197)

ditional residual stresses at the macro scale. The use of this technique has also been

previously mentioned to facilitate the measurement of residual stresses with depth

using XRD. The metal to be polished is placed in an electrolytic cell and connected

to the positive terminal of an applied voltage, therefore acting as the anode. The

cathode connected to the negative terminal is also placed in the electrolytic cell. An

applied voltage results in an electrochemical reaction improving the surface finish of

the component through material removal due to oxidation.

Various combinations of parameters were investigated for the materials used, altering

the applied current, voltage, duration of polishing and the solution. Care must be

taken to ensure that pitting does not occur through the process, potentially arising

through the application of too large a voltage for example.

Using the Proto Manufacturing PROTO 8818-V3 electropolishing unit, shown in fig-

ure 6.12, electropolishing was carried out on weld clad sections. Various electrolytic

solutions were used, including the solution shown in table 6.5.

Perchloric acid 62 ml

Ethanol 700 ml

Butyl cellusolve 100 ml

Distilled water 137 ml

Table 6.5: Composition of L1 electrolyte solution
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Figure 6.12: PROTO 8818-V3 electropolishing unit by Proto Manufacturing - Image

courtesy of Proto Manufacturing (198).

Electropolishing using a voltage of 38 V and a time of 30 seconds produced a typical

surface as shown in figure 6.13. The purpose of investigating electropolishing was

twofold: as surface preparation for strain gauging and as an etching tool to incre-

mentally remove material for XRD measurement. It was concluded that this process

would not be able to remove the weld clad profile in a satisfactory manner due to the

differing material removal rates at the peaks and the troughs of the weld clad profile.

From a fatigue point of view, beneficial effects would be expected due to the reduction

of stress concentrations present in the weld profile, however this method has been

deemed ineffective for the purpose for which it was investigated, namely preparing

the surface for the installation of a strain gauge.

6.3.1.2 Weld clad profile

An adaptive-p finite element representation of the weld clad profile is shown in fig-

ures 6.14 and 6.15. This model implemented in the Creo Simulate Software served to

illustrate the stress concentrations at the peaks and troughs of the profiles when the

specimen was subjected to a uniform applied stress of unity.

The analysis converged to 1.5% on the Local Displacement/Energy Index and 2.1%

of the Global Root Mean Square Stress Index. Convergence on Maximum Princi-

pal Stress was 1.4%. Adaptive refinement was halted, as a 9th order polynomial

(maximum) was reached in some areas of adaptive refinement. Further manual

seeding of the mesh (h-refinement) was not deemed necessary in this case. Plane
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Figure 6.13: Surface of the 4330 machined plate post-electropolishing - Illustrating the

machined surface after electropolishing using the L1 solution. Magnification factor: x500.

strain/symmetry boundary conditions were imposed on the section faces with the

analysis being of a small displacement and linear elastic nature. The material used

was mild steel with a Young’s Modulus of 200 GPa and Poissons Ratio of 0.27.

The hoop stress concentration factor (SCF) at the selected bead trough was 7.3 while

the axial SCF at the same locations was only 0.8. The study therefore showed that the

stress concentration produced is different for axial and hoop stresses, hoop stresses

being larger. Through this model, the complex geometry of the weld clad profile

can be reflected upon. Elastic stress concentrations result due to the weld clad ge-

ometry when a uniform biaxial stress field is applied. The measurements obtained

experimentally will not be representative of the as-clad stress field. XRD could be

utilised without the need for surface preparation to obtain residual stresses of the as-

clad component, however in practice most fatigue critical applications would involve

machining of the clad surface thus further altering the surface layer residual stresses.

The focus of this investigation is therefore ensuring beneficial distributions at depth.

6.3.1.3 Drilling technique

An orbital or trepanning drilling technique can be used to further decrease the

stresses induced due to the drilling process. This is achieved through using the same

drill but offsetting the drill bit such that a larger hole is drilled. This reduces the

area upon which the drill is acting at any one time and therefore allows time for the

material to cool before the drill approaches the same location again. This method al-
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Figure 6.14: Finite element model of weld clad profile - Illustration of peaks and troughs

in weld clad profile resulting in stress concentrations.

Figure 6.15: Finite element model of weld clad profile emphasising weld peaks and

troughs - Illustration of peaks and troughs in weld clad profile resulting in stress con-

centrations.
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Sample Welding TPH TInt. Controlled

ID Description consumable (◦C) (◦C) cooling

Strath01 Cylinder Inconel 625 300 400 Yes

Strath02 Cylinder 17-4 PH 300 400 Yes

Strath03 Plate Inconel 625 300 400 Yes

Strath04 Plate 17-4 PH 300 400 Yes

Strath05 Plate Inconel 625 150 250 Yes

Strath06 Plate 17-4 PH 150 250 Yes

Strath07 Plate Inconel 625 150 250 Yes then PWSR

Strath08 Plate 17-4 PH 150 250 Yes then PWSR

Table 6.6: Weld cladding sample details

lows both the thermal and mechanical stresses induced due to the drilling process to

be reduced. This along with the previous discussion regarding the effects of cutting

conditions on residual stresses and fatigue performance (197) indicates that there is

scope for further studies into the effects of factors such as machining speeds, feeds

and the depth of cutting during machining.

As discussed, the hole-drilling method is highly sensitive to errors and this includes

hole geometry. Therefore tapering and roundness of the hole can heavily influence

strain readings and in turn resulting residual stresses. For this reason, the method

of material removal of air-abrasion (176) is also problematic, in that it is difficult to

control the hole geometry to ensure a round, flat-bottomed hole. However, methods

of avoiding tapering during deep cuts are available in water jet cutting for example

and therefore this may not be an insurmountable problem.

6.4 Results

The designations assigned to the residual stress measurement results are in accor-

dance with those presented in table 6.6.

Variation in the stresses close to the surface was found in the case of an Inconel 625

clad. This is shown in figures 6.16-6.21. This is thought to be related to the ma-

chining of the surface to enable the installation of the strain gauge, as discussed in

the previous section, or possibly local surface cooling effects, as it is seen that these

sharp gradients decrease beyond approximately 200 µm. Stresses are shown to be

tensile in all cases, neglecting the case of compression close to the surface. This is in

accordance with the findings during the finite element modelling process, although

the simulation does not model material property variation through the clad thick-
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ness and therefore does not capture the stress gradient at the surface. Experimental

measurements are compared with residual stresses obtained through simulation in

section 6.5.

Figure 6.16: Measured axial/transverse residual stresses: Strath01 & Strath03 - ICHD

results allowing substrate geometry effects to be deduced for an Inconel 625 clad. Gauges

A and B signify two measurements on clad components.

Weld direction stresses, i.e. hoop/longitudinal stresses, in figures 6.17, 6.19 and 6.21

are shown to be slightly less than stresses perpendicular to the weld direction i.e.

axial/transverse stresses in figures 6.16, 6.18 and 6.20 at the depth where the stresses

adopt a more uniform nature. As the depth of the hole increases, stresses can be

seen to fluctuate slightly. At a depth of 512 µm, the maximum tensile residual stress

is present in specimen Strath07, a block weld clad with Inconel 625 using a pre-heat

temperature of 150◦C with PWSR applied post-cladding. In this specimen transverse

stresses of 449 MPa are present at gauge 7-3.A and 439 MPa at gauge 7-3.B.

The corresponding longitudinal stresses are lower at 286 MPa and 338 MPa respec-

tively. Generally, residual stresses at the maximum depth are smaller than at half of

the maximum hole depth, except in the case of Strath05, where stresses at maximum

hole depth are σ1 = 436MPa and σ3 = 435 MPa. This does not correlate with residual

stresses obtained in the simulation models which are uniform throughout the clad

layer and highlights the differences in residual stresses due to alloying and diffusion.

Figures 6.16 and 6.17 allow the effects of substrate geometry to be deduced. It is

shown that results for a cylinder and a flat rectangular block are very similar hence
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Figure 6.17: Measured hoop/longitudinal residual stresses: Strath01 & Strath03 - ICHD

results allowing substrate geometry effects to be deduced for an Inconel 625 clad. Gauges

A and B signify two measurements on clad components.

Figure 6.18: Measured transverse residual stresses: Strath03 & Strath05 - ICHD results

allowing pre-heat temperature effects to be deduced.
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Figure 6.19: Measured longitudinal residual stresses: Strath03 & Strath05 - ICHD re-

sults allowing pre-heat temperature effects to be deduced for an Inconel 625 clad. Gauges

A and B signify two measurements on clad components.

Figure 6.20: Measured transverse residual stresses: Strath05 & Strath07 - ICHD results

allowing post-weld stress relief effects to be deduced for an Inconel 625 clad. Gauges A

and B signify two measurements on clad components.
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Figure 6.21: Measured longitudinal residual stresses: Strath05 & Strath07 - ICHD

results allowing post-weld stress relief effects to be deduced for an Inconel 625 clad.

Gauges A and B signify two measurements on clad components.

confirming that residual stresses are predominantly due to local effects as discussed

previously. Gauge 1-xx3.B on the cylinder shows a large increase in the initial mea-

surements, this is however thought to be a spurious result due to surface preparation

or weld cladding process variability.

The effects of substrate pre-heat can be assessed through reference to figures 6.18 and

6.19. Again variations do arise in measurements, however it is difficult to assign these

to the effects of pre-heat temperature, due to the variation in stresses in the initial

increments. Towards the maximum depth measurements become more uniform and

do not show proof of pre-heat temperature affecting residual stresses in the clad layer

as such.

Stress relief is shown in figures 6.20 and 6.21 to have no effect on the level of residual

stresses in an Inconel 625 clad. This is thought to be due to the material dissimilarity.

PWHT will be further discussed in section 11.5.

It is therefore concluded that any effects due to pre-heat and post-heat on macro-

level residual stresses is not significant in comparison with the variations inherent in

the cladding process and measurement processes used. That is not to say however

that pre-heat and post-heat will not have an affect on metallurgy, for example the

production of chromium-rich areas as discussed in section 4.2.

In the case of a 17-4 PH clad, compressive residual stresses are observed, shown in
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figures 6.22-6.27. This is in stark contrast therefore to the Inconel 625 clad. This is also

in accordance with the results on the finite element modelling process and therefore

it can be concluded that the nature of residual stresses due to the weld cladding

processes has been accurately captured in both clad material cases.

Compressive residual stresses arising in the specimens weld clad with 17-4 PH are

compressive at all depths at which measurements were obtained. Machining effects

are apparent to a lesser depth of 80 µm. Residual stresses measured in the specimens

weld clad with 17-4 PH are also more uniform in nature, with smaller stress gradients

across the depth range once machining effects have subsided.

Figure 6.22: Measured axial/transverse residual stresses: Strath02 & Strath04 - ICHD

results allowing substrate geometry effects to be deduced for a 17-4 PH clad. Gauges A

and B signify two measurements on clad components.

In the case of the 17-4 PH clad residual stresses are larger at the maximum depth

than at half the maximum depth, in contrast to the findings for an Inconel 625 clad.

It should again be emphasised however that in contrast to these stress gradients in

experimental measurements, the finite element models indicated uniform residual

stresses throughout the clad layer due to the assumption of an idealised interface

and not accounting for machining effects.

Referring to figures 6.22 and 6.23, the effects of substrate geometry are again negligi-

ble, more obviously so due to the tighter banding of results.

Figures 6.24 and 6.25 further prove that the pre-heat temperature applied to the sub-

strate does not influence measured residual stresses.
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Figure 6.23: Measured hoop/longitudinal residual stresses: Strath02 & Strath04 - ICHD

results allowing substrate geometry effects to be deduced for a 17-4 PH clad. Gauges A

and B signify two measurements on clad components.

Figure 6.24: Measured transverse residual stresses: Strath04 & Strath06 - ICHD results

allowing pre-heat temperature effects to be deduced for a 17-4 PH clad. Gauges A and

B signify two measurements on clad components.
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Figure 6.25: Measured longitudinal residual stresses: Strath04 & Strath06 - ICHD re-

sults allowing pre-heat temperature effects to be deduced for a 17-4 PH clad. Gauges A

and B signify two measurements on clad components.

Figure 6.26: Measured transverse residual stresses: Strath06 & Strath08 - ICHD results

allowing post-weld stress relief effects to be deduced for a 17-4 PH clad. Gauges A and

B signify two measurements on clad components.
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Figure 6.27: Measured longitudinal residual stresses: Strath06 & Strath08 - ICHD re-

sults allowing post-weld stress relief effects to be deduced for a 17-4 PH clad. Gauges A

and B signify two measurements on clad components.

Stress relief is shown in figure 6.26 and 6.27 to be successful in a 4330 substrate clad

with 17-4 PH, however. In this case the materials have a greater degree of similarity,

both possessing a high yield strength and experiencing a martensitic transformation

upon cooling.

Overall, the results of a 17-4 PH clad produced a tighter banding of results with a

greater degree of uniformity with depth over the 1 mm depth for which results were

obtained.

6.4.1 Depth of compressive residual stress

In the previous section, the presence of beneficial compressive residual stresses in a

17-4 PH weld clad layer was established. To determine the depth and magnitude of

these residual stresses a wire EDM machining process was utilised to obtain slices

from the specimen Strath06.

The block is shown sectioned in figure 6.28, with the longitudinal and transverse

slices shown in figure 6.29.

Etching of the weld region was undertaken using acidic ferric chloride to reveal the

weld passes, HAZ’s and substrate material as shown in figure 6.30.

Strain gauges were installed on these 4 mm obtained slices with the locations of these
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Figure 6.28: Slicing of Strath06 - Slices obtained from 4330 block weld clad with 17-4 PH

to obtain longitudinal and transverse slices to determine depth of compressive residual

stresses.

Figure 6.29: Longitudinal and transverse slices obtained from Strath06 - Slices obtained

from 4330 block weld clad with 17-4 PH to determine depth of compressive residual

stresses.
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Figure 6.30: Etched Strath06 slice - Etching of slice allows weld features to be observed,

with clad passes, HAZ’s and parent material highlighted.

gauges detailed in table 6.7 and figures 6.31 and 6.32.

Measurements were obtained either side of the clad/substrate interface and into the

parent material.

Gauges were installed such that element 1 of the strain gauge was aligned with

the longitudinal direction and element 3 aligned with the vertical direction in the

longitudinal slice (figure 6.33).

For the transverse slice, element 1 was aligned with the transverse direction and

element 3 aligned with the vertical direction (figure 6.34). These orientations refer

therefore also to the stresses σ1 and σ3.

Similarly, figure 6.35 shows the strain gauges installed in the locations in the parent

material.

The residual stress measurements obtained will be influenced by the machining pro-

cess and therefore the results obtained must be considered as including effects of

stress relaxation in the direction normal to the cut with redistribution of the stresses

in the slice plane. The partial relaxation of stresses due to slicing of a specimen has

been highlighted in (199). Normal to the slicing plane, the stresses tend to zero. Prior

to slicing the stresses in this direction are:

σ =
Eε

1− ν
(6.19)

The in-plane stresses transform to a uni-axial state post-slicing:
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Distance Distance

Gauge from interface from specimen

No. Slice Region (mm) centre (mm)

6-3.L.P1 Longitudinal Pass 1 -0.7 32

6-3.L.H1 Longitudinal HAZ 1 0.7 42

6-3.T.P1 Transverse Pass 1 -0.7 6

6-3.T.H1 Transverse HAZ 1 0.7 6

6-3.L.Par6 Longitudinal Substrate 6 37

6-3.L.Par12 Longitudinal Substrate 12 47

Table 6.7: Installation locations of gauges to determine residual stress distribution in

Strath06

Figure 6.31: Strath06 longitudinal slice - Longitudinal slice obtained from 17-4 PH weld

clad block shown with strain gauge rosettes installed either side of clad-substrate bound-

ary.
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Figure 6.32: Strath06 transverse slice - Transverse slice obtained from 17-4 PH weld clad

block shown with strain gauge rosettes installed either side of clad-substrate boundary.

Figure 6.33: Installation of strain gauges on Strath06 longitudinal slice - Strain gauges

installed either side of 17-4 PH clad/4330 substrate interface with stress orientations

noted.
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Figure 6.34: Installation of strain gauges on Strath06 transverse slice - Strain gauges

installed either side of 17-4 PH clad/4330 substrate interface with stress orientations

noted.

Figure 6.35: Installation of strain gauges in parent material of Strath06 longitudinal

slice - Strain gauges installed in parent material with stress orientations noted.
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σ = Eε (6.20)

The ratio of stresses of the unsliced and sliced components are therefore approxi-

mately:

1/(1− ν) (6.21)

To correct for the relaxation of stresses, a multiplication factor

1/(1− ν) = 1.37 (6.22)

has been applied to the longitudinal and transverse stresses to indicate the stresses

present in the specimen prior to slicing. This factor results in an increase of 37% in

the longitudinal and transverse stresses obtained through measurement.

To ensure fixing of the specimen, the slices were cemented to a drilling frame. Tung-

sten carbide cutters were used with an electric drill head with 2µm increments utilised

to obtain the zero-depth location. Orbital drilling was then carried out to a final depth

of 0.7 mm.

The Integral method was used to convert strain relaxation data into residual stresses

due to the non-uniform nature of the residual stresses with smoothing applied to the

data as appropriate. The results shown in figures 6.36 and 6.37 provide the direct

stress components. It is clearly illustrated through the presence of stress gradients

that stresses in the region of the cut surface have been influenced by the machining

process utilised to obtain the slices. This is especially clear due to the tensile nature

of these stresses and the knowledge that many machining processes induce tensile

residual stresses. Therefore results should be considered at the depth of 512 µm as

this is the maximum depth and the location furthest from the surface subjected to

EDM. The vertical stress component σ3 is affected by the relieving of stresses in the

longitudinal and transverse directions due to the slicing process.

Through-thickness stress components i.e. σ3 are largely tensile as shown in figure

6.36. This stress component, normal to the previous strain gauges, has not been

previously measured as reported in previous sections.

Figure 6.37 however illustrates that compressive residual stresses exist in the clad

layer and into the HAZ for the longitudinal stress component (gauges 6-3.L.P1, 6-

3.T.P1, 6-3.L.H1 and 6-3.T.H1). At a depth of 6 mm from the interface, the longitu-

dinal stress component is tensile (gauge 6-3.L.Par6), however at a depth of 12 mm

from the interface this component has transformed to fluctuate between tensile and

compressive with depth of drilling into the slice (gauge 6-3.L.Par12).
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Figure 6.36: Measured vertical residual stresses: Strath06 longitudinal & transverse

slices - ICHD results allowing depth of compressive residual stresses in 17-4 PH weld

clad block to be deduced. Depth in axial or transverse block direction as appropriate.

Figure 6.37: Measured longitudinal residual stresses: Strath06 longitudinal & trans-

verse slices - ICHD results allowing depth of compressive residual stresses in 17-4 PH

weld clad block to be deduced. Depth in axial or transverse block direction as appropri-

ate.
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Initial experimental residual stress measurements were limited to a depth of 1 mm

and therefore further measurements as presented in this section were undertaken to

examine the depth of compressive residual stresses in a 17-4 weld clad block. These

measurements indicated that such beneficial stresses exist into the substrate of the

weld clad block to certain depths depending on the stress component investigated

and therefore also highlight that the sharp discontinuity stresses observed in the

finite element model are in reality also not present.
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6.4.2 Errors and uncertainties

As previously discussed, ICHD is highly sensitive to errors, whether related to the

measurement procedure or the installation of the strain gauge. These are discussed

in detail by Schajer and Altus (200):

• Strain measurement errors arising through strains induced during the machin-

ing of the surface to install the strain gauge or errors arising due to the instru-

mentation used to obtain strain readings.

• Hole depth measurement errors due to depth increments or any roundness at

the bottom of the hole.

• Hole diameter errors including errors in measurement of the final hole diame-

ter, tapering of the hole or deviation from roundness.

• Eccentricity of the location of the hole where the mean radius of the centre of

the hole to each strain gauge differs.

• Material constant errors arising from incorrect Young’s modulus and Poisson’s

ratio values utilised during the strain-stress conversion process.

Kandil et al. present an example of the considerations of all sources of error in the

hole-drilling method to obtain an indication of the likely effects these factors have on

the resulting uncertainty (4).

Factors contributing to stress uncertainty are also provided in (180). These account

for factors attributed to the strain gauge, the strain indicator, specimen preparation

and the drilling process. The errors associated with strain measurement are noted as

being the greatest sources of uncertainty.

In considering the random strain uncertainty, a value of ±3µε is applied to the strain

data. This produces uncertainties in the stress components σ1 and σ3 as detailed in

table 6.8. The largest stress uncertainty is present at the surface due to the effects of

surface preparation. An increase in stress uncertainty occurs towards the maximum

depth due to decreasing accuracy due to travelling further from the strain gauge.

Between these locations stress uncertainties vary linearly, producing the distribution

of stress uncertainties shown in figure 6.38. To account for additional sources of error

an additional fixed uncertainty of ±7% is estimated.

Smoothing of the strain data obtained can be achieved using the Tikhonov regulari-

sation. This technique uses the principle of standard error estimation, although the

smoothing of the obtained strain data can be manually altered. However, this must

be carried out appropriately such that the residual stress distribution is not falsely
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Depth (µm) Stress uncertainty (MPa)

16-112 ±60

512 ±11

1024 ±24

Table 6.8: Uncertainties in stress values with depth due to random strain uncertainty

Figure 6.38: Total stress uncertainty with depth for ICHD - Illustrating total stress

uncertainty due to errors arising during the ICHD process.
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obtained. In the case of extreme variations in strain data, additional consideration

must be given to appropriately account for these variations. This was however not

the case in these measurements.

6.5 Comparing residual stresses obtained experimentally and

through simulation

The finite element axisymmetric models presented in the previous chapter provided

predictions for the residual stresses resulting in the ability to capture the residual

stress resulting from the weld cladding process. Table 5.1 presented in the previous

chapter highlighted the values of axial and hoop stress present at the clad surface in

the axisymmetric one-pass model. Figures 6.39-6.46 present comparisons of axial and

hoop stresses in Inconel 625 and 17-4 PH weld clad components.

Comparing the experimental results in figures 6.39-6.42 illustrates that the finite el-

ement model of an Inconel 625 clad on 4330 steel provides good correlation with

experimental residual stress measurements using ICHD.

Figure 6.39: Experimental and simulation axial stress comparison for an Inconel 625

weld clad and pre-heat temperature of 150◦C - Experimental measurements obtained

using ICHD. Simulation results obtained from a one-pass axisymmetric model.

Correlation is particularly good in the case of a 300◦C pre-heat temperature as shown

in figures 6.41 and 6.42. These measurements show tensile residual stresses in the

region of 400 MPa of equi-biaxial nature in the nickel alloy clad layer, with these
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Figure 6.40: Experimental and simulation hoop stress comparison for an Inconel 625

weld clad and pre-heat temperature of 150◦C - Experimental measurements obtained

using ICHD. Simulation results obtained from a one-pass axisymmetric model.

stresses self-equilibrating, producing compressive residual stresses in the substrate

of the finite element model.

Using the same substrate material and a 17-4 PH clad material provided high com-

pressive residual stresses in the clad layer as also indicated in simulation and ex-

perimental residual stresses in figures 6.43-6.46. Experimental measurements using

ICHD, however, indicated much lower compressive residual stresses in the region of

400-500 MPa throughout the clad layer, while stresses obtained in the finite element

model are in the region of 1000 MPa.

This poor correlation, thought to be due to inadequate characterisation of the ma-

terial behaviour of the 17-4 PH material, suggests that further investigation into the

effect of material and metallurgical properties on residual stress distribution is criti-

cal. Examining the results obtained in the case of a two-pass planar model accounting

for the deposition of weld beads in table 6.10 suggests that the modelling process can

be used to influence the obtained residual stress distribution. Hoop stresses in this

model are significantly lower than in the one-pass axisymmetric model shown in ta-

ble 6.9. In a model accounting for two passes and weld beads hoop stresses are in the

region of 800 and 700 MPa for pre-heat temperatures of 150◦C and 300◦C respectively

compared with 1000 MPa in a one-pass model. The modelling process utilised in this

case was presented in section 5.4. This indicates that a combination of improved char-
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Figure 6.41: Experimental and simulation axial stress comparison for an Inconel 625

weld clad and pre-heat temperature of 300◦C - Experimental measurements obtained

using ICHD. Simulation results obtained from a one-pass axisymmetric model.

Figure 6.42: Experimental and simulation hoop stress comparison for an Inconel 625

weld clad and pre-heat temperature of 300◦C - Experimental measurements obtained

using ICHD. Simulation results obtained from a one-pass axisymmetric model.
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Figure 6.43: Experimental and simulation axial stress comparison for a 17-4 PH weld

clad and pre-heat temperature of 150◦C - Experimental measurements obtained using

ICHD. Simulation results obtained from a one-pass axisymmetric model.

Figure 6.44: Experimental and simulation hoop stress comparison for a 17-4 PH weld

clad and pre-heat temperature of 150◦C - Experimental measurements obtained using

ICHD. Simulation results obtained from a one-pass axisymmetric model.
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Figure 6.45: Experimental and simulation axial stress comparison for a 17-4 PH weld

clad and pre-heat temperature of 300◦C - Experimental measurements obtained using

ICHD. Simulation results obtained from a one-pass axisymmetric model.

Figure 6.46: Experimental and simulation hoop stress comparison for a 17-4 PH weld

clad and pre-heat temperature of 300◦C - Experimental measurements obtained using

ICHD. Simulation results obtained from a one-pass axisymmetric model.
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acterisation of material behaviour and development of the modelling process would

enable further improvement in correlation between experiment and simulation.

TPH(
◦C) σAxial(MPa) σHoop(MPa)

150 -972.94 -1009.34

300 -973.47 -1008.85

Table 6.9: Axial and hoop stress components at 17-4 clad surface in a one-pass model

TPH(
◦C) σAxial(MPa) σHoop(MPa)

150 -1100.06 -796.62

300 -1126.94 -689.85

Table 6.10: Axial and hoop stress components at 17-4 clad surface in a two-pass &

beads planar model

Simplified weld cladding simulations have however successfully illustrated the de-

velopment and distribution of residual stresses and the study has highlighted the

influence of material property variation with temperature in a simple externally clad

thick-walled cylinder. The significance of material behaviour will be discussed in

chapter 7, with an emphasis on phase transformations in particular affecting the

residual stress state. For one material pairing, that is 4330 and Inconel 625, the cor-

relation between simulation and experiment is seen to be good, with the exception

of variations due to machining effects becoming apparent close to the surface, where

the weld clad profile has been removed to allow the application of the residual stress

strain gauge. For the other pairing of 4330 and 17-4 PH agreement is poor and rea-

sons for this will be discussed.

Extensions to the modelling process, including a full 3D representation of the process

accounting for both temporal and spatial deposition of the clad material was shown

in the previous chapter to have limited effect on the resulting residual stresses. It is

therefore regarded as more beneficial to further investigate obtaining more extensive

material properties to support the use of of an algorithm that can accurately predict

the extent of martensitic transformation, which in turn is dependent upon accurate

cooling rate prediction throughout the model mapped to rate appropriate material

phase change data. This is favoured over the development of the modelling process.

Discontinuity stresses at the interface between the dissimilar materials may cause

fatigue cracking to occur sub-surface and therefore this is also an area of primary

concern due to potential failure of a cladding or coating at the interface, the location

at which high discontinuity stresses are present.

Numerous studies have shown that often, there is a transition from high tensile resid-

ual stresses in the clad layer or coating to compressive residual stresses in the sub-
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strate. Gripenberg et al. (88) have investigated this with respect to various residual

stress measurement techniques on clad steel and have found that although the mag-

nitude and transition may vary, the overall nature of tensile to compressive transfor-

mation can be identified using the measurement techniques of neutron diffraction,

ring-core and deep-hole measurements. This study also highlights the difficulties in

simulating residual stress distribution mainly due to the inability to easily capture

the change in material properties as mentioned previously.

6.6 Summary

It is important, although not usually possible, to ensure that the residual stress state

is not altered by surface preparation techniques used to allow installation of the strain

gauge rosette. The ICHD method is highly sensitive and therefore errors can heavily

influence strain readings and in turn residual stress values. The main sources of these

errors have been described as being user technique, instrumentation errors, tapering

of the hole or hole roundness and material constant errors applied in the conversion

process.

The residual stress measurements presented in this chapter, to a depth of 1 mm

from the prepared surface, illustrate high biaxial tensile residual stresses in the case

of a 4330 substrate weld clad with Inconel 625. High biaxial compressive residual

stresses are obtained in a 4330 substrate and 17-4 PH weld clad combination. It

is therefore concluded that through selection of specific combinations of clad and

substrate materials, residual stress states in the clad layer can be influenced. PWSR

was shown to be successful in the case of a 17-4 PH clad, however this would be

unnecessary from a fatigue point of view, the aim being to maximise compressive

residual stresses. The erosion and corrosion characteristics of the clad material should

also be considered in selecting the clad and substrate material combination.

Variations in the results for two diametrically opposed positions at the centre of the

cylindrical specimen indicate process variability effects, while reductions in mea-

surements over the first 200 µm or so are largely due to machining of weld profile to

provide a flat surface for strain gauging.

Compressive residual stresses have been shown to be present below the clad layer

into the HAZ in the case of a 17-4 PH clad.

Good agreement was obtained, particularly in the case of an Inconel 625 clad, be-

tween residual stress distributions obtained experimentally and through the finite

element method using a simplified axisymmetric simulation. The complex nature of

the material behaviour of 17-4 PH is regarded as the cause of the lesser degree of

correlation between experiment and simulation. It was highlighted in the previous
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chapter that utilising published data which does not account for the martensitic trans-

formation upon cooling resulted in tensile residual stresses in the clad layer. When

experimentally obtained data which reflected the effects of the martensitic transfor-

mation in the material properties to some extent was input, these residual stresses in

the clad layer were transformed into compressive residual stresses. The model how-

ever still did not include the effect of variations in cooling rate throughout the model

and hence the extent of the martensitic transformation. This emphasises the need for

accurate material properties, however this would require significant further testing

to characterise the effect of cooling rate on the martensitic transformation. Including

this in the finite element model would also require an extension to the current solu-

tion through use of the UMAT subroutine in Abaqus or similar. The key aspect in

this testing would be to capture accurate cooling rates, as it has been shown that CTE

values and the form of the CTE curve are strongly dependent on the cooling rate at

which testing is undertaken.

Similar results for rectangular blocks indicate a geometry independent equi-biaxial

residual stress distribution therefore it has been shown that substrate geometry does

not affect the resulting residual stress in the weld clad layer. This indicates that the

local spatial and temporal variation of the weld cladding process is the dominant

factor is the generation of residual stresses in this case.
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Chapter 7

Microstructural Effects on Residual

Stresses

Residual stresses obtained through simulation of the weld cladding process for an

Inconel 625 clad provided good correlation with experimentally obtained residual

stresses. In the case of the 17-4 PH clad material, there was some discrepancy

between results, thought to be due to the complexity of the behaviour of the

martensitic, precipitation hardening stainless steel. In this chapter microstruc-

tural effects on residual stresses are investigated, concentrating primarily on

martensitic steels. The cooling rate and microstructural effects of 17-4 PH are

discussed. Methods of modelling such factors in the simulation model are de-

scribed. An investigation into varying material properties reveals that the resid-

ual stresses generated in the 17-4 PH clad layer are highly sensitive to variations

in CTE. Through manipulation of the experimentally obtained data for CTE,

residual stresses in the simulation model are obtained such that good correla-

tion results with the residual stresses obtained through ICHD. The relationship

between material properties and microstructure presented illustrates that upon

utilising a certain chemical composition, the arising phases and material prop-

erties must be considered regarding their effects on residual stresses. Methods

of deducing material properties using known relationships are discussed for yield

and tensile strength and hardness. The contributing strain components are intro-

duced prior to an investigation into the influence of strain hardening on result-

ing residual stresses. The variation in CTE has proven to significantly influence

residual stresses in the 17-4 PH clad material.
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7.1 Introduction

In the case of dissimilar joining processes using high heat input, it is clear that de-

pending on the materials and the nature of the join, the residual stresses will vary.

The heat input will give rise to varying temperature gradients throughout the join

and throughout the process. Finally the differences in present phases also contribute

to the residual stress development as has been shown in X70 pipeline steel for exam-

ple (201).

As has been highlighted in previous chapters, the material properties of the clad and

substrate materials greatly influence the residual stresses arising. The materials prop-

erties of steels are in turn controllable through the composition of the material and

any particular processes in obtaining the end component, for example the cladding

process and consequent heat treatments. The phases arising are governed by these

factors and it will be the martensitic phase which will be focussed on, primarily in the

17-4 PH stainless steel material. It is common to utilise metallurgical changes involv-

ing phase changes to control the residual stress state, with a region of compression

being the aim (58).

7.2 Residual stresses in martensitic steels

Upon cooling, austenite transforms into martensite and bainite, associated with di-

latational strain, the proportions of which are determined by the amount of time prior

to reaching ambient temperature i.e. the cooling rate. The formation of martensite

is encouraged by quenching processes, the nature of which arises through the rapid

cooling during the weld cladding process. A martensitic microstructure is said to

result if the material experiences cooling from the austenitic condition to below the

martensite start temperature within less than 10 seconds (158). If this does not occur

at this rate then a mixture of martensite and bainite results. An example of the phase

transformations experienced in steel during an arbitrary thermal cycle are shown in

figure 7.1. The martensite formation at the end of the thermal cycle shows the poten-

tial for a mixture of phases present. This diagram does not capture the cooling rate,

a contributing factor in the final microstructure due to the varying microstructure

depending on the cooling rate, for example the fraction of phases present and the

extent of martensitic transformation.

The martensitic transformation, also known as displacive or shear, causes the atomic

pattern in the crystal structure to change to that of martensite, in turn altering the

macroscopic shape of the crystal (202). The martensitic transformation is a diffu-
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Figure 7.1: Phase transformation occurrence in steel throughout an arbitrary thermal

cycle - Figure modified from (173).
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sionless process which results in strain due to the shape deformation. Therefore

martensite cannot be described through the use of equilibrium phase diagrams.

The temperature at which martensite formation occurs is crucial as the transforma-

tion occurring at a low temperature can result in a sharp decrease in residual stresses

due to the total strain being occupied primarily with a volumetric change and this

therefore being the major influence in resulting residual stresses (158). Applying pre-

stress and pre-plastic strain has been shown to effectively modify the martensite start

temperature depending on the effect of the applied stress or strain on the energy of

austenite. Stabilizing the austenite is achieved through plastic deformation causing

a decrease in the start temperature, while the start temperature is increased when

the free energy of the austenite is increased through the application of stress (203).

A study into welding residual stresses in P91 steel found that the solid-state phase

transformation, due to a low martensite start temperature, altered the residual stress

sign from tensile to compressive (204). Upon heating of steel the body-centered cubic

structure transforms to face-centered cubic accompanied by a decrease in volume.

However upon cooling the face-centered cubic structure transforms to body-centered

tetragonal and this is accompanied by an increase in volume. These characteristics

are reflected in the material properties such as the sharp decrease in the CTE curve,

highlighted in figure 4.25. The associated phase changes upon heating and cooling,

austenitic and martensitic respectively, are illustrated in relation to volume change in

figure 7.2. It has been previously shown in section 4.4.2 that CTE values reflect such

volume changes in the experimentally obtained data. Levels of constraint arising due

to varying volume changes and CTE values in dissimilar material joints also impact

residual stresses as discussed in chapter 1.

Empirical calculation of the martensite start temperature can be achieved through

considering the chemical composition of the material. This temperature can then be

utilised in a finite element simulation to model the phase transformation using Abaqus

subroutines to account for associated volumetric changes and changes in yield stress

during this process (205).

The use of an interpass temperature during cladding is common practice. How-

ever this also impacts the resulting phases and residual stress states. If the interpass

temperature is chosen such that it is above the martensite start temperature then

the entire weld material will not undergo martensitic transformation until after the

welding process has been completed. This would then encourage compressive resid-

ual stresses in the fusion zone. An interpass temperature below that of the martensite

start temperature would lead to tempering of previously deposited passes, decreas-

ing the compressive region (207). Throughout the cladding process the cooling rate

and time for phase transformation to occur impacts resulting residual stresses.
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Figure 7.2: Volume changes associated with phase changes upon heating and cooling

of steel - Figure modified from (206).

An interpass temperature too close to the martensite end temperature would result

in a large level of martensite forming during welding, potentially increasing the brit-

tleness of the material and increasing the chance of the initiation of microcracks. On

the other hand, an interpass temperature too close to the martensite start temperature

would decrease the level of martensite formation during welding, the transformation

from austenite to martensite then occurring during cooling to ambient temperature

(205). Ultimately the interpass temperature dictates whether martensitic transforma-

tion commences during a multi-pass welding process or whether this transformation

occurs only after the welding process is complete and the welded component cools

to ambient temperature.

The martensitic transformation does not occur instantaneously, there exists a temper-

ature interval over which the transformation occurs. Quenching for example can be

used to control this transformation and in turn the resulting residual stresses. The

temperature range over which the transformation occurs must also be captured in

the simulation to ensure that the residual stress generation is accurately modelled.

Clearly the assumption of an instantaneous transformation will yield a very different

stress state to that when considering the martensite start and end temperatures due to

the thermal transient nature of the analysis. In the case of the weld cladding process,

the temperature gradient, cooling rates and phase transformation duration through-

out the weld and substrate materials will be far from uniform and this will result in
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variations in the degree of martensitic transformation. Through control of the tem-

perature, the martensitic transformation can be controlled. It has been mentioned by

Todinov that the development of compressive residual stresses is hindered through

delaying the martensitic transformation at the surface (208). It is likewise mentioned

in this study that a uniform transformation in a component cross-section will result

in no residual stresses developing. It is further mentioned that a large temperature

interval, that is a high transformation start temperature and a low transformation

end temperature, minimises the compressive residual stresses resulting due to the

transformation (209).

In the welding process, a single phase transformation is not necessarily the case. It is

likely that regions of material may undergo several phase changes due to heating and

cooling due to the temperature history of the welding process. The rates of cooling

are also likely to differ and so it is clear that accounting correctly for the effects of

this in a simulation model is a complex process. In this scenario, accounting for the

various phase changes is achieved through considering the maximum temperature of

elements in a simulation to deduce whether or not martensitic transformation occurs

and relationships between martensitic fractions and cooling rate constructed through

CCT diagrams (206). Martensite fractions are found to be greater in higher carbon

content steels.

Upon completion of the martensitic transformation, cooling to room temperature

further alters the stress state, with residual stresses increasing due to thermal con-

traction. It is at this point that tensile residual stresses arise, especially in the welding

direction, due to shrinkage of the weld metal (138). Therefore it is favoured that the

martensitic transformation is complete upon room temperature, however that com-

pletion occurs as close to room temperature as possible.

Similarly, the effects of processes such as annealing can be accounted for in a mi-

crostructural model. Phase changes occurring during annealing decrease hardness,

reduce dislocation density and decrease flow stress as discussed in (158), this exam-

ple highlighting the effects of such inclusions or exclusions in an analytical model.

Studies have been conducted to develop weld consumables to encourage compressive

residual stress generation, with electrodes possessing lower chromium and nickel

contents illustrating the capability of increasing compressive residual stresses (209).

Chromium levels of 6-12% help ensure that the martensitic transformation com-

mences between 100-300◦C, while nickel content of 5-11% also aids in controlling

the martensite start temperature (210). Modification of the chemical composition

and therefore the phase transformation temperature has been shown to have a no-

ticeable effect on the distribution of residual stresses in high-strength steel welds

(211). Although it is therefore possible to modify materials to favourably impact
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the microstructure and chemical composition, consequent effects on material prop-

erties, such as increased hardness must also be considered. This could result in

non-compliance with industry standards, such as (110), as was discussed in section

4.4.8.

It has been found that the martensitic transformation does not greatly affect residual

stresses due to welding in low alloy carbon steels, however do greatly influence in

the case of medium carbon steel (138). This is relevant in the case of the use of 4330,

explaining also why characterisation of 4330 is not as crucial as 17-4 PH.

A martensitic transformation is also described as a beneficial process due to the com-

pressive residual stresses resulting from the constraint on the increase in volume

increasing resistance to crack propagation in the region of increased hardness (212).

In such circumstances again industry standards such as the NACE requirements for

hardness levels in welded components must be considered (110).

7.2.1 17-4 PH stainless steel

The 17-4 PH stainless steel utilised in the cladding process is a martensitic precipitation-

hardening alloy. Precipitation-hardening stainless steels are often utilised due to the

positive characteristics of corrosion resistance and high strength. The former is due

to the chromium content and the latter due to the presence of the precipitates. The

dispersion of these precipitates can increase not only the yield strength, but also the

tensile strength of the material due to the hindrance of dislocation motion caused

by the precipitates (66). The selection of a precipitation-hardening steel for welding

purposes requires an appropriate welding procedure with a low heat input to ensure

toughness and ductility is favourable (213). The microstructure, chemical composi-

tion and thermal and mechanical properties for 17-4 PH were presented in chapter

4.

7.2.1.1 Influence of cooling rate

The formation of phases in a steel is dependent, as previously mentioned, on the

processes to which the material is subjected. Upon cooling, the cooling rate will de-

termine the extent of phase formation allowed. For example, a rapid cooling rate will

limit the extent of alloying and diffusion that occurs before the material reaches am-

bient temperature. Not only phase fractions, but also transformations temperatures

are heavily dependent on the cooling rate during the welding process (156).

Previously, the variation in nodal cooling rates in the axisymmetric model were il-

lustrated as greatly varying in the substrate and clad materials (figures 5.37-5.44).
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Instantaneous cooling rates in the 17-4 PH clad layer were examined to aid the inves-

tigation of the extent of martensitic transformation. The nodal labels assigned were

as previously presented, provided again in figure 7.3. Cooling rates will also be a

function of initial model conditions and boundary conditions, with these maintained

as those presented previously in chapter 5.

Figure 7.3: Node label assignments - Letters assigned to nodes in the axisymmetric

model to investigate cooling rates.

In the experimental data obtained for the CTE of 17-4 PH at a cooling rate of 5 K/min,

shown in figure 4.25, the martensitic transformation is seen to be at the most extreme

point at a temperature of 140◦C. The instantaneous cooling rates at this temperature

are provided for the clad layer nodes in figure 7.4.

Ideally room temperature would be attained as quickly as possible, resulting in a

martensitic microstructure and hindering the increase in residual stresses if the mate-

rial is not pre-occupied with the martensitic transformation. From this the reasoning

for quenching is apparent.

The values observed are however very small, with likewise small variations in cooling

rate between nodes within the clad layer. As discussed in section 5.6, cooling rates are

most rapid at the beginning of the cooling process, immediately after the weld clad

material is deposited. However, it must also be considered that it is not at this tem-

perature that the martensitic transformation occurs. Furthermore, the experimental

residual stresses obtained indicated that there was not a significant difference in the

resulting level of compressive residual stresses due to varying pre-heat temperature.

The effects of cooling rate should be further investigated. Limitations of the equip-

ment accessible did not allow for investigation of higher cooling rates. During the

welding process it is known that initial cooling rates will be very high, studies have

been conducted into dilatation during cooling at a rate of 234 K/s (158).

Throughout this research two-dimensional plots have been utilised to provide a

means of characterisation of materials. This does not capture the rate of cooling

of the material which is changing in a spatial and temporal manner throughout the

component. In order to capture the material property variation with both tempera-

ture and rate of cooling a three-dimensional representation of the material behaviour
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Figure 7.4: Instantaneous cooling rate of 17-4 PH clad layer with pre-heat temperature

of 150◦C and 300◦C - Figure illustrating the instantaneous cooling rate of the clad layer

nodes as they pass through 140◦C, the temperature at which the lowest point of the CTE

curve is reached upon cooling.

would be required. As cooling rate is not a variable in the finite element solver, it

would be through these means that this would achieved.

If the temperature and rate of cooling were known for a certain region in the ma-

terial the necessary material properties could be assigned to this region using this

3D representation of material properties in an iterative manner as per the algorithm

used currently with tabulated property-temperature graphs. An example of this is

illustrated in figure 7.5 using the CTE data trend, indicating movement of each curve

depending on the cooling rate.

Rates of cooling were investigated in the finite element model as discussed and there-

fore an indication of the cooling rates has been obtained as the molten metal is de-

posited onto the substrate at a certain pre-heat temperature acting like a heat sink.

These can be altered through modifying the heat transfer coefficient and appropriate

cooling rates applied to regions of the model. The heat transfer due to conductivity

is regarded as the most significant effect in influencing the rate of cooling, convection

being less significant and radiation less significant again.

Initial studies into the effects of heat treatment suggest that areas of compression

arise in the region of the high-temperature material. This was investigated both

through the clad and unclad cylinders, indicating that forced cooling has the ability
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Figure 7.5: 3D representation of material properties - Example of potential CTE varia-

tion with temperature and cooling rate.

to generate compressive residual stresses even in unclad cases.

Capturing these effects of cooling rate produces a challenge in both the experimental

and simulation aspects of the research. Firstly in obtaining ranges of material prop-

erty data according to the thermal cycle applied through the weld cladding process

and secondly in applying this material data to the simulation model. Due to the

limitations of the equipment used, data was obtained for low cooling rates and has

been input into the finite element model for one cooling rate. This could be mod-

elled, for example, through the modification of material properties or through user

subroutines in Abaqus.

The Abaqus user subroutine UMAT is for example recommended for use when the

material models available in Abaqus do not adequately represent material behaviour.

The data obtained for material properties as a function of temperature and cooling

rate could be used in the subroutine. An iterative loop could then be applied such

that at every time step, every element is assessed and depending on the temperature

and the cooling rate of that element the appropriate material properties would be

applied.

In using such a method, certain assumptions would again alter the solution, for ex-

ample if data was available at two temperature values, whether a linear interpolation

could be assumed between the two temperature values or if cooling rate would vary

non-linearly hence requiring a more complex definition of the 3D variation of ma-

terial properties with temperature and cooling rate. An understanding of molecular
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physics would be required to allow conclusions to be drawn and accurate implanta-

tion to be achieved.

In refining the weld cladding process, a martensitic transformation with the marten-

site start and end temperatures as low as possible, whilst minimising the temperature

range would as discussed maximise the compressive residual stresses. A rapid cool-

ing rate would ensure that there is no time available for the residual stress to increase

upon completion of the martensitic transformation.

7.2.1.2 Influence of microstructure

Phase changes will also be influenced by the microstructure of the material, therefore

grain size being of interest, as well as the level of carbon content (158). The weld-

ability of low alloy steels can be determined through examination of the grain size,

carbon content, precipitation hardening, solid solution hardening and dislocation

density of the material. These factors also impact the strength and impact toughness

of the material. Reducing the grain size improves strength and toughness, however

in the case of the remaining mechanisms increasing strength is accompanied by a

decrease in toughness (173).

In tailoring the composition and phase presence of the material, increasing carbon

content and encouraging the formation of martensite, the effects on impact toughness

must be deduced. It has been shown that increasing the carbon content along with

brittle martensite presence can reduce impact toughness (214).

Variations in cooling rate result in varying microstructures. The use of continuous

cooling transformation (CCT) diagrams allows the phase transformation upon cool-

ing from the austenitic state to room temperature to be illustrated on a diagram

according to the cooling rate.

The assumption of a constant cooling rate throughout a phase transformation is how-

ever rarely the case in reality. Likewise, throughout the depth of a component the

cooling rate will vary, especially clear in the case of the weld cladding applied to the

outer diameter of the thick cylinder. The material close to the clad layer will expe-

rience a very different temperature history to the material at the cylinder bore. This

produces a highly complex scenario, however in terms of the martensitic phase in the

clad the cooling rate near the surface in the clad layer is of primary interest.

Variations in the microstructure between pass 1 (figure 4.14) and pass 2 (figure 4.15) of

the 17-4 PH clad material illustrate that the thermal loading cycles arising through the

two-pass cladding process produce different microstructures. Therefore the extent of

the martensitic transformation will differ between passes. Further investigation of

the effects of the time allowed for the martensitic transformation would allow insight
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into the effects on microstructure, the extent of the martensitic transformation and

in turn the effects on residual stresses. Evaluation of the completion of martensitic

transformation also shows that in both passes in this case, the presence of ferrite in-

dicates there is potential in modifying the welding and cooling process to encourage

increase in the levels of martensite and maximise compressive residual stresses.

In the case of a single-pass weld, the resulting residual stress distribution is gov-

erned by the combination of thermal contraction upon cooling and strain changes

during the solid-state phase transformation (215). In the two-pass system investi-

gated throughout this study, an added consideration of the effects of reheating the

first pass through application of the second will also influence the final stress state.

Multi-pass welds can present the advantage of relaxing phase transformation ef-

fects and hence residual stresses through the thermal cycle of heating and cool-

ing of the HAZ during deposition (161). The effects of reheating the weld mate-

rial should be considered to ensure that reheating does not negatively influence the

residual stress state through transformational strains experienced. A reduction of

yield strength with increased temperature will in turn decrease compressive residual

stresses through reheating cycles (206).

Tempered phases arising through the heating of as-welded ferritic steel components

clad with austenitic steel resulted in lower mechanical properties in a study by Dupas

and Moinereau (216). Therefore tempering of the first pass through the deposition of

the second should be carefully considered such that beneficial microstructures and

material properties are maintained in both passes.

In the weld material and the HAZ, the material properties will be dependent on the

grain size. In the case of multi-pass welds, these properties will not remain constant

throughout these regions. At higher temperatures grain growth is enhanced and it

was shown by Onsoien, M’Hamdi and Akselsen (201) that a higher peak temperature

resulted in a higher residual stress due to increased hardening at these elevated tem-

peratures in pipeline steel. It is also mentioned in this study that the hardenability of

a material dictates the level of influence of the phase transformation. Grain growth

can be encouraged by maintaining a temperature for a period of time prior to cooling

(158).

Implementing this metallurgical transformation in the simulation would require con-

sideration of capturing the time taken to cool to ambient temperature amongst other

factors such as the extent of the transformation and the start and end transformation

temperatures. A means of capturing the link between the phase transformation and

time would be required, due to the knowledge that phase transformations are not

instantaneous. Constraint on the microstructural transformation may arise through

the thermal cycle in phases in close proximity to one another.
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To model the evolution of the microstructure, equations are available through which

the rate of reaction can be described as being proportional to the deviation from

equilibrium (217). Even in these cases however, the tempering effects in multi-pass

welding processes are not accounted for.

A thermo-metallurgical-mechanical model was developed for use in Abaqus for the

simulation of multi-pass butt-welded steel pipes accounting for the temperature field

during the welding process and the material microstructure to accurately obtain the

resulting residual stresses (218). In this study, assumptions were also made regarding

the variation of yield strength with temperature upon heating and cooling.

The finite element code SYSWELD has the ability to account for thermal, metallur-

gical and mechanical variations of the material due to welding processes. This was

successfully utilised in the numerical simulation of the laser welding process of butt-

joint shipbuilding steel plates providing good correlation with experimental investi-

gation of distortion levels due to welding (219). A material database exists within

the program such that properties can be utilised accordingly for common steels and

aluminium alloys. However these properties do not account for the welding of the

material, but the materials in unwelded form.

7.3 Influence of microstructure on failure mechanisms

The effects of the welding process on the phases resulting due to heating and cooling

of the materials require in depth study to appreciate the impact of the thermal cycle

on material properties of both the substrate and the clad materials and ultimately

component performance.

Failure mechanisms are influenced directly by the mechanical properties and mi-

crostructure of a coating, cladding or dissimilar joint. This is in addition to the

residual stress state arising through the coating, cladding or joining process and any

discontinuity stresses arising through operational loading. The material properties

and microstructure will also be affected by alloying and diffusion. The presence of

intermetallics and hard spots can also influence fatigue, fracture and stress corrosion

cracking. Therefore, in producing a satisfactory cladding or coating, a compromise

must be achieved accounting for the design of the dissimilar material join, processing

conditions and resulting microstructure and material properties.

Corrosion resistance can also be reduced through phase changes due to the metallur-

gical changes during the welding process, as reported in a study on welded austenitic

stainless steel (220). This could also therefore impact stress-corrosion cracking resis-

tance and fatigue performance.
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Fatigue and toughness properties of weld clad stainless steel were investigated with

the study concluding that crack growth rate varied throughout the clad layers (221).

This clearly indicates that the metallurgy of the clad region has a direct impact on

the performance of the clad.

Microstructural defects such as pores and microcracks were discussed in the context

of adhesion of thermally sprayed coatings (222). The presence of such defects will

result in the inability to accurately determine residual stresses due to the influence

the presence of such defects will have on the measured residual stresses and will

also clearly have a negative impact on the operation of the component. Thermal

integration of coatings and substrates can be improved through post-coating laser

treatment (101).

Conversely, micro-cavities present in Inconel 625 HVOF coatings blended with tung-

sten carbide particles deposited on a steel substrate were found to act as stress relax-

ation regions resulting in the prevention of crack propagation at the surface (118).

Heat treatment is often utilised as a process of encouraging homogeneity in proper-

ties and microstructure. A study of clad steel process vessels however reported little

variation in as-welded and heat treated microstructures in the case of carbon steel

welded with stainless steel. Hardness values though were found to be higher in the

first clad layer in all cases, heat treated samples possessing slightly lower hardness

values (223).

7.4 Influence of varying material properties on residual stresses

The effects of material properties on resulting residual stresses has been heavily em-

phasised. It is now apparent that the microstructure also heavily influences the mate-

rial properties and therefore the residual stresses. In accurately modelling the resid-

ual stress distribution, accurate material properties are required. The requirement

for including the resulting effects of microstructure on properties is now then also

apparent.

In this section a sensitivity study is undertaken to ascertain the likely effects of chang-

ing variables in the finite element model, in this case particular material property

values.

7.4.1 Investigating the effects of varying coefficient of thermal expansion

Variations in CTE values have been clearly observed in the experimental data ob-

tained due to varying cooling rates and chemical compositions. It has been high-

lighted that the presence of martensite in the material microstructure is illustrated
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most clearly in the case of material CTE for a stainless steel weld (224). For this

reason the influence of varying CTE was investigated to deduce the influence of this

variation on resulting residual stresses. CTE is perhaps the single most important

mechanical property directly available in finite element modelling in terms of in-

fluencing material expansion and contraction and hence the need for investigation.

Constraint on such expansion on the other hand is influenced by modulus and yield

stress.

The data obtained for a cooling rate of 5 K/min is presented in figure 7.6. This data

was manipulated such that two cases resulted for the investigation of the effects of

varying CTE. This was achieved by dividing the data in the region of the martensitic

phase change by 2 and 1.5 for cases A and B respectively. The form of the curve was

manipulated such that the trough decreased towards zero as it was shown in figure

4.25 that with increasing cooling rate data appeared to exhibit less of a sharp decrease

in the region of the phase change upon cooling. This data was then utilised in the

axisymmetric finite element model of the 4330 cylinder weld clad with 17-4 PH. A

pre-heat temperature of 150◦C was investigated as it was previously found that there

was little variation in the experimental residual stress measurements and therefore

the lower pre-heat temperature would provide a more economical process.

Figure 7.6: Manipulation of coefficient of thermal expansion of 17-4 PH (Clad on 4330)

- Data obtained for a cooling rate of 5 K/min manipulated through division of data in the

region of the martensitic transformation by 2 and 1.5 to obtain cases A and B respectively.
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The stress components were obtained along the radial path from the bore to the outer

diameter as previously, the stresses utilising the manipulated data set A and B and

the original data plotted in figures 7.7-7.9. The results show that as the values of CTE

become less negative in the region of the martensitic transformation, the hoop and

axial residual stresses in the clad layer become less compressive.

The manipulated data set A provided compressive residual stresses around -200 MPa

in both hoop and axial components. The data shown for the residual stresses ob-

tained when utilising data set B for the temperature-dependent CTE data illustrates

that hoop and axial stresses obtained in the clad layer are of the same level as the

residual stresses obtained experimentally through ICHD. These results indicate that

this variable has a significant influence on residual stress results and through the

manipulation presented here agreement with experiment has been obtained.

In both cases of manipulated data, the discontinuity stresses at the interface sig-

nificantly decrease, showing that the material microstructure characterised through

variation in material properties can also favourably influence the residual stresses

due to weld cladding.

Radial stress components remain lower in stress levels, however also experience a

decrease in stress level in the vicinity of the join. Tensile residual stresses decrease in

both the substrate and the clad layer.

Figure 7.7: Hoop stress component variation due to manipulation of CTE data - Results

shown for an axisymmetric model of 4330 substrate and 17-4 PH clad with pre-heat

temperature of 150◦C utilising the path illustrated in figure 5.4.
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Figure 7.8: Axial stress component variation due to manipulation of CTE data - Results

shown for an axisymmetric model of 4330 substrate and 17-4 PH clad with pre-heat

temperature of 150◦C utilising the path illustrated in figure 5.4.

Figure 7.9: Radial stress component variation due to manipulation of CTE data - Re-

sults shown for an axisymmetric model of 4330 substrate and 17-4 PH clad with pre-heat

temperature of 150◦C utilising the path illustrated in figure 5.4.
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Investigating the effects of varying the CTE upon cooling has successfully demon-

strated the ability to tailor the residual stress distribution arising due to weld cladding.

It has also further provided evidence of the importance of accurate material prop-

erties in obtaining accurate residual stresses through finite element modelling. The

phases present in the material will influence material properties. Through knowledge

of the chemical composition of the material, phase transformation behaviour can be

deduced. Modifying the chemical composition would alter the final microstructure

through encouraging variations in phase transformation. This would be reflected

in material properties and ultimately residual stresses. In martensitic and ferritic

irons and steels, it has been found that chromium has the largest influence on CTE.

Chromium, nickel, cobalt and silicon decreased CTE while titanium, aluminium and

copper increased CTE (225). It is through such knowledge that the chemical compo-

sition of materials can be beneficially utilised to achieve desired material properties

and residual stresses.
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7.4.2 Comparing simulation and experiment

Comparing the residual stresses obtained experimentally with the newly obtained

residual stresses in the axisymmetric model through arbitrary manipulation of CTE

data shows that residual stress levels in the clad layer to a depth of 1 mm provide a

much closer correlation than previously presented in section 6.5. This is particularly

the case for the axial stress component shown in figure 7.11.

Figure 7.10: Comparison of simulation and experimental hoop/longitudinal stress

component when utilising manipulated CTE data - Results shown for a weld clad block

and an axisymmetric model of 4330 substrate and 17-4 PH clad with pre-heat tempera-

ture of 150◦C.

The comparison of experimental and simulation stress components has further in-

dicated that the axisymmetric finite element model is capable of capturing repre-

sentative residual stress distributions arising due to weld cladding, while the ma-

nipulation of data to obtain simulated residual stresses similar to experimentally ob-

tained residual stresses highlights the sensitivity of the finite element model to certain

temperature-dependent material properties when these are a function of cooling rate.

7.4.3 Correlation between material properties and microstructure

Increasing the accuracy of the model can be achieved through manipulation of ma-

terial properties as has been illustrated in varying CTE. Accounting for the material

microstructure can be achieved through variation in other material properties. Varia-

tions in CTE and yield stress due to phase transformations can be utilised in Abaqus
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Figure 7.11: Comparison of simulation and experimental axial/transverse stress com-

ponent when utilising manipulated CTE data - Results shown for a weld clad block and

an axisymmetric model of 4330 substrate and 17-4 PH clad with pre-heat temperature of

150◦C.

user subroutines to reflect the volumetric changes. This was successfully undertaken

by Yaghi et al. in the case of P91 steel with phase transformation plasticity also

accounted for (205).

Accounting for the temperature variation at integration points would allow assign-

ment of individual cases of yield stress and CTE, the most dominant factors in cap-

turing variations due to phase transformation volumetric changes. Modulus is also

a dominant factor, however does not change as greatly with material type and mi-

crostructure. Transformation plasticity is modelled through modification of the yield

stress. Karlsson modelled a decrease in yield stress in the HAZ during the final phase

transformation in the modelling of residual stresses in single-pass girth butt welded

carbon-manganese pipes (226).

To model the yield stress of phases, a model accounting for the grains of martensite

and bainite in the weld and HAZ would require development with knowledge of the

distribution of the phases. Based on the volume-fraction of phases material properties

would then be assigned, for example appropriate yield stress values deduced from

the hardness levels in these grains as was undertaken in (156).
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7.4.4 Correlating yield and tensile strength with hardness

Variation of yield strength and thermal expansion allow the modelling of represen-

tative thermo-plastic behaviour. Calculated phase fractions can be utilised and the

known correlation with hardness allows the determination of yield strength of each

phase.

The ability to utilise the correlation between hardness and tensile strength was illus-

trated in section 4.4.10.

The correlation between yield strength and Vickers hardness for a number of steels

is given in (227):

YS = −90.7 + 2.876HV (7.1)

As this correlation is obtained using a least-squares linear regression, a zero hard-

ness value would not provide a zero yield strength value as expected. The presence

of the constant value in the equation results in a standard error which limits the

applicability of this relationship to Vickers hardness values above 130HV .

Tensile strength and Vickers hardness can also be correlated as previously discussed.

This is described in (227) as the following:

TS = −99.8 + 3.734HV (7.2)

Again the applicability of this relationship is limited to Vickers hardness values

greater than 130HV .

In this study, Pavlina and Van Tyne note that the correlation provided for tensile

strength and Brinell hardness under-predict strength values in regions of high hard-

ness. When considering material microstructure, the study shows that in the case

of complex phases, that is the presence of various phases, the correlation between

hardness and yield strength is poorer than that of tensile strength. It is such factors

that must be realised when utilising such relationships. For this reason it would be

favourable to undertake experimental testing for specific microstructures, however,

the benefits of such correlations is clear when limited experimental testing can be

undertaken.

Using a variation in yield strength during modelling would also indirectly account

then for hardening of the material due to the correlation between these two properties

(226).
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Due to the temperature-dependent data obtained experimentally for yield stress and

ultimate tensile strength and the inability for this method to account for variations

due to temperature with the hardness data available, this correlation was not utilised.

7.5 Influence of material strain

In modelling thermo-elastic-plastic behaviour, constitutive models account for the

total strain. The components contributing to the total strain are noted in equation 7.3

as contributions due to elastic loading, plastic loading, thermal loading, volumetric

change and transformation plasticity. It is clear then from this equation that strains

associated with volumetric changes and transformation plasticity will impact residual

stress states, the level of influence dependent on the level of strains associated with

both.

εTotal = εE + εP + εT + εVOL + εTRP (7.3)

Texture should also be considered, as this also varies with phase transformations.

This will therefore cause variation in strain due to transformation, for example the

volume and shear strains associated with the phase transformation of austenite and

induced plasticity in the austenitic phase dependent on the presence of hard phases,

such as martensite (217).

If solid-solid phase transformation effects are not accounted for where relevant, ten-

sile residual stresses resulting from the welding process would increase upon cooling.

A compressive plastic strain during heating results in a tensile residual stress upon

cooling. Inclusion of the effects of the volume change due to the phase transformation

gives rise to compressive residual stresses (228).

It is known that the residual stress state arising due to the welding process is domi-

nated by the volumetric strain changes due to phase transformations. To account for

the changes at Gauss points in the model, constitutive equations could be utilised at

Gauss points and as time steps progress. This would allow for variations in plasticity

effects at these Gauss points. Depending on the stress at a particular Gauss point,

values of yield stress, strain rate and deformation characteristics can then be assigned

to that point (173).

Stressing of the material will result in a plastic strain during the final phase trans-

formation, known as the transformation plasticity. The purpose of this strain is to

maintain compatibility in the material due to the phase change occurring, for exam-

ple the martensitic transformation due to material deformation. This strain arises at

stress values below the material yield stress and therefore it has been common to
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utilise a lower yield stress in simplified modelling of the effects of transformation

plasticity.

Including the effects of transformation plasticity is commonly achieved using the

model by Leblond. It would also be possible to undertake experimental testing of the

materials under investigation, cooling the specimen whilst subjected to a particular

stress. As the specimen experiences phase changes the experimental data obtained

would then provide a representation of the effects of these phase changes.

The inclusion of transformation plasticity has been shown to relax residual stresses in

the weld metal. However, in a study of a chromium-nickel type weld metal by Kasuya

et al. relaxation of residual stresses in the HAZ was not achieved (203). The reasoning

for these findings was not elaborated upon. The inclusion of transformation-induced

plasticity through consideration of variation in yield strength in the numerical model

of welding residual stresses in P91 steel by Bi et al. resulted in better correlation with

experimental measurements (204).

The level of constraint experienced by the component will be dependent on the sub-

strate, a large substrate geometry increasing weld constraint, with all stress compo-

nents influenced by the strain changes associated with the martensitic transformation.

Studies undertaken to vary the thickness of the cylinder indicated that increasing

pipe thickness could positively influence residual stresses at the interface, with ten-

sile axial stresses decreasing upon increasing the ratio of pipe thickness to cladding

thickness (161).

7.5.1 Strain hardening potential

The strain hardening potential of the materials under investigation was considered

through calculation of the ratios of tensile strength to yield strength using experi-

mentally obtained data. The resulting values indicating the potential for the material

to strain harden are provided in table 7.1.

Material TS:YS

4330 (Inconel 625 clad) 1.170

4330 (17-4 PH clad) 1.180

Inconel 625 1.626

17-4 PH 1.174

Table 7.1: Ratios of tensile strength to yield strength

Table 7.2 provides the criteria presented in (227). The ranges provided to indicate

strain hardening potential show that both 4330 HAZ’s and 17-4 PH have a low strain

hardening potential, while Inconel 625 has a high strain hardening potential. These
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ratios were calculated using experimental data for representative as-clad and HAZ

materials and confirmed the expectation for all materials.

Ratio Strain Hardening Potential

TS:YS ≤ 1.23 Low

1.23 < TS:YS < 1.56 Medium

TS:YS ≥ 1.56 High

Table 7.2: Strain hardening potential

Good correlation for residual stresses has been presented between simulation and

experiment in the case of an Inconel 625 clad, although the simulation model does

not account for the strain hardening of the clad material. Although strain hardening

potential has been indicated as low, due to the complexity of the modelling of the

17-4 PH clad material the effects of strain hardening were considered.

7.6 Summary

This chapter has introduced various reasons as to the increased complexity including

capturing the behaviour of the martensitic, precipitation-hardening stainless steel in

cladding simulation.

Key factors clearly requiring accurate definition and data are the effects of the fol-

lowing:

• Phase transformation

• Microstructure

• Material property variation

• Time

• Cooling rate

The effects of these factors have been discussed in this chapter, with recommenda-

tions for future investigation also discussed.

The relationship between cooling rate and phase transformation requires further in-

vestigation. The extent of the martensitic transformation and the consequential ef-

fects on material properties could be experimentally examined, also with a view of

capturing these effects in the simulation model.

In harnessing the potential benefits of phase transformations, the consequent effects

on thermal and mechanical mechanisms must also be considered as these aspects are
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all coupled. For example, it has been shown that in altering the thermal gradient

during dilatometry experiments, the CTE data obtained greatly varies due to varia-

tions in the martensitic transformation. The FEA results reported herein shows that

variation in phase change CTE data can significantly change the magnitude of the

resulting residual stresses.

It would also be desirable to develop a manner of incorporating the effects of the

martensitic transformation on yield strength and the volumetric change as a means

of modelling phase change effects. This has been undertaken through the use of

Abaqus subroutines in steel butt-welds and concluded that volume change due to

the martensitic transformation is of utmost importance (229). The findings of this

study were therefore in line with the findings herein, that the neglecting of phase

changes can completely transform the nature of the resulting residual stresses from

compressive to tensile.

Phase diagrams should be obtained for specific heating and cooling rates, with the

latter being more of interest due to the martensitic transformation effects on residual

stress generation. The temperature history in the small region of the HAZ is likely

to possess a constant cooling rate and therefore it would not require as great an

experimental program to obtain information regarding phase transformations upon

cooling.

In attempting to achieve the best case of a 17-4 PH clad layer, it should be considered

that any processes applied to the clad material will also affect the substrate material.

Therefore the effects of cooling rate on the substrate should also be borne in mind

although likely not as crucial.

It has been assumed that material properties vary only with temperature and there-

fore the variation in material properties due to the microstructure are not considered.

This is acceptable in the case of Inconel 625 due to the similar behaviour upon heat-

ing and cooling and upon implementing various rates. However, it has been shown

that this is clearly not acceptable in the case of 4330 and 17-4 PH. Surface contours

of property data incorporating temperature and cooling rate could also capture the

dimension of time in terms of the duration of the martensitic transformation and

hence the extent of the transformation. Were various data sets to be available de-

pendent on the temperature history of the material, the simulation could utilise the

appropriate data throughout the analysis. The most crucial points to consider are

the maximum temperature of the material and the cooling rate between 800◦C and

500◦C as these dictate the resulting material microstructure (158). A thermal, metal-

lurgical and mechanical model would provide a method of creating sets of material

properties depending on the phase composition.
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In future it would be desirable to more fully characterise the stress-strain behaviour of

the materials investigated at various temperatures. Likewise varying microstructures

with varying phase compositions would also ideally be tested due to the difference

that arises in resulting properties and stresses depending on the temperature history

experienced by the material. Such a full characterisation would most likely however

prove impractical from a cost and time point of view.

Welding simulation can be of interest for many reasons and therefore the model

required is dependent on the desired outcome of the simulation. The overriding aim

in this research has been to demonstrate that useful compressive residual stresses

could be generated to a significant depth using weld cladding and a careful choice

of clad material. It would also be of interest for the application in question to have

a deep understanding of the resulting microstructure of the weld and HAZ, and

therefore an obvious area with scope for development is to include a microstructural

model.
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Chapter 8

Laser Cladding of Low Alloy

Carbon Steel

Laser cladding is investigated as an alternative to the weld cladding process. The

results indicated good fusion resulted when laser cladding a 4330 substrate with

both Inconel 625 and 17-4 PH and investigating two clad layer depths of 2 mm

and 6 mm. In comparing weld and laser cladding results, it was shown that a

smaller HAZ resulted in the laser cladding process due to lower heat input with

HAZ depth found to be independent of clad layer depth. HAZ hardness values

were found to be independent of clad material indicating that the cladding pro-

cess heat cycle is dominant in this case. Dilution levels were found to be lower

in the laser cladding process compared with dilution levels in the weld cladding

process. Process refinement and controlled cooling should be examined to ensure

the most favourable results. Functionally grading the transition is an attractive

option, easily obtained in the laser cladding process. Surface finish was found to

be smoother when weld cladding as opposed to laser cladding with Inconel 625.

However the opposite was the case when cladding with 17-4 PH. Significant

compressive residual stresses were measured by ICHD in both a 6 mm and a 2

mm thick clad layer of 17-4 PH and therefore increasing clad layer depth does

not appear necessary, unless in the case of a severe erosion-corrosion application.

Contour method measurements also indicated high compressive residual stresses

in the 17-4 PH clad layer. Good agreement was obtained between ICHD and

contour method measurements. Contour method measurements highlighted the

importance of accurate data processing, with the smallest knot spacing providing

more detailed stress contours. The presence of discontinuity stresses at the inter-

face, obtained previously in the finite element simulation, were confirmed in the

contour method results to be present in reality.
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8.1 Introduction

The ability to generate beneficial compressive residual stresses has been demon-

strated using the weld cladding process. Residual stresses can also been induced

through many other cladding or coating processes as discussed in chapter 3. To fur-

ther investigate the potential of other processes for application of a fatigue-resistant

cladding technology, laser cladding of similar block geometries was also undertaken

to present an alternative method.

Laser cladding is a process whereby coatings, typically 50 µm to 2 mm in thickness,

are applied to a substrate with the aid of a laser beam. De Oliveira (230) describes the

three processes by which laser cladding is achieved: applying powder in the form of

slurry, wire feeding the clad material to the melt pool or using powder injection. The

laser beam energy melts the powder and the clad material is fused with the substrate

material through a sintering process whereby the substrate and the clad materials are

melted as shown in figure 8.1. De Oliveira also comments that due to the melting

and solidification of the laser clad layer high tensile residual stresses may also form

which can affect performance.

Figure 8.1: Laser cladding process - Figure as presented in (231)

An improvement in the surface properties remains the general aim in the laser cladding

process, as was the case with the weld cladding process.

Joint metallurgy is a key aspect to be considered in the application of any cladding

or coating. The cladding parameters also heavily influence the resulting residual

stresses. Control over the heat input through controlling the energy of the laser

is beneficial in controlling the depth of penetration of heat, affecting characteristics

such as the depth of the HAZ. In this way it can be ensured that sufficient substrate
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material is melted to provide a good bond between substrate and clad materials

whilst balancing this with a satisfactory HAZ, the region of substrate material in

which material properties will be altered due to experiencing heating during the

deposition process. A poor bond, as with any cladding or coating process, can result

in a porous material and potential cracking and delamination.

Simulation models for laser cladding have been developed and compared with ex-

perimental testing by Plati et al. (172). In this study of steel laser clad with a metal

matrix composite, it was found that while the finite element model did not account

for creep effects, good correlation between simulation and experiment was obtained.

Substantial compressive residual stresses were found to remain post-cladding, which

were also dependent on substrate curvature.

In commencing the laser cladding program, focus was placed on the 17-4 PH clad

material due to the beneficial compressive residual stresses which arose in the clad

layer when weld cladding with this material. Following the deposition of a 6 mm clad

layer during the weld cladding process, two clad layer thicknesses were investigated

when using the laser cladding process: 2 mm and 6 mm. The main goal of this

study was to determine whether useful residual stresses could be obtained with a

different process and in particular with a thinner clad layer. The resulting material

microstructure in the clad and HAZ was also of interest.

8.2 Laser cladding process

Substrate geometry to be clad consisted of blocks of the same dimensions as were

weld clad, with length, breadth and thickness of the blocks being 12, 6 and 4 inches

(304.8 mm, 152.4 mm and 101.6 mm) respectively. The blocks to be clad were pre-

heated to 150◦C prior to laser cladding with both Inconel 625 and 17-4 PH as pre-

viously. Due to the nature of the laser cladding processes, these materials were in

powder form prior to deposition.

8.3 Resulting microstructure and material properties

In the previous chapter, the potential of utilising phase changes to tailor the residual

stress state was discussed. Phase changes have also been highlighted as a means

of ensuring the generation of compressive residual stresses, as in the case of laser

cladding nickel cobalt molybdenum powder on maraging steel due to the phase

change from austenite to martensite (232).

Zhang et al. (233) investigated the avoidance of cracking in laser cladding. Residual

stresses play an important role in cracking as do the properties of the clad and the
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bond with the substrate. Cracking was found to occur sub-surface in the clad layer

or at the interface with the substrate. The authors recommend careful selection of

materials, process parameters and pre- and post-treatments to minimize cracking.

In the investigation of ferrite-based alloy coatings by laser cladding, Yu et al. high-

light that hardness and wear resistance can be increased by increasing carbon content,

however plasticity and toughness of the coating is negatively affected and cracking

susceptibility increased (234).

The combination of materials can be favourably selected by decreasing the differ-

ence between CTE of the coating and substrate materials to decrease susceptibility to

cracking. The criteria to be followed is provided as (235):

−σa,UTS(1− ν)

E∆T
< ∆α <

σb,UTS(1− ν)

E∆T
(8.1)

In equation 8.1 σaUTS and σbUTS are the tensile strength values for the coating and the

substrate respectively, ∆α is the difference between CTE values, ∆T is the temperature

difference, E the Young’s modulus and ν the Poisson’s ratio.

Cobalt-based superalloys were used to investigate plasma spray, tungsten inert gas,

oxyacetylene flame and laser cladding, concluding that laser cladding provided the

lowest dilution, no porosity and the benefits of the martensitic transformation to

provide compressive residual stresses (236).

A nickel-based tungsten carbide coating deposited onto steel resulted in tensile resid-

ual stresses through flame spraying and compressive residual stresses through laser

cladding due to the volume change experienced through the chemical-physical reac-

tion, decreasing micro-cracking at the surface (237).

Ocelik, Furar and De Hosson concluded that the method of material deposition can

greatly influence the microstructure resulting, with cobalt-based coatings demon-

strating that the overlapping of laser tracks results in discontinuities in the mi-

crostructure, furthermore observed to be more severe when a higher laser beam

velocity is utilised (238).

Laser cladding is advantageous for the low levels of porosity resulting, the potential

to control dilution and the good adherence of the cladding with the substrate. A

nickel chrome boron silicium (NiCrBSi) diode-laser clad provided good sliding wear

resistance at high temperature (239). Wear resistance is generally higher when the

microhardness of the clad layer is higher. Wear resistance is also influenced by the

particle shape in the abrasive fluid. It was found that laser clad WC particles provided

increased wear resistance when crushed. In the same study by Huang et al. abrasive

wear resistance of tungsten carbide nickel (WCNi) clad layers was five to ten times

higher than that of the unclad steel substrate (240).
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Laser cladding was successfully used to increase erosion-corrosion wear resistance

of balance plates in underground mining slurry pumps using a nickel-based alloy

on a steel substrate. Flame spraying was previously used in the components stud-

ied, however laser cladding provided lower porosity and dilution and a finer grain

structure (241).

Supersonic laser deposition using a cold spray process improved bonding at lower

velocities due to the heat energy from the laser Stellite 6 on low carbon steel tubes.

This process, similar in nature to HVOF resulted in no cracks, low porosity, high

bond strength, no damage or distortion and improved wear resistance comparing

with laser cladding (242).

As part of the present study, to compare the weld and laser cladding processes similar

examination of the resulting microstructure was undertaken.

Figure 8.2 shows an example of the metallurgical samples prepared. This figure

illustrates a much smaller HAZ than in the case of an Inconel 625 6 mm weld clad

layer, upon measurement indicating the depth of the HAZ was 1 mm. A 17-4 PH 2

mm clad layer, as shown in figure 8.2, was found to result in a HAZ of approximately

1 mm. In contrast, in chapter 4 it was shown that the weld clad cases presented HAZ’s

of 5-6 mm, in the region of the clad layer thickness. Therefore the laser cladding

process allows the conclusion to be drawn that in this case the depth of the HAZ is

not related to the clad layer thickness, resulting in smaller HAZ’s due to the lower

heat input in the laser cladding process. This is also due to the 6 mm layer being built

up in smaller layers hence less heat input compared with for example a larger laser

depositing 6 mm in one go. This conclusion could be drawn for both the deposition

of Inconel 625 and 17-4 PH using the laser cladding process due to similar methods

of powder deposition in both cases. These smaller HAZ regions are beneficial in that

it is in this region that the material properties of the substrate will be altered due to

the cladding process. The ability to control the heat input is a significant parameter

in controlling the microstructure in the clad and HAZ, which can be a significant

advantage in ensuring desirable material properties and microstructure.

The fusion boundary was of interest to draw conclusions as to the adhesion between

substrate and clad materials. The fusion boundary was examined in all clad cases

with good fusion generally resulting as can be seen in figure 8.3. Alloy rich and

alloy lean areas were again observed post-cladding due to the application of pre-

heat and interpass temperatures slowing the cooling rate to encourage diffusion of

chromium and nickel in the HAZ. Therefore minimising the time at temperature

requires balancing with the need to prevent cracking. As previously highlighted,

and illustrated left in figure 8.4, this will result in variations in hardness values and

therefore ductility in the HAZ and ultimately fatigue performance of the cladding
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Figure 8.2: Macro section of laser clad specimen with clad layer depth of 6 mm (left)

and 2 mm (right) - Showing a 4330 substrate laser clad with Inconel 625 (left) and 17-4

PH (right), both producing a thin HAZ.

and the component on the whole. Examination of the level of dilution of iron in

the Inconel 625 clad samples highlighted that the laser cladding process resulted in

a lower iron dilution from the substrate into the clad, beneficial from a corrosion

perspective as was previously discussed with regards to a maximum dilution level of

5% iron at the surface recommended.

Figure 8.3: Micro section of Inconel 625 laser clad - Figure showing first clad pass,

fusion boundary, HAZ with alloy rich and alloy lean areas and substrate material.

Hardness values were obtained to investigate the effects of alloy segregation on ma-

terial properties using a Vickers diamond indenter with a 200 gram load. Alloy seg-

regation in the HAZ gives rise to variations in hardness values in alloy rich and alloy

lean areas as highlighted in the right-hand side of figure 8.4. Higher hardness levels

are observed in alloy rich areas and lower hardness levels in alloy lean areas. This is

in agreement with the findings in weld clad specimens. Areas of alloy segregation

were more pronounced in the weld clad specimens, shown left in figure 8.4. Less

pronounced alloy segregation in the laser clad specimens is thought to be due to the
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decreased heat input compared with the weld cladding process, again the thickness

of the substrate geometry slowing the cooling rate by acting like a heat sink.

Figure 8.4: Hardness variation in HAZ of weld (left) and laser (right) clad specimen -

4330 substrate laser clad with Inconel 625. Measured using a Vickers diamond indenter

with a 200 g load.

Hardness measurements obtained in the case of a 2 mm and 6 mm Inconel 625 laser

clad layer deposited onto 4330 HAZ are illustrated in figures 8.5 and 8.6 respectively.

The effects of the cladding process in increasing hardness levels in the HAZ can be

observed in both cases, with the depth of the HAZ uninfluenced by the thickness

of the clad layer. Slightly higher hardness values are observed in the HAZ when

depositing a 6 mm clad layer.

In both cases the HAZ can be seen to be around 1 mm, much smaller than the weld

clad specimens as previously mentioned. This may or may not be desirable depend-

ing on the resulting effects on material properties and microstructure. An abrupt

change in material properties can give rise to a large discontinuity stress, which

has been an area that has been heavily discussed herein as requiring elimination.

Minimising the diffusion of chromium from the Inconel 625 HAZ into the substrate

material would be required in both the weld cladding and laser cladding processes

to ensure the most favourable HAZ properties and prevent the formation of brittle

martensite. The consequential effects on residual stresses must of course also be

considered. Hardness levels are higher in the case of a 6 mm clad layer due to the

additional heat input required to deposit the larger amount of material.

Weld defects were observed in the Inconel 625 specimens. Regions containing im-

purities at the fusion boundary were observed, highlighted by the dark regions in

figure 8.7. These dark regions show the presence of oxides at the fusion boundary

due to these impurities. To eliminate this, the laser cladding process would require

refinement to ensure a clean substrate upon which deposition takes place and during

the deposition process, the shielding gas should be maintained to provide protection

from oxide formation. The occurrence of these impurities were found at the surface
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Figure 8.5: Hardness variation in 2 mm Inconel 625 clad layer and 4330 HAZ - Increase

in hardness observed upon entering HAZ.

Figure 8.6: Hardness variation in 6 mm Inconel 625 clad layer and 4330 HAZ - Increase

in hardness observed upon entering HAZ.
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of the 17-4 PH clad and therefore it was concluded that the process utilised to deposit

the 17-4 PH clad material provided a more beneficial clad.

Figure 8.7: Impurities in laser cladding - Impurities present at interface of Inconel 625

laser clad layer and 4330 HAZ. Magnification factor: x50.

Inspection of the clad passes revealed the presence of the same interstitial impurities

due to the cladding process as shown in figure 8.8. The spherical nature observed in

this figure indicate that formation of these defects occurred during the liquid phase.

Chemical analysis of these impurities using a tungsten filament scanning electron mi-

croscope (SEM) with energy dispersive spectroscopy capability confirmed that these

were indeed the presence of oxides in both the Inconel 625 and 17-4 PH clad speci-

mens.

Figure 8.8: Interstitial impurity between clad passes - 6 mm Inconel 625 clad layer

deposited using laser cladding process. Magnification factor: x50.

The HAZ is clearly observable in the 17-4 PH laser clad specimen shown in figure

8.9, with variations in microstructure arising in the substrate material local to the

clad layer and further from the clad layer. Regions of very slight alloy segregation
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are also present although not as extreme as in the weld clad specimens or the Inconel

625 laser clad specimens.

Figure 8.9: Micro section of 17-4 PH laser clad - Figure showing first clad pass, fusion

boundary, HAZ with alloy rich and alloy lean areas and substrate material. Magnifica-

tion factor: x50.

Grain growth is observed in the HAZ of a 17-4 PH laser clad specimen due to the ma-

terial experiencing a high temperature for a prolonged period of time in comparison

with the region of the substrate further from the clad layer (figure 8.10).

Figure 8.10: Microstructure of 17-4 PH laser clad 4330 HAZ - Differing grain structure

in HAZ and unaffected substrate material clearly observable. Magnification factor: x100.

The large increase in hardness values observed upon entering the HAZ from the

Inconel 625 clad layer is not observed in a 17-4 PH clad which will be beneficial in

eliminating discontinuity stresses as abrupt microstructural and property variations

in turn result in abrupt variations in stress. Figures 8.11 and 8.12 show that hardness

measurements obtained for both clad layer thicknesses generally remain in the same

region in the clad layer and HAZ. A sharp increase in hardness is observed in one
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measurement in the HAZ in figure 8.11, which is undesirable due to the increase in

brittleness of the material and associated reduced toughness.

Figure 8.11: Hardness variation in 2 mm 17-4 PH clad layer and 4330 HAZ - Increase in

hardness observed upon entering HAZ.

Hardness values for both clad materials have been observed to be similar to those

obtained for weld clad specimens in figures 4.48 and 4.49.

Controlled cooling was used during the weld cladding process, presenting the poten-

tial to tailor the resulting microstructure and level of martensite formed as discussed

in section 7.2. In the laser cladding process, controlled cooling was not implemented

and therefore this would be an area worthy of further investigation with a view

of lowering the hardness values and producing a more favourable microstructure.

Post-weld heat treatment could also be investigated, as it was shown in weld clad

specimens that this encouraged increased homogeneity in the HAZ.

8.3.1 Functionally graded cladding

The cladding technology would further benefit from a decrease in discontinuity

stresses, possible through alteration of the process to a functionally graded depo-

sition (243). The ability to modify as required the thickness of the clad layer and the

individual layers creating the clad can also allow optimisation of material properties.

In this way, ratios of substrate and clad materials could be utilised such that a gradual

transition occurs from the substrate material to the clad material. Sub-surface discon-

tinuity stresses would be reduced without removing the benefits of the compressive
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Figure 8.12: Hardness variation in 6 mm 17-4 PH clad layer and 4330 HAZ - Increase in

hardness observed upon entering HAZ.

residual stresses arising in the clad layer hence possibly improving fatigue perfor-

mance. Functionally graded, or multi-layer coatings, have also shown advantages in

providing erosion and corrosion resistance such as the reduction of the total wear

rate by half when a chromium-nickel/chromium multi-layer coating created by sput-

tering over stainless steel was implemented compared with bare stainless steel (244).

A titanium nitride/titanium coating of total thickness 25 µm was deposited using

physical vapour deposition using various layer thicknesses and ratios of materials to

improve dry erosion performance in steel turbine components (245).

8.4 Comparing weld and laser clad surfaces

Surface roughness influences fatigue life in terms of potential crack initiation sites

and stress-raising regions. Furthermore, corrosion and erosion performance can also

be influenced by surface roughness, a rougher surface increasing susceptibility to

erosion and corrosion. Weld and laser clad surfaces were examined to enable a com-

parison between the as-clad surfaces to be conducted. Such information also allows

post-cladding processes to be determined, for example machining of the clad profile

if necessary.

Weld and laser clad specimen information is detailed in table 8.1. This table high-

lights that laser cladding was undertaken utilising similar temperatures to the weld

295



cladding process. As these temperatures are similar it allows the influence of solely

the cladding process to be deduced.

Clad

Cladding Depth Controlled

ID Process Material (mm) TPH (◦C) TInt (◦C) Cooling

LC 625 2 Laser Inconel 625 2 150 300 No

LC 625 6 Laser Inconel 625 6 150 300 No

LC 174 2 Laser 17-4 PH 2 150 300 No

LC 174 6 Laser 17-4 PH 6 150 300 No

WC 625 3 Weld Inconel 625 6 300 400 Yes

WC 174 4 Weld 17-4 PH 6 300 400 Yes

WC 625 5 Weld Inconel 625 6 150 250 Yes

WC 625 7 Weld Inconel 625 6 150 250 Yes+PWSR

WC 174 8 Weld 17-4 PH 6 150 250 Yes+PWSR

Table 8.1: Weld and laser clad specimen information

Measurements of the arithmetic average Ra and the maximum profile height Ry were

carried out using the Mitutoyo Surftest SV-2000, shown in figure 2.14. Measurements

were obtained parallel and perpendicular to the weld direction on the clad surface.

The values plotted for all cases in figures 8.13-8.15 are the average values resulting

from three measurements.

Weld cladding with Inconel 625 produces overall a less rough surface, with Ra values

less than those for laser cladding as shown in measurements parallel (figure 8.13) and

perpendicular (figure 8.14) to the weld direction. In contrast, laser cladding with 17-

4 PH produces a smoother surface, particularly parallel to the weld direction. Laser

cladding with Inconel 625 produces higher Ra and Ry values compared with laser

cladding with 17-4 PH, both parallel and perpendicular to the weld direction.

Surface profile measurements were also obtained for all samples in terms of Ra and

Ry. Figure 8.15 illustrates that for the materials and process parameters used the ma-

jority of measurements obtained for the surface profile of laser clad samples possess

similar surface profile values. This is advantageous in that uniformity of the surface

profile ensures that regions of stress concentration are not present, critical for com-

ponent operation. Measurements obtained for Inconel 625 clad layers show that laser

clad samples have higher Ra and Ry values than weld clad specimens. Comparing

samples weld and laser clad with 17-4 PH shows that laser cladding provides smaller

Ra and Ry values, with the most extreme case signalling an Ry value in a 17-4 PH

weld clad sample almost twice the laser clad values. The clad profile resulting from
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Figure 8.13: Surface roughness parallel to weld direction - Comparison of surface

roughness measurements of weld and laser cladding of Inconel 625 and 17-4 PH.

Figure 8.14: Surface roughness perpendicular to weld direction - Comparison of surface

roughness measurements of weld and laser cladding of Inconel 625 and 17-4 PH.
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the laser cladding process was found to be more uniform when cladding with 17-4

PH compared with Inconel 625.

Figure 8.15: Surface profile of clad specimens - Comparison of surface profile measure-

ments of weld and laser cladding of Inconel 625 and 17-4 PH.

Clearly the above investigation applies to the as-clad state. It is unlikely that the com-

ponent would be left in the as-clad state prior to application for fatigue demanding

applications or flow applications. Smoothing of the clad profile is likely to occur. The

data obtained through these measurements then also provides an indication of the

level of material removal required to obtain a smooth surface. From this point of view

then it would also be preferable to obtain the smoothest surface for minimal mate-

rial removal. However material removal levels for all cases are in the micron range

and therefore this should not present insurmountable problems in many cases. Final

puddling runs of reheating the clad material can be implemented with the aim of cre-

ating a smooth final layer. From a machining point of view however, a more uniform

surface profile, as obtained through laser cladding with 17-4 PH, allows material re-

moval across the component to be assumed to be more uniform in comparison with

a greatly varying surface profile.
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8.5 Residual stress measurement

Experimental residual stress measurements presented in chapter 6 concluded that in

weld cladding with Inconel 625 tensile residual stresses were obtained in the clad

layer, while weld cladding with 17-4 PH compressive residual stresses were obtained

in the clad layer. For the purpose of the fatigue-resistant cladding technology, the

17-4 PH clad material was therefore favoured and in this section focus will be placed

on investigating the residual stress distribution arising when laser cladding with 17-4

PH.

Residual stress measurements were obtained using the contour method on the block

laser clad with a 6 mm layer of 17-4 PH. This was then compared with residual stress

measurements obtained on the block using ICHD, as described in section 6.2.1.1.

8.5.1 Contour method

The contour method was briefly introduced in section 6.2.1. This destructive method

of residual stress measurement was first introduced by Prime in 2001 (191), based on

Bueckner’s elastic principle of superposition. This principle considers a cracked body

subject to external loading or prescribed displacements and relates forces applied to

the cracked surface to close the crack as equivalent to the stress distribution present

in the body in an uncracked state, if of the same geometry and experiencing the same

external loading.

Figure 8.16 illustrates the contour method procedure. A component unsectioned

contains residual stresses σx as shown. This component is sectioned normal to the

stress component of interest to result in two equal halves and a stress-free cut surface.

The component is sectioned in such a way that the cracked body results in a manner

as close to brittle fracture as possible i.e. the sectioning procedure does not introduce

further residual stresses due to, for example, cold work or heating.

This method is advantageous in that it allows measurement of a two dimensional

stress map of a component over the entire cut section (194). The component can be of

simple or complex geometry. The contour method measures type I, or macro stresses,

as described in section 1.2.

Sectioning the component In terms of the cut conducted, minimal and consistent

material removal is desirable in addition to a flat surface and the avoidance of further

residual stress. This is most commonly achieved using an EDM process, described

in section 4.4.1. Submergence of the component in water prior to cutting ensures the

minimisation of thermal effects due to the process. The residual stress state of the
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Figure 8.16: Contour method procedure - Figure as presented in (246).

component can influence the cutting procedure, in that the presence of compressive

residual stresses can encourage the closing of the cut surfaces after cutting.

Constraining the component Stress relaxation due to the machining process means

that the assumption of consistent material removal in sectioning the component is

likely to be inaccurate. To minimise the movement of the specimen due to the EDM

process, it is crucial that the component is appropriately constrained and the cut

is conducted such that the wire does not experience jamming. Clamping of the

specimen is clearly dependent on the specimen geometry. However, clamping re-

quirements differ from ordinary machining requirements in that both sides of the

component should be clamped to ensure that both halves are adequately supported

and symmetry remains throughout the process to minimise errors due to the cutting

process. This has been highlighted by Bouchard et al. in (247) in a study of various

clamping procedures both experimentally and using finite elements simulations. If

the clamping procedure does not allow the maintenance of symmetry, variations in

shape of measured contours can arise and this will then be carried into the process

of averaging and ultimately affecting the resulting measured residual stress distribu-

tion.

Measuring distortion Following the EDM cut, distortion of the cut surfaces is mea-

sured, commonly using a coordinate measurement machine (CMM). Laser scanning

can also be utilised (248). The accuracy of this measurement is crucial as the data

obtained in this step is the raw data that ultimately provides the calculated stress
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distribution. It is also dependent upon the complexity of the residual stress distri-

bution to be measured. The number of points, or knots, available for a spline fit

influences the accuracy of the resulting stresses. Increasing knot density enables bet-

ter data fitting. A surface is fitted to the raw data obtained most often and most

successfully using polynomials, in particular polynomial splines.

This later allows the production of the stress map. Measurement can be undertaken

either continuously or in a pecking manner. If continuous, the probe moves along the

surface without retraction from the surface. If pecking the probe is raised following

each point, producing higher accuracy.

Although the procedure of cutting and measurement of surfaces is simple, the later

processing of the data can be complex, with results sensitive to the method applied

in this stage.

Data processing Reduction of errors is carried out by investigation of the data and

removal of data considered noise, that is data capable of impairing the interpretation

of real data. This can be for example data points that clearly lie out with the range of

the majority of the data obtained or data points that may be affected by inaccuracies

in the experimental procedure. This is commonly undertaken manually or in more

complex cases through the use of a script to allow quicker data cleaning. It must be

ensured that removal of data points does not remove levels of data to the extent that

the data set is no longer representative.

Further data enhancement is carried out by processing both cut surfaces and averaging

the results so that mirror images of residual stresses are produced. Data obtained on

each surface is aligned through defining one surface as the reference surface and

aligning the other through mirroring onto the reference surface. This results in both

data sets possessing the same global coordinate system and allows the averaging

process to commence.

As contour measurements provide information solely regarding the deformation in

a direction normal to the cut surface, only these normal stresses can be obtained.

The normal stress may or may not be a principal stress, depending on whether the

cut plane is a principal plane. Without the in-plane stresses it will not be possible to

obtain the principal stresses. To reduce error in measurement, the contours measured

are averaged for both surfaces in the case of the presence of shear stresses to allow

only the determination of the normal stress (191).

Data must be examined and smoothing and noise removal carried out prior to aver-

aging. This also applies for surface roughness effects.
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To cater for the fact that data obtained through the measurement stage is unlikely

to correspond with the nodal locations of the finite element model later utilised, a

surface is fitted to the measured data post-averaging. This then provides nodal dis-

placement values in the finite element model which are utilised as the boundary

conditions in the finite element model i.e. to push the surface back to flat. Using con-

tact surfaces is an alternative way of doing this that avoid large numbers of individual

nodal displacements.

The application of polynomials to discrete regions of smoothed data sets ensures that

areas of varying stress levels are accounted for providing an accurate representation

of the data. This polynomial spline fitting technique combines the fits to each area to

provide a complete curve fit.

Obtaining the stress distribution Residual stresses are released in sectioning the

component and these stresses normal to the cutting plane can be obtained through

considering the reverse of the cutting process and resulting deformation due to the

sectioning process. Deformation contours are measured on both cut surfaces. If the

face distorts in-plane and this is not captured and included in this process, this will

also result in an unknown error in estimating the normal residual stress.

The cut surface can be forced back into its original planar form to obtain the original

residual stress distribution. If the assumption is made that the material behaves

elastically throughout the stress relief process then with reference to the stresses in

figure 8.16, stresses in the initial step A are equal to the sum of those in steps B and

C post-sectioning. As the free surface normal and shear stresses must equal zero (B),

the stresses σx on the cut plane are equal in cases A and C.

A finite element model of the cut surface is created in the stress-free state and the

measured contour of the relaxed surface applied to the cut plane using as model

boundary conditions the reverse of the coordinates measured to allow the surface to

adopt the original flat surface or contact used to push the surface flat (249). In this

process, the deformation at each node in the finite element model is evaluated. This

finite element model then provides the stresses resulting from the displacement of

the cut surface from the flat to the deformed states and these resulting stresses are

those residual normal stresses present in the component prior to the performance of

the cut.

Validation of the contour method has been often undertaken comparing with other

methods of residual stress measurements, such as neutron diffraction and XRD (250).
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8.5.1.1 Cladding considerations

The contour method assumes that the cut performed possesses a constant width

throughout. Due to the variation in stresses, particularly in the vicinity of the join,

it is unlikely that this will be the case. The bulge error arises due to the material

deformation occurring due to stress relaxation at the location of the cut. Therefore

it is likely that such errors will impact results, affecting the results of the obtained

stress distribution.

In undertaking the scanning of the surfaces, the component edges must be deter-

mined. This can be difficult but especially so in the case of the laser clad components,

as the clad surface in particular will present a surface that is not uniform. Manually

determining surface edges must be carried out as accurately as possible to ensure the

most accurate outline of the specimen.

Additional assumptions to allow this method to be applied are that the cutting pro-

cess does not influence the deformation contours obtained and induce stresses large

enough to require accounting for in the stress calculation procedure and also that the

cut plane is assumed to be originally flat (251).

8.5.1.2 Results

Residual stresses were obtained using the contour method on the specimen laser clad

with a 6 mm clad layer of 17-4 PH. A representation of the specimen and the cut plane

is shown in figure 8.17.

Measurements were obtained at varying knot spacings. This allowed the effects of

knot spacing to be deduced and allowed surety in the general residual stress dis-

tribution obtained. Surface measurements must be carefully considered as it is in

this region that discrepancies in measurement can affect the residual stress distribu-

tion obtained. Should these points be of concern, they should be omitted from the

data set. While surface stresses are obviously of interest, it should be noted that it

is known that actual variations in residual stresses will inevitably result at the sur-

face due to local geometry and heat transfer variables, commonly to referred to as

edge effects. ICHD showed this to be the case. The contour method however will

provide an insight into the residual stresses throughout the clad layer and across the

clad-substrate interface.

The contour plots illustrating resulting residual stress distributions are shown in

figures 8.18-8.20. It can be seen that the range in the longitudinal stress component

decreases with increasing knot spacing. Increased detail in contours are likewise

obtained with the smallest knot spacing of 1.5 mm (figure 8.18).
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Figure 8.17: Laser clad block - Illustrating surface cut plane.

Figure 8.18: Stress contour plot using knot spacing of 1.5 mm - 4330 substrate laser

clad with 17-4 PH. Results courtesy of the Open University.
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Figure 8.19: Stress contour plot using knot spacing of 3 mm - 4330 substrate laser clad

with 17-4 PH. Results courtesy of the Open University.

In the case of a 5 mm knot spacing, the contours are seen to be much larger, unable

to capture the detail evident in the previous cases.

The stress contour distributions in all three cases confirm the expected presence of

compressive residual stresses in the 17-4 PH clad layer for a laser clad block. It also

appears that the expectation of discontinuity stresses observed in the finite element

model are in fact present in reality, shown by the presence of high tensile residual

stresses in the vicinity of the join.

The presence of unexpected contours to the right of the specimen in the substrate

material could be due to a cutting defect for example. This aligns with the wire

direction and is visible in figures 8.18-8.20.

Figure 8.21 compares the longitudinal stress component with depth from the clad

surface for the 1.5 mm spline, 0 mm being the clad surface. The highest compressive

residual stresses are obtained at the clad surface, with the crossover into the tensile

stress region in the vicinity of the interface. Stresses are then shown to fluctuate, re-

maining in the compressive region further into the substrate. Although not shown for

clarity, the 3 mm and 5 mm spline results confirm the previous contour observations.
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Figure 8.20: Stress contour plot using knot spacing of 5 mm - 4330 substrate laser clad

with 17-4 PH. Results courtesy of the Open University.

Figure 8.21: Comparison of longitudinal stress in laser clad block - 4330 substrate laser

clad with 17-4 PH. Results courtesy of the Open University.
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8.5.2 Comparing incremental centre hole-drilling and contour method mea-
surements

Longitudinal stresses obtained through the ICHD method to a depth of 1 mm are

presented in figure 8.22 alongside stresses obtained using the contour method. Both

methods indicate the presence of high compressive residual stresses at the clad sur-

face at the left-hand side of the figure. Higher levels of compressive residual stress

are present in the ICHD measurement, the increase in stress towards the surface is

thought to be, as previously discussed, due to machining effects. The number of

measurements close to the surface in the case of the ICHD measurements is greater

than those of the contour method. The contour method results have not captured

the stress variation close to the surface, emphasising the need for complimentary

measurement methods to enable the most accurate indication of the residual stress

distribution throughout the component.

Figure 8.22: Comparing ICHD and contour method stresses to 1 mm depth - 4330

substrate laser clad with 17-4 PH. Results courtesy of the Open University.

Compressive residual stresses are shown in figure 8.23 to remain to a depth of around

5 mm into the clad layer where the transition to tensile residual stresses occurs as the

interface is approached. The trend of increasing levels of compressive residual stress

towards the center of the clad layer is captured by both the ICHD and contour method

measurements.
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Figure 8.23: Comparing ICHD and contour method stresses throughout entire clad

layer - 4330 substrate laser clad with 17-4 PH. Results courtesy of the Open University.

8.6 Summary

Laser cladding using Inconel 625 and 17-4 PH resulted in good fusion between clad

and substrate materials. Impurities present due to the lower heat input during the

laser cladding process differences in the depth of HAZ’s were observed in these spec-

imens. The resulting microstructures and material properties due to these smaller

HAZ’s should be examined carefully to ensure that damaging levels of discontinuity

stresses do not arise. However, a smaller HAZ could be beneficial to minimise the

alteration of the substrate material through the cladding process. The depth of the

HAZ’s were found to be independent of the clad layer material and thickness, with

2 mm and 6 mm clad layer thicknesses investigated. This is thought to be due to the

deposition of the clad layer in layers using the same heat input rather than deposition

of the entire layer using a higher heat input for a thicker clad layer. Hardness values

in the 4330 HAZ when cladding with Inconel 625 and 17-4 PH were found to be sim-

ilar and this is also related to the heat cycle experienced by the substrate during the

cladding process. Dilution levels were found to be lower in the laser cladding pro-

cess compared with the weld cladding process. Material properties and microstruc-

ture are heavily dependent on the cladding parameters. Modification of the cladding

parameters and the introduction of controlled cooling should be examined to refine

the cladding process with further potential of the laser cladding process allowing a

functionally graded transition, the goal being to achieve this without significantly
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reducing any beneficial compressive residual stresses.

It appears that when cladding with Inconel 625 weld cladding provides a better sur-

face finish. When cladding with 17-4 PH laser cladding provides a better surface

finish. Therefore the surface roughness is dependent on both cladding process and

material. Laser cladding with 17-4 PH resulted in the most uniform surface profile.

This would be beneficial due to decreasing regions of stress concentrations, partic-

ularly crucial in component operation. Material removal levels to achieve a smooth

finish are however in all cases in the micron range. It should also be noted that a

smoother finish can always be achieved by a further puddling process, where the clad

material is simply remelted.

Residual stresses were experimentally obtained for a 4330 substrate laser clad with

a 6 mm clad layer of 17-4 PH. Contour method residual stress measurements were

obtained through collaboration with the Open University. Both the ICHD and contour

method measurements indicated the presence of high compressive residual stresses

in the 17-4 PH clad layer. Good agreement was obtained between the measurements

obtained using these methods.

ICHD measurements indicated that increasing the clad layer depth did not favourably

increase compressive residual stresses. Significant compressive residual stresses were

present in both a 2 mm and 6 mm 17-4 PH clad layer, though measurements were

limited to 1 mm using the ICHD method. Therefore both from a stress state and an

economical perspective there appears to be no advantage in depositing a deeper clad

layer. However from an erosion and corrosion resistance perspective the deposition

of additional material is favourable.

Varying knot spacings resulted in varying levels of accuracy in the residual stress

distribution obtained using the contour method. This proves that the data processing

step can heavily influence results and highlights the need for careful consideration

of this step when using the contour method. The contour method also illustrated the

presence of discontinuity stresses at the interface, with the presence of high tensile

residual stresses at this location. This is in line with the residual stress distribution

obtained in the finite element simulation and confirms the presence of discontinuity

stresses in reality.
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Chapter 9

Improving Fatigue Performance of

Weld Clad Low Alloy Carbon Steel

through Autofrettage

Autofrettage is investigated in an attempt to favourably modify the tensile resid-

ual stress arising through weld cladding in the Inconel 625 case. Finite element

simulation models of autofrettage of weld cladding utilise a 4330 cylinder clad

with Inconel 625 to provide the as-clad residual stress distribution. Autofrettage

is applied to this weld clad component using two values chosen to ensure dif-

ferent degrees of yielding. The results indicate the potentially beneficial effects

of autofrettage on the significant tensile residual stresses previously present in

the Inconel 625 clad layer with high tensile residual stresses transformed into

high compressive residual stresses. With the application of a high autofrettage

pressure of 800 MPa compressive residual stresses exist to a depth of 18 mm, or

3 clad layer thicknesses, and discontinuity stresses are almost eliminated. There-

fore autofrettage presents a method of improving the fatigue performance of 4330

weld clad with Inconel 625.
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9.1 Introduction

The experimental cladding program and the simulation of the cladding process de-

tailed in this thesis has provided a fatigue-resistant cladding technology. The ap-

plication of such a technology requires in-depth understanding of the materials and

processes utilised as has been discussed throughout. The focus on the generation of

compressive residual stresses means that Inconel 625 is not as desirable as a clad ma-

terial in the implementation of this technology. Therefore, consideration was given as

to the possibilities of modifying the residual stress distribution arising when cladding

with this material.

A 4330 low alloy carbon steel substrate material clad with Inconel 625 nickel-chromium-

based superalloy has been shown to produce tensile residual stresses in the clad layer.

This has been confirmed through both finite element models in chapter 5 and through

experimental residual stress measurements in chapter 6. Therefore, although com-

monly used in industry, from a fatigue perspective this arising tensile residual stress

state is undesirable. It has been highlighted that tensile residual stresses are com-

monly induced through many welding and machining processes. It is also common

that maximum operational stresses occur at the surfaces of components.

Figure 9.1 shows the clad cylinder dimensions in millimetres and the associated ax-

isymmetric finite element model. As discussed in chapter 5 it was this model upon

simulating the weld cladding process using an Inconel 625 clad material and 4330

substrate that resulted in high biaxial tensile residual stresses in the clad layer and

into the substrate. As has been highlighted throughout, the dissimilarity in materials

results in a discontinuity stress at the interface. This stress can be significantly higher

than the stress in the clad material which was shown to be the case in figures 5.5

and 5.6. Cracking may subsequently occur at this location depending on the combi-

nation of residual and operational stresses and the fatigue strength of the materials

involved.

Figure 9.1: Internally clad cylinder axisymmetric finite element model - Dimensions in

millimetres.
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9.2 Modifying the residual stress distribution

In terms of the NACE International regulations (110), the use of Inconel 625 as a

weld clad material presents no issues in compliance with the regulations as dis-

cussed in section 4.4.8. The beneficial properties of erosion and corrosion resistance

provided by Inconel 625 are recognised and therefore post-cladding processes are

investigated with a view to improving the residual stress state and ultimately the

fatigue-resistance in the case of 4330 steel clad with Inconel 625.

Figure 9.2: Elements of the fatigue resistant cladding concept - Diagram highlighting

three characteristics of the obtained residual stress distribution for an Inconel 625 clad.

There are three characteristics of the typical as-clad residual stress distribution shown

in figure 9.2 that could be modified in a manner that would improve the fatigue

performance of the component:

A: Transformation of the tensile residual stress to a compressive residual

stress, with as high a magnitude as possible, throughout the thickness

of the clad. This would reduce the likelihood of surface cracks initiat-

ing and propagating, with this protection offered in an erosive/corrosive

environment until the clad thickness has been removed.

B: Elimination, or at least a decrease in the level, of tensile discontinuity

stress at the interface, leading to the reduction of the likelihood of cracks

initiating and propagating at the interface between the clad and substrate.

C: Assuming that A is achieved, it would be desirable for the cross-over

point between compressive and tensile residual stresses to be at as great a
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depth as possible. While not as significant as A and B this would be desir-

able due to the reduction in crack initiation and propagation potential to

a greater depth below the surface and interface. This would also provide

protection to a greater depth in an erosive-corrosive environment.

To achieve these three goals, there are various operations that could be implemented

depending on the whether this modification should take place in the design, process

or post-cladding phase.

Weld and laser cladding investigations have confirmed that goal A can be achieved

through careful selection of substrate and clad materials, with significant compressive

residual stresses obtained using a 17-4 PH clad on 4330. Again this was confirmed

through both simulation and experimental means in chapters 5 and 6 respectively.

Altering process parameters allows further adjustment of the residual stress state in

a clad component.

Goal B would be possible by grading the transition at the interface between the dis-

similar materials. The number and thickness of transition layers is a variable that will

be both application and process dependent. It is unknown at this point in time as to

the effect such grading would have on goal A.

Investigation of the effects of heat-treatment on the simulation model have demon-

strated the potential to adjust the magnitude and depth of residual stresses through

control of the rate of heat transfer in radial and axial directions in a thick-walled cylin-

der. The effect of this operation post-cladding is unknown, however. The possibility

of generating compressive residual stresses at the surface of the clad component sug-

gests that this would be worthy of further investigation, examining the effects such

an operation would have on both the residual stress state and the metallurgy of the

joint.

There are various post-cladding operations that could be utilised to impact goals

A, B and C to varying degrees. Shot peening, for example, is known to induce

compressive residual stresses in a thin surface layer, which would therefore achieve

goal A to some extent, however goals B and C would be not be achieved through

such relatively shallow surface treatments. Due to the effects of shot peening only

leading to increased fatigue performance in a thin surface layer, it is unlikely that

these effects will be adequate in an aggressive erosive/corrosive environment. One

method with potential to introduce significant change is mechanical autofrettage (4).
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9.3 Autofrettage of a pressurised plain cylinder

The process of autofrettage induces a compressive residual stress through the appli-

cation of a pressure in this case to increase the fatigue life of a component. Subjecting

a compound cylinder to autofrettage results in that cylinder possessing a higher fa-

tigue resistance compared with a homogeneous cylinder of the same dimensions

(22). A clad cylinder is in essence similar to a compound cylinder due to the compo-

nent consisting of an internally clad cylinder with an external cylinder, namely the

substrate, and an internal cylinder, namely the clad layer. During weld cladding a

shrinkfit process effectively takes place between the substrate and the clad layer. The

difference is of course that in the clad case there is a welded joint between the two

cylinders as opposed to a shrink fit. Therefore autofrettage of the clad cylinder is

regarded as a beneficial area of study.

The following theory is presented for a plain cylinder to provide insight into the

autofrettage process.

To determine the correct autofrettage pressure for a certain component, it must be

considered at what pressure the wall of the cylinder will be in a state of plastic flow.

A cylinder subjected to internal pressure will initially begin to experience yielding at

a pressure pY.P. given by:

pY.P. = τY.P.

[
b2 − a2

b2

]
(9.1)

τY.P. is the shear stress at the yield point, a the inner radius and b the outer radius.

The maximum pressure that the component can withstand, known as the bursting

pressure pburst, is related in the following manner to the ultimate tensile strength σult.

and the ratio of outer to inner radii K(252):

pburst = σult.logeK (9.2)

Due to the self-equilibrating nature of residual stresses, cladding residual stresses can

be assumed to have no effect on the theoretical burst pressure, likewise is the case

with stresses arising through a shrinkfit effect or autofrettage process. Throughout

this investigation an elastic-perfectly plastic material has been assumed.

The pressure required for the entire wall of a plain cylinder to be brought into a state

of plastic flow is equal to the negative of the radial stress σra at the inner surface (252):

pu = −σra = −2τY.P.loge
a
b

(9.3)
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The following two autofrettage pressures were chosen to ensure suitable depths of

yielding in the clad cylinder.

The geometric mean radius is given as the greatest depth to which yielding is safely

permissible and therefore the maximum autofrettage pressure can be calculated based

on the following equation given by Hearn (25):

Rp =
√

R1R2 (9.4)

The theory presented does not account for the bimetallic nature of the weld clad

cylinder. In the clad cylinder, the high-strength substrate will slow the progress of

yield through the lower strength clad as there is a greater constraint on the radial

expansion of the cylinder. Due to this bimetallic nature of the cylinder, manual

adjustment of the input pressures was required to obtain pressures adequate to yield

to the desired depth for a stress-free compound cylinder. In the case of a weld-clad

model with an induced stress state this requires further adjustment.

For the case of a 17-4 PH clad with a much larger yield stress, the pressure required

for autofrettage would be much larger to allow the resulting compressive residual

stress field from the cladding operation of around -400 MPa to be taken up to the

yield value of 17-4 PH (994MPa). This is vastly different to beginning with a stress-

free state.

The Inconel 625 clad has a tensile residual stress of around 400 MPa post-cladding

and therefore would not require as high an autofrettage pressure, indicating that

autofrettage of this case should be more easily attainable.

9.4 Simulation of the autofrettage process

Initially, an autofrettage pressure is applied to a stress-free cylinder to verify the cor-

rect implementation of the autofrettage process. As a benchmark, an unclad 4330

cylinder was analysed and compared to the theoretical solution given in 9.3, provid-

ing satisfactory correlation.

An Inconel 625 weld clad model is subjected to a pressure on the inside surface, using

the as-clad residual stress state shown in figure 5.5.

The cladding simulation is performed as before with the clad material deposited

at melt temperature onto the pre-heated cylinder. The whole model is then cooled

to room temperature prior to an autofrettage pressure being applied in a ramped

manner at the desired value. Model geometry and properties are shown in figure 9.3.
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Figure 9.3: Model geometry and properties - Experimentally obtained temperature de-

pendent material properties utilised throughout simulation.

Chosen low and high autofrettage pressures of 400 MPa and 800 MPa respectively are

applied as two separate loading scenarios. The pressure is then removed by ramping

the pressure back to zero and residual stresses investigated. The Von Mises yield

criterion is used in the simulation.

To ensure that constraints on the finite element model cater accordingly, displacement

in the axial direction has been fixed. The same plane strain axial boundary conditions

were used as with the cladding simulation studies discussed in chapter 5.

9.5 Results

Examining the hoop stress distribution shown in figure 9.4, it is observed that the ini-

tial damaging tensile residual stress throughout the clad layer has been transformed

to beneficial high compressive levels at both autofrettage pressures.

Applying a low autofrettage pressure of 400 MPa produces high compressive residual

stresses in the clad layer and lowers tensile residual stresses in the substrate, with

discontinuity stresses at the clad-substrate boundary also reduced.

Applying a high autofrettage pressure of 800 MPa produces high compressive resid-

ual stresses in the clad layer and into the substrate alongside a compressive discon-

tinuity stress at the interface as shown in figure 9.4. This compressive discontinuity

stress may be desirable depending on the metallurgy of the joint and the resulting

mechanical properties achieved for the dissimilar materials at the joint. Although a

compressive discontinuity stress may be favourable in preventing crack initiation at

this location, the issue of dissimilar materials and therefore dissimilarity in material

properties remains.

In observing the effect of autofrettage pressure on hoop stresses, it is seen that an

increase in pressure, between low and high pressure values, does not cause a no-
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table difference in compressive residual stresses in the clad layer, limited due to the

yield stress for the clad material. However the notable difference arises in the effect

of autofrettage pressure on the discontinuity stresses at the interface and nature of

residual hoop stress in the substrate. A lower autofrettage pressure results in a large

discontinuity stress and even the higher autofrettage pressure applied is not large

enough to yield the low alloy carbon steel substrate. If the substrate were to yield, it

would be of interest to note whether or not the small discontinuity stress arising in

the hoop residual stress would also be eliminated due to the effect of plasticity.

Compressive residual hoop stresses exist to a depth of around 18 mm, or three clad

layer thicknesses, for the case of high autofrettage pressure. The same level of com-

pressive residual hoop stresses result in the clad layer for both autofrettage pressures

as shown in figure 9.4 due to the use of the same yield in tension and compres-

sion. Hoop stresses possess their maximum compressive value at the inner surface,

reflected in the post-autofrettage curve for a low autofrettage pressure in figure 9.4.

Figure 9.4: Effects of autofrettage on hoop stress - 4330 cylinder pre-heated to 150◦C,

weld clad with Inconel 625 and subjected to autofrettage post-cladding.

For a pressurized plain cylinder, yielding to any radius Rp can be obtained by ap-

plying the appropriate autofrettage pressure Pa, calculated through the equation pro-

vided by the High Pressure Technology Association code of practice (25):

Pa =
σy

2

[
K2 −m2

K2

]
+ σylogem (9.5)
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K = R2/R1 and m = Rp/R1.

Analytical studies have been undertaken to determine the optimum radius for the

elastic-plastic junction arising through the application of the autofrettage process

(253), (254). Optimum autofrettage pressures are discussed (253), taking into account

the operational pressure and relationship of component dimensions. Therefore, for

a particular component, it would be of interest to analyse equivalent stress values

with specific operational conditions, component dimensions and material properties

in mind. Utilising the optimum autofrettage pressure ensures that the von Mises

stress in the component is minimized with the location of the maximum stress also

altered depending on autofrettage pressure applied (255).

Axial stresses as shown in figure 9.5 also illustrate a transformation of the tensile

residual stresses in the clad layer into compressive residual stresses post-autofrettage

for both pressure values.

Figure 9.5: Effects of autofrettage on axial stress - 4330 cylinder pre-heated to 150◦C,

weld clad with Inconel 625 and subjected to autofrettage post-cladding.

Radial stresses as previously are lower, however also experience transformation through

the autofrettage process, most notably in the case of the high autofrettage pressure,

shown in figure 9.6. It should also be noted that radial stress components are in all

cases not self-equilibrating.

As mentioned previously, yielding to the geometric mean radius was also considered

as this is generally the maximum allowable autofrettage radius presented in the stan-
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Figure 9.6: Effects of autofrettage on radial stress - 4330 cylinder pre-heated to 150◦C,

weld clad with Inconel 625 and subjected to autofrettage post-cladding.

dards (25). However, it is recognised that from a practical and economic point of view,

the high autofrettage pressure of 800 MPa utilised in this simulation is demanding.

9.6 Discussion

A literature search has shown no (or little) previous published work on the simulation

of the autofrettage of weld clad pressure components using finite element analysis.

The present study has shown that autofrettage has the potential to significantly im-

prove the residual stress state in 4330 low alloy carbon steel components weld clad

with Inconel 625. This could lead to further fatigue life improvements in an erosive-

corrosive environment. The as-clad residual stress state is idealised and therefore

in reality the stress distribution is likely to illustrate effects of alloying, for example

through a broader discontinuity in stress with reduced peaks and no abrupt tran-

sitions. None-the-less the basic tensile residual stress state in the clad is likely to

remain throughout the clad layer as demonstrated through ICHD measurements to a

depth of 1 mm in chapter 6 in which case autofrettage will result in an improvement

in fatigue performance.

While extensive experimental validation of the as-clad residual stresses has been car-

ried out for both materials deposited on a 4330 substrate with both conventional and

laser cladding, experimental validation of the autofrettage finite element simulation
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results has still to be undertaken.

9.6.1 Application of the Weld Cladding Technology

The cladding technology was successfully applied to fluid ends of hydraulic fractur-

ing pumps. The weld clad component was tested in accordance with standard com-

pany testing methods and post-test examination undertaken. Ultrasonic crack detec-

tion highlighted the presence of cracking to a significant depth of 61 mm. The cause

of cracking was thought to be due to poor substrate geometry prior to the cladding

process being applied, presenting discontinuities in geometry and clad layer thick-

ness and therefore areas of stress concentration. These issues are not insurmountable.

Therefore, due to the inability to draw conclusions as to the impact of the fatigue-

resistant cladding technology on the performance of the component further cladding

of the fluid ends would be required.

9.7 Summary

Mechanical autofrettage is shown to be a post-cladding process with the potential

to significantly improve the residual stress distribution in a 4330 steel cylinder clad

with Inconel 625. Simulation results show the elimination of tensile residual stresses

throughout the Inconel 625 weld clad layer. The potential also exists to eliminate the

high discontinuity stresses at the clad-substrate boundary and induce compressive

residual stresses well into the substrate. High compressive residual stresses exist to a

depth of three clad layers thicknesses through the application of a high autofrettage

pressure. This will significantly enhance the fatigue performance of high strength

4330 components clad with Inconel 625.

For the purpose of a finite element model, pressure values can be adjusted as neces-

sary and provide adequate information regarding the effects of autofrettage. How-

ever, in reality, for a real component with more complex geometry, it should be con-

sidered whether or not any proposed pressures are feasible, both economically and

practically.

Experimental validation of autofrettage of weld cladding is recommended. Like-

wise, simulation and experimental investigation of the effects of autofrettage of weld

cladding with the use of the 17-4 PH clad material would also be of interest.
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Chapter 10

Conclusions
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A fatigue-resistant cladding technology has been presented aimed at improving the

fatigue performance of components subjected to high cyclic loading in an erosive-

corrosive environment, through the generation of compressive residual stresses in

the clad layer. It was expected that through the thermal deposition of a clad layer

onto the bore of a fluid end of a hydraulic fracturing pump using a cladding process

that a region of compressive residual stress would result at the surface. The presence

of a compressive residual stress would as a result lead to an improvement in fatigue

life.

Due to the fluid passing through the component during operation, erosion and cor-

rosion are also areas of concern and therefore materials providing erosion and corro-

sion resistance in addition to the beneficial effects due to the presence of compressive

residual stresses are desirable. Process modifications and material selection have al-

lowed the investigation of the potential applicability and benefits of several options

to achieve such an increase in fatigue performance.

• Various cladding and coating processes have been investigated prior to the se-

lection of the weld cladding process to achieve the fatigue-resistant cladding

technology.

• The deposition of a weld clad layer induces residual stresses throughout the

component, the nature of which is dependent on the combination of substrate

and clad materials.

• The benefits of compressive residual stresses on fatigue performance were con-

firmed through the corrosion fatigue testing of unclad low alloy carbon steel.

• Weld cladding using a hot-wire TIG process allowed the deposition of two clad

materials, Inconel 625 and 17-4 PH, on a 4330 substrate of varying geometry,

both in cylindrical and rectangular block form, with a thickness representative

of the component to which the technology is to be applied.

• Resulting metallurgy due to the cladding process was investigated, with a view

to identifying potential areas requiring attention in refinement of the cladding

technique.

• Specimens harvested from the HAZ and clad layers allowed experimental de-

termination of the thermal and mechanical temperature dependent material

properties for 4330, Inconel 625 and 17-4 PH.

• Finite element simulation of the weld cladding process allowed the modelling

of the generation of residual stresses due to the deposition of the clad material

on the substrate material.
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• Experimental residual stress measurements using ICHD allowed the determi-

nation of the nature of the residual stresses induced as a result of the cladding

process. This allowed validation of the finite element predictions to a depth of

1 mm from the clad surface.

• Deposition of an Inconel 625 clad layer on a 4330 substrate resulted in high

bi-axial tensile residual stresses in the clad layer.

• Inconel 625 is commonly utilised in the oil and gas industry and adheres to stan-

dards regarding required hardness values due to the applied welding process,

however the presence of tensile residual stresses is undesirable. The material

also has measurably better erosion-corrosion properties than 17-4 PH in an oil

and gas environment.

• Deposition of a 17-4 PH clad layer on a 4330 substrate resulted in high bi-axial

compressive residual stresses in the clad layer.

• The presence of compressive residual stresses in the clad layer when cladding

with 17-4 PH is desirable, however issues arise regarding local hard regions

due to the welding process and as a result, this clad material arguably does not

adhere to industry requirements.

• Microstructural effects were discussed and the impact on material properties

and residual stresses examined, particularly in the case of the 17-4 PH clad ma-

terial. The martensitic phase transformation and associated effects on volume

changes and material properties was emphasised as highly influential on the

residual stress state when cladding with 17-4 PH.

• Effects of process variables such as the cladding process, materials and param-

eters were investigated.

• Laser cladding also demonstrated the potential to provide a means of deposit-

ing the clad material to improve fatigue performance, with the potential for a

thinner clad layer and HAZ.

• Modification of the arising residual stress distribution was shown to be possible

in the case of an Inconel 625 clad material to transform tensile residual stresses

through the application of autofrettage post-cladding.

• Weld cladding and testing of fluid ends of a hydraulic fracturing pump has

now been undertaken by Weir SPM, proving the applicability of the technology.

Post-test analysis highlighted areas requiring attention to refine and further

develop the fatigue-resistant cladding technology.
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• Recommendations for further research and development to validate, refine and

extend the applicability of the fatigue-resistant cladding technology are pre-

sented in the following chapter.

The technology presented does not only provide benefits for the particular applica-

tion investigated nor solely the process or materials investigated. Other coating and

cladding processes and materials could be applied to a substrate with the aim of im-

proving performance from a fatigue, erosion and corrosion perspective particularly

in cyclic loading applications.

10.1 Discussion

Corrosion fatigue testing of low alloy carbon steel allowed validation of the hypothe-

sis of a compressive residual stress being beneficial for fatigue performance. This was

undertaken through the combined axial fatigue testing and R.R. Moore rotating beam

fatigue testing of uncorroded and corroded specimens under tensile and compressive

mean stresses, as discussed in chapter 2. This demonstrated that under a suitably

high compressive mean stress, fatigue life increased significantly when pre-corrosion

pitted and cracked specimens were subjected to an applied cyclic tensile stress of a

level that ensured that the maximum stress remained slightly compressive. The in-

vestigation of corrosion methods highlighted that aeration during corrosion produces

the most favourable corrosion with pitting and cracking present. This provided the

introduction to the beneficial effects of compressive residual stresses and initiated the

development and validation of the fatigue-resistant cladding technology.

Through the cladding process, dissimilar materials are joined and therefore an under-

standing of both materials is required along with the resulting material characteris-

tics and residual stresses arising through the cladding process. Various cladding and

coating processes were investigated to enable in-depth knowledge of the processes

and the resulting effects to be obtained. Erosion and corrosion performance was also

of interest throughout the development of the fatigue-resistant cladding technology.

The weld cladding process was selected as the primary method of interest. Weld

overlay cladding was undertaken using a hot-wire tungsten inert gas (TIG) process.

A low alloy carbon steel 4330 substrate was weld clad with both nickel-chromium-

based superalloy Inconel 625 and martensitic, precipitation hardening stainless steel

17-4 PH. Consideration was given to the welding parameters to ensure a satisfac-

tory process and resulting clad components along with investigation of the effects of

substrate geometry, pre-heat temperature and post-weld stress relief.

Post-cladding, metallurgical studies showed good fusion resulting through weld cladding

with both Inconel 625 and 17-4 PH. Varying microstructures arose in the two clad
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passes deposited with an interpass temperature enabling the temporary halting of

the process if the temperature rises too high during any pass. Alloying and diffusion

was also evident from the substrate into the clad materials. It was highlighted that

significant iron diffusion should not be observed to ensure that corrosion resistance

is not negatively impacted through the cladding process. It is such resulting char-

acteristics of a weld clad component that could require refinement to the process to

ensure the most favourable result. Specimens were harvested from the clad and heat-

affected zone (HAZ) layers to allow experimental characterisation of temperature-

dependent thermal and mechanical properties. Obtaining these properties allowed

for reasonably accurate simulation of the weld cladding process, capturing material

behaviour reflected in these properties. This was in spite of the cooling rates inher-

ent of some characterisation being not wholly representative of the actual cladding

process. Available published data did not adequately reflect the phase changes upon

heating or cooling with some data also not available at elevated temperatures.

Finite element simulation of the weld cladding process was undertaken in Abaqus. A

variety of modelling techniques were investigated to deduce the effects of material

properties, cooling rate and the spatial and temporal variation of the weld cladding

process on the resulting residual stresses. An axisymmetric model demonstrated

the ability to capture the generation of residual stresses, with the investigation of

passes, beads, two-dimensional planar and three-dimensional models providing sim-

ilar residual stress states. This highlights that simplified modelling is adequate in

this case. Accuracy in residual stresses was highlighted as being highly dependent

on the material properties defined for the substrate and clad materials. A higher

pre-heat temperature was shown to decrease the discontinuity stress at the interface

between the substrate and the clad material. The temperature history experienced

during the weld cladding process illustrated that the cooling rate is extremely rapid

at the beginning followed by a gradual cooling of the entire model upon the clad and

substrate reaching the same temperature level.

Experimental determination of residual stress can be undertaken using various meth-

ods. These methods are discussed and the characteristics such as the destructive

nature and depth of measurement indicated as factors in technique selection. Resid-

ual stresses at the clad surface were obtained using incremental centre hole-drilling

(ICHD). The laying of the strain gauge rosette on the component surface required

machining of the weld clad profile to provide a smooth surface. This modifies the

residual stress state at the surface of the component and as residual stresses are self-

equilibrating this will also impact residual stresses throughout the component. This

is a disadvantage of the use of ICHD in obtaining residual stress measurements on

the weld clad components. ICHD is also highly sensitive to user technique. Exper-

imental results showed high bi-axial tensile residual stresses present in an Inconel
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625 clad layer and high bi-axial compressive residual stresses in a 17-4 PH clad layer.

Sectioning of a 17-4 PH weld clad block allowed residual stress measurements to

be obtained either side of the interface, with compressive residual stresses shown to

be present into the HAZ. Comparing residual stresses obtained experimentally with

those obtained in the finite element simulation indicated good correlation, especially

in the case of an Inconel 625 clad material. Due to the phase changes occurring upon

cooling in the 17-4 PH clad material obtaining correlation proved more difficult.

It is the martensitic, precipitation hardening nature of the 17-4 PH clad material that

presents complexity in capturing the behaviour of the material and hence the residual

stresses arising when cladding with this material. The cooling rate during welding

with such martensitic materials dictates the resulting microstructure. Methods of cap-

turing the effects of microstructure on material properties were investigated through

manipulation of the CTE curve upon cooling of the material. Residual stresses result-

ing in the finite element simulation were shown to be highly sensitive to variations in

CTE. It was through manipulation of the CTE data that improvement in correlation

between simulation and experimental residual stresses was achieved. This empha-

sises the need for accurate characterisation of material properties, accounting for the

correct cooling rates and chemical compositions which in turn impacts the material

microstructure and properties and ultimately the resulting residual stress distribu-

tion.

The laser cladding technique was also investigated as an alternative to the weld

cladding process. Two clad layer thicknesses, 2 mm and 6 mm, were deposited

onto a 4330 substrate with both Inconel 625 and 17-4 PH using the laser cladding

process. Good fusion was again obtained through the cladding process along with

smaller HAZ’s in comparison to those obtained through weld cladding due to lower

heat input. The depth of the HAZ was found to be independent of clad layer thick-

ness and hardness values independent of clad material. Dilution levels were lower

post-laser cladding compared with weld cladding. Useful residual stresses were also

obtained with a 2 mm thick clad layer. Refinement of the laser cladding process and

the use of controlled cooling provides the potential to further improve the quality of

the resulting clad component. Functional grading of the transition is an additional

area of interest, possible through the laser cladding process, to decrease discontinuity

stresses at the interface. A smoother surface finish is obtained when weld cladding

with Inconel 625, although the opposite is the case with 17-4 PH, the laser cladding

process providing a smoother surface finish. Experimental residual stress measure-

ments using ICHD indicated the presence of tensile residuals stresses in both a 2 mm

and a 6 mm Inconel 625 laser clad layer. Compressive residual stresses were present

in both a 2 mm and a 6 mm 17-4 PH laser clad layer to a depth of at least 1 mm,

which was the limit of the ICHD technology used. Therefore, it does not appear
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favourable to increase the clad layer thickness. Residual stresses in a 17-4 PH laser

clad component were obtained using the contour method to provide the residual

stress distribution on a two-dimensional plane due to sectioning of the component.

These results also confirmed the presence of high compressive residual stresses in the

laser clad layer. Good correlation was obtained between ICHD and contour method

measurements as presented in chapter 8, illustrating the complimentary nature of

these techniques. The presence of discontinuity stresses indicated previously in the

simulation model were also confirmed through the contour method to be present

in reality with an increase from a longitudinal stress of 0 MPa to 250 MPa at the

interface between a 17-4 PH clad and 4330 substrate.

Due to the presence of tensile residual stresses in the Inconel 625 clad layer, methods

of modifying this stress state were considered as this material possesses desirable

erosion and corrosion resistance characteristics. Simulation of autofrettage of the

as-clad component proved successful in transforming tensile residual stresses in the

Inconel 625 weld clad layer into compressive residual stresses. The application of a

high autofrettage pressure resulted in compressive residual stresses to a depth of three

clad layer thicknesses, or 18 mm. Discontinuity stresses were also almost eliminated.

Hence autofrettage of the weld clad component provides a means of obtaining a

fatigue-resistant clad when cladding with Inconel 625.

The fluid end of a hydraulic fracturing pump was weld clad to examine the appli-

cation of the fatigue-resistant cladding technology. This component was then tested

according to standard testing methods. Post-test analysis revealed the presence of

cracking in the region of step changes in substrate geometry and clad layer thickness.

Through ultrasonic crack detection, the maximum depth of the crack was found to be

61 mm. The presence of such cracking demonstrates the need for a high quality clad

to ensure satisfactory component performance. The benefits of the fatigue-resistant

cladding technology can only be harnessed through a high quality clad component

and likewise assessment of the performance of the fatigue-resistant cladding technol-

ogy can only be undertaken when there are no areas of stress concentration causing

failure due to defects in the clad. To further develop and refine the fatigue-resistant

cladding technology, design and manufacture considerations are discussed in the

following chapter.
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Chapter 11

Recommendations for Further Work
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Various aspects of a new fatigue-resistant cladding technology have been successfully

developed and validated through the use of weld and laser cladding techniques.

While the choice of cladding and substrate largely dictates the nature of residual

stresses arising through the cladding process, the presence of tensile residual stresses

can also be modified to provide beneficial compressive residual stresses in the clad

layer. This has been shown through the application of the process of autofrettage.

Throughout the investigation, key findings have been highlighted along with recom-

mendations for future work. Clearly, there is much potential in further developing

and refining the technology and therefore the main areas considered to be of most

significant interest will be presented in this chapter. The following topics are not

presented in any order of relative importance.

11.1 Functionally grading the transition between substrate and

clad layer

As discussed in section 8.3.1, through the use of the laser cladding process, the clad

materials in powder form present the potential to functionally grade the transition

between substrate and clad materials by creating layers of varying ratios of substrate

and clad materials.

In these circumstances there is clearly an interest in not only influencing the residual

stress distribution at the surface and throughout the clad but also to influence the

magnitude of the discontinuity stresses, both residual and operational. Given the

self-equilibrating nature of the residual stress distributions, it should be possible to

maintain high beneficial compressive residual stresses throughout the coating or clad

layer as well as reducing the high discontinuity stresses at the interface. Interlayers

and buttering layers are often used to provide a more gradual transition from one

material to another, as well as to improve the bond. The logical development of the

use of interlayers is a functionally graded material. Figure 11.1 provides a schematic

representation of a transition between two dissimilar materials involving a number of

layers where the layer material is gradually changing one to the other. This technol-

ogy will clearly be more expensive than a simple single bond between two materials.

It also requires the availability of layer materials in suitable ratios. This latter re-

quirement generally results in the use of powders, where the constituent materials

can be mixed prior to deposition or the mix can be adjusted during deposition. Pro-

cesses such as hot iso-static pressing and laser cladding find application in this area.

Apart from ensuring satisfactory metallurgy, further goals would be to optimise the

transition thickness and number of individual layers.
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Figure 11.1: Functionally graded transition - Specimen can consist of as many layers as

required to create the desired transition.

The development and increasing use of near net-shape layered powdered metal man-

ufacturing equipment, such as LENS (Laser Engineered Net Shaping) (256), will no

doubt drive down the cost of use of such technology.

Experimental validation of the functionally graded concept and the following repair

concept in general is also necessary.

11.2 Repair and reinforcement technology

The fatigue-resistant cladding technology has been presented as a means of cladding

the internal geometry of a fluid end of a hydraulic fracturing pump prior to oper-

ation. However, the technology does not require application to the entire internal

geometry, nor does it require application prior to initial operation. The technology

could be applied solely to regions requiring reinforcement or additional strength and

could also be applied as a repair technology following a period of operation. This

provides the potential to utilise the technology as a reinforcement and repair technol-

ogy, again with the aim of generating compressive residual stresses in the clad/repair

material. Figure 11.2 provides an illustration of the concept.

If utilised as a repair technology, the cracked region or region requiring strengthening

would be identified. If a crack were to be present this should be machined and

generally the substrate prepared for the deposition of the clad material.
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Figure 11.2: Repair and reinforcement technology - Application of the fatigue-resistant

cladding technology to localised areas as required.
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Potential issues of galvanic corrosion at the boundaries would not be an insurmount-

able problem. It is within this concept that functional grading could further provide

benefit, the variation in flow rates of powders by multiple flow heads creating this

grading. Grading the transition around the boundaries would decrease discontinu-

ity stresses and eliminate preferential corrosion. The thickness of the transition and

number of layers in the transition could again be altered as appropriate to tailor the

stress through the join. A greater transition thickness would reduce discontinuity

stresses and therefore positively influence fatigue performance.

Any crack cavity present should be ground out prior to cladding. The clad layer is

then deposited to fulfil the repair or strengthening of the component.

Material selection is again of importance, with the generation of compressive residual

stresses desired in the deposited material to resist further crack initiation and growth.

It would of course again be favourable if the selected material also provide corrosion

resistance and compliance with necessary industry standards. Finite element analysis

could be used to ensure that the repair boundary lies in areas of low stress, which

would also improve the fatigue performance of the repair and help further reduce

any galvanic or stress-corrosion effects.

11.3 Material hardening

An elastic-perfectly plastic material model has been used throughout this research

and therefore in the future both the weld cladding simulation and the autofrettage

process would benefit from investigation into the effects of strain hardening. Ideally,

experimental post-yield tensile test data would be used to derive a multi-linear stress-

strain graph. Access to limited published data (141) for a true stress-strain curve

for non-welded substrate and clad materials would allow preliminary investigation

into the effects of hardening on the cladding and autofrettage processes. However,

it would also be desirable to experimentally obtain temperature-dependent strain

hardening data. This could be undertaken using an electro-thermal mechanical test

(ETMT) as described in (257). Thermocouples and digital image correlation can be

utilised to observe variations in strain during testing and specimens tested at required

temperatures to obtain accurate representations of material hardening.

Compressive residual stresses produced in the case of an elastic-perfectly plastic ma-

terial model are thought to be higher than the stresses that would have been produced

had a strain-hardening model been applied, as this was reported by Lee et al. for an

autofrettaged compound cylinder due to the Bauschinger effect (22).

A parametric study into multi-pass butt-welded stainless steel pipes highlighted that

the hoop stress component appears more complex to capture due to increased sen-
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sitivity to constitutive models and the visible effects of phase transformations in this

stress component (161). This is the case in non-symmetrical modelling cases. In the

case of modelling in an axisymmetric manner, stress components will not demon-

strate such variations.

The weld material and material in the vicinity of the weld will experience reverse

plastic yielding upon cooling. This requires consideration when implementing a

hardening model as stresses will vary depending on the model used. The most

commonly used model is the linear isotropic hardening model (158).

A study of Inconel 82/182 weld and buttering with 316L pipe and A508 forging

concluded that hoop stresses were most accurately captured when using a mixed

isotropic-kinematic hardening constitutive model. This is understandable as the in-

clusion of the Bauschinger effect and softening of the material will be the case in

reality for a cyclically loaded component. Neglecting this will of course impact re-

sulting stresses. Isotropic and kinematic hardening models resulted in conservative

hoop stresses, although in the case of isotropic hardening stresses were most conser-

vative (140). This study in fact concluded that the constitutive model is one of the

greatest influential factors in successfully modelling residual stress generation due to

welding. However, this study investigates pressuriser nozzle dissimilar metal welds

and therefore does not possess the same axisymmetric nature of the weld cladding

process investigated herein.

A mixed isotropic-kinematic hardening model was further found to provide the most

accurate post-weld residual stress field in a stainless steel slot weldment consisting

of three passes (258).

Accounting for work hardening in a simulation model was however not found to

produce great differences in resulting residual stresses in multi-pass butt-welded

austenitic stainless steel pipes (259). Therefore, it is difficult to conclude without

further investigation and obtaining of accurate stress-strain data the influence of ma-

terial hardening in the fatigue-resistant cladding technology.

Inconel 625 is known to be a material which readily work hardens, with a strain

hardening coefficient of approximately 0.2 compared to 0.12 for 4330 steel. Pre-cold

working the material can be used to reduce the amount of strain hardening dur-

ing machining. This may be possible using the autofrettage process, inducing com-

pressive residual stresses whilst easing machining, however further investigation is

required here. 17-4 PH stainless steel is considered to be less susceptible to work

hardening than Inconel 625, although perhaps more so than 4330. The stress gradient

in the plastic region is steeper at all temperatures in figure 11.4 than in figure 11.3,

demonstrating greater potential for 17-4 PH to strain harden. This further highlights
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the requirement to investigate material hardening both in reality and in the finite

element model.

Figure 11.3: Stress strain trends with temperature for 4340 - Figure as published in

(260).

Ideally, were material hardening to be implemented with a greater degree of com-

plexity, testing would be carried out at a range of temperatures to obtain accurate

stress-strain curves for input into the finite element model as suggested above. A

multi-linear hardening model could then be utilised.

With regards to the application of autofrettage to a weld clad cylinder, the finite el-

ement model would also be developed to include a material model accounting for

strain hardening, possibly Bauschinger effects as well as validatory testing and ex-

perimental residual stress measurements. This validated finite element model would

then be used to obtain production values for autofrettage pressures.
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Figure 11.4: Stress strain trends with temperature for 17-4 PH - Figure as published in

(260).
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11.4 Autofrettage of weld clad components

Inconel 625 is a commonly utilised material in the oil and gas industry due to the

erosion and corrosion resistance provided, however the presence of tensile residual

stresses is undesirable from the point of view of the fatigue-resistant cladding tech-

nology. Section 9.1 presented the concept of applying an autofrettage process to

the weld clad component to transform tensile residual stresses in the clad layer into

compressive residual stresses.

In applications that are demanding from a fatigue viewpoint, the potential of the

above fatigue-resistant coating and cladding concept is clear. While both the as-clad

residual stresses to a depth of 1 mm and the autofrettage results for a plain cylinder

have been successfully validated against theory also assuming an elastic-perfectly

plastic material, it would be of interest to conduct experimental validation of the aut-

ofrettage simulation findings of Inconel 625 clad on a 4330 steel thick-walled cylinder.

This would include weld cladding of the component followed by the application of

autofrettage. Residual stress measurements and investigation of the resulting mi-

crostructure and material properties would also be recommended. Throughout this

investigation, such detailed understanding required has been continuously empha-

sised.

From both a simulation and experimental perspective, evaluation is required as to

the advantages of using an Inconel 625 clad cylinder subjected to autofrettage, as

opposed to a cylinder solely clad with 17-4 PH stainless steel. The effect of autofret-

tage on thermal residual stresses and discontinuity stresses has been successfully

demonstrated, however it is difficult to fully quantify without the implementation of

a strain-hardening model.

A 17-4 PH clad produces compressive residual stresses through the cladding process

with no need for such a post-cladding operation. NACE regulations do not specifi-

cally consider the case of a clad layer with significant compressive residual stresses

through the thickness. A highly compressive residual stress throughout the clad layer

is likely to mitigate effects of cracking in a hydrogen sulphide environment, either

completely or to some extent, depending on the extent of autofrettage and the level

of operational stresses. Therefore this could be more desirable if materials utilised

achieve required standards as dictated by NACE (110).

Validation is a key current area of investigation and promise is also shown for study-

ing the effects of autofrettage on a 17-4 PH clad on 4330 steel substrate. The stainless

steel clad component does not strictly require autofrettage due to the compressive

residual stress field present post-cladding, however it would of interest to investigate

the effect of autofrettage on the discontinuity stresses at the clad-substrate boundary.
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Due to the initial presence of substantial compressive residual stresses in the clad

layer, the necessary level of autofrettage pressure to cause tensile yielding in the clad

and interface regions will be substantial.

Likewise autofrettage of laser clad components could also be investigated.

The potential in the combination of weld cladding and autofrettage has been recog-

nised and a patent application filed (261).

Analysis of the fatigue life of a component should be carefully conducted, as the

tensile or compressive nature of residual hoop stresses do not necessarily provide

accurate indications of improvement in fatigue performance, but rather demonstrate

the ability of the component to bear a load (262).

11.5 Effects of post-weld heat treatment

Depending on the nature of residual stresses in components, it may be desirable to

influence these stresses to attain the greatest benefit for fatigue life. One of the meth-

ods through which this can be achieved is post-weld heat treatment. This involves

heating the component to a specified temperature for a set period of time before

cooling again.

It was illustrated in section 4.2, that PWHT successfully increased the homogeneity

of the microstructure of weld clad specimens.

Experimental residual stress measurements presented in section 6.4 demonstrated

that compressive residual stresses in the 17-4 PH clad material were reduced through

PWHT. In this case the substrate and clad materials are well matched, both being high

tensile, martensitic steels with similar material properties. Tensile residual stresses

in an Inconel 625 weld clad layer were uninfluenced by PWHT. Inconel 625 and 4330

are mismatched, the former being an austenitic steel and the latter a martensitic.

There is also a large difference in yield stress values. Therefore, stress relief may

have some effect at the elevated temperature at which PWHT is undertaken, however

upon cooling to room temperature residual stresses re-form due to the mismatch

in materials and the constraint on thermal contraction. This is not an uncommon

observation for residual stresses in welded joints between materials with a significant

mismatch in properties and is discussed in a TWI FAQ (263) regarding the residual

stresses in a dissimilar weld after post-weld heat treatment. Therefore while the

residual stresses can be reduced using stress relief, elimination may not be possible

if dissimilar materials are involved.

Clearly from a fatigue perspective, it is undesirable to relieve the compressive resid-

ual stresses in the 17-4 PH clad component. This process of PWHT would generally
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only be desirable in the case of tensile residual stresses in the weld, as Barsoum high-

lighted for welded tubular joints (264). Hansen and Agerskov (265) demonstrated

that stress relieving a welded diesel engine possessing compressive residual stresses

can also be detrimental, with the fatigue life being halved in this case.

Stress relieving is also possible through a vibratory method which uses a natural

resonant process to achieve results relatively quickly compared with traditional nat-

ural ageing processes and thermal stress relieving processes. This method of stress

relieving allows implementation at any stage of the manufacturing or machining pro-

cess unlike thermal stress relieving and also claims to avoid the possible decrease in

strength and toughness of low carbon steels occurring due to thermal stress reliev-

ing (14). Questions are still unanswered however as to the effect of vibratory stress

relieving on fatigue life, with suggestions that this process can cause small amounts

of fatigue damage. The reduction in stresses are thought to override this effect how-

ever. Clearly there is an opportunity to study the effectiveness of this on the as-clad

residual stresses in an Inconel 625 clad.

Stress relieving is influenced by three main factors: plasticity, tempering and vis-

coplasticity (216). The occurrence of creep within the component will influence the

transformation of stresses to a more uniform nature, with Hornsey (14) giving the

typical stress relieving temperatures for carbon steels as being 570-650◦C. Leggatt

shows the effects of post weld heat treatment in a butt weld noting that hoop, axial

and radial stresses were all greatly reduced (85). In a study of the effects of pre- and

post-weld stress relieving, Mukherjee et al. (266) conclude that stress relieving can in

some cases increase corrosion resistance in the case of welding and brazing. In weld-

ing of steel pipelines in oil and gas systems with Inconel 625 for example, PWHT is

highlighted as necessary to enable tempering of the HAZ. Diffusion of carbon into the

weld material encourages the formation of new phases and in turn decreases the level

of carbon in the HAZ. It is this depletion of carbon that is highlighted in a study by

Dodge et al. as being a key area requiring investigation and understanding to allow

the resulting welded joint to possess a low susceptibility to hydrogen embrittlement

(267).

Marques et al. (223) discuss heat treatment of carbon steel plates clad with stain-

less steel deposited using submerged arc welding. A heat treatment temperature of

620◦C applied for a one hour time period was shown to be more effective than a ten

hour period at a temperature of 540◦C. Studies have been conducted to determine the

method through which heat treatment can be simulated to decrease the need for ex-

perimental costs and time (108), (268). However, the main finding from these studies

indicate that there is still a great need for experimental data to increase the accuracy

of this simulation process.
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PWHT, although utilised to improve the stress state in a component, will impact

the material microstructure. It has been shown in a study of 17-4 PH that re-

transformation of martensite occurs along with a modification of the level of austenite

and the hardness value (213). The temperature and duration of PWHT determines

the extent of these.

From this discussion regarding the effects of PWHT and the previous observations

regarding the effects of PWHT on the clad components, it is crucial that in the appli-

cation of the fatigue-resistant cladding technology, the process of PWHT and indeed

the requirement of PWHT is carefully considered.

11.6 Residual stress generation and simulation

The effects of residual stresses in the operation of components are dependent on the

nature of fatigue. Compressive residual stresses do not generally improve fatigue

performance in low cycle fatigue as residual stresses are relaxed through the occur-

rence of plastic flow (58). Therefore, the most desirable scenario is the presence of

compressive residual stresses of sufficient magnitude in a component when subject

to operational conditions through which elastic stresses result.

It is recommended that a more detailed study into the heat cycle during deposition is

conducted utilising information from the cladding vendor. Should further cladding

trials be undertaken, a larger number of thermocouples could be used to provide

a larger amount of data to characterise the heat cycle. This would provide a bene-

ficial log of the temperature-time history all over the specimen. This data is likely

to prove necessary in any clad simulation of a more complex bore geometry for ex-

ample, where both spatial and temporal effects would have to be more accurately

represented.

Experimental testing to determine temperature-dependent material properties would

be desirable at cooling rates representative of the cooling rates occurring during the

cladding process. It was highlighted that the equipment available for the present

research was unable to test at such high cooling rates.

Furthermore this testing would benefit a deeper insight into the behaviour of the

martensitic, precipitation hardening 17-4 PH stainless steel. The martensitic transfor-

mation has been discussed and emphasised as being a crucial factor in increasing the

accuracy of the finite element model. Presently, it is being assumed that the marten-

sitic transformation manifests itself as a change in material properties at the macro

level. Therefore further research is required into modelling the martensitic transfor-

mation in grains of the material. Fatigue cracking often occurs in the HAZ due to the

coarse grain structure present in this region (173). In obtaining material properties at
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additional cooling rates, the cooling rates throughout the martensitic transformation

would be of most interest. The accuracy of the thermo-dynamic model is crucial in

capturing the cladding process.

The effects of applying heat treatment processes has been discussed, it would be of

interest to investigate the effects of quenching on material properties, microstructure

and residual stresses.

The influence of factors contributing to thermal stress generation due to the welding

process can be obtained through the Satoh test, designed specifically for the very pur-

pose of investigating thermal stress evolution. A bar is heated uniformly and stress

history monitored. Constant material properties are assumed and the axial stress

rate obtained through observation of the thermoelastic material behaviour (158). The

axial stress is obtained through the relationship shown in 11.1, EW being the Young’s

modulus, the subscript W signifying the use of the properties for the weld material.

σ̇ = −EWαW Ṫ (11.1)

A constant value for Young’s modulus, CTE and yield stress enable simple calcu-

lation of the axial stress. Otherwise variation in these properties must be assessed

to consider resulting effects on axial stress. Axial stress will decrease with volume

expansion until completion of the martensitic transformation.

It would be of interest to perform such testing to allow a deeper insight and un-

derstanding of the generation of residual stresses. A cladding process will involve

a variation of cooling rates throughout the model and throughout the process. Ide-

ally therefore temperature-dependent material property data should also be available

over the necessary range of cooling rates. Obtaining this data experimentally will

generally involve significant effort and cost.

Beneficial effects of high biaxial compressive residual stresses in both clad and unclad

materials in a corrosive environment would also be worthwhile, while validation of

as-clad residual stresses to a greater depth is also required.

Upon obtaining a deeper knowledge of the materials utilised, the simulation process

could be further developed using the Abaqus Welding Interface.

11.7 Material selection

The materials utilised in the cladding process presented are by no means the only

materials which would find applicability in this technology. As mentioned, issues

with the 17-4 PH clad material in adhering to industry standards presents the need
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to consider alternative materials capable of inducing compressive residual stresses.

However, it should be highlighted that the NACE regulations (110) referred to in sec-

tion 4.4.8 do not consider the case of a clad layer with significant compressive residual

stresses through the thickness. It is likely that a highly compressive residual stress

throughout the clad layer would mitigate effects of cracking in a hydrogen sulfide

environment. As mentioned though, there are likely to be an array of materials that

would both generate compressive residual stresses upon cladding and satisfy NACE

regulations.

Although focus has been placed on clad components, chapter 2 presented the benefits

of a compressive mean stress in inhibiting crack propagation through fatigue testing

of corroded 4330. Therefore, it would also be of interest to investigate inducing

compressive residual stresses in unclad components.

11.8 Material property testing

Although an extensive experimental testing program was undertaken, as presented

in chapter 4, discussions highlighted the need for further testing to obtain a more

thorough understanding of the variation in material properties throughout the clad

and substrate materials due to the weld cladding process. It would be recommended

that focus is placed on ensuring adequate cooling rates can be utilised in the testing

of CTE and yield stress values are obtained at temperatures reflecting accurately the

temperature of the specimen. Effects of the martensitic transformation on resulting

material properties is crucial in obtaining accurate residual stresses resulting from

the weld cladding process and therefore it would also be recommended to further

investigate the extent of the martensitic transformation and consequential effects on

material properties throughout the clad layer and into the substrate. Additionally,

the corrosion fatigue testing undertaken in the early stages of the research would

benefit from further investigation. It would be of particular interest to obtain weld

clad fatigue specimens to experimentally validate the benefit of cladding on corrosion

fatigue performance.

11.9 Application of weld cladding technology to hydraulic

fracturing pumps

The intended application of the fatigue-resistant cladding technology reported herein

was primarily to that of the fluid ends of a hydraulic fracturing pump. These recip-

rocating pumps experience high cyclic pressures and as a guideline, stress limits are

provided as 10,000-25,000 psi (69-172 MPa), being on the conservative side to cater
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for the cycling from suction to discharge pressure (269). These limits are dependent

however on the cylinder material, the cycle and the pumped liquid.

In considering the application of the weld cladding technology, the key is to begin

with a satisfactory unclad component, of which the geometry and the quality is of

acceptable standards. There should be no inconsistencies in the substrate geometry

or in the deposited clad layer. Should step changes in substrate geometry or clad

layer thickness occur the effects due to these should be investigated and understood.

However, it is clearly desirable to eliminate the occurrence of such features.

To assess the performance of the pump, it would be necessary to compare the time to

failure with unclad pumps and also a pump clad with both Inconel 625 and 17-4 PH.

Detailed information regarding the test rig and the fluid and instrumentation utilised

would also be desirable to aid understanding of the process and ensure consistency in

testing procedures. Overall, further cladding and testing of high quality components

is required to allow assessment of the performance of the components.

11.10 Manufacture and component inspection

A high quality clad is crucial in harnessing the benefits of the fatigue-resistant tech-

nology. Crack detection post-testing is of importance, however the inspection of the

clad prior to service of the component is also of interest. This would allow weld de-

fects to be located prior to operation and the weld quality assessed. Non-destructive

testing is often used for these purposes. Three-dimensional ultrasonic inspection

would allow for a more detailed representation of weld defects or cracks present. An

example of this is given in figure 11.5.

Automation of such a process to inspect components of complex geometry would

surely provide a beneficial tool. This method could be used to determine the require-

ment for component repair after failure in the field and could also be used as a means

of monitoring component operation.

To further inspect cracked components, this method of inspection could also be used

to analyse the fracture surfaces and determine crack initiation locations. It would

be of interest to evaluate the appearance of the crack and the time-scale over which

the crack developed. This could be achieved through monitoring during testing of

the component. The location of crack initiation would serve as an indication of areas

of concern during operation, for example assessing if crack initiation occurs at the

clad/substrate boundary due to the presence of discontinuity stresses. This is a

common issue in surface treatments in that the fatigue issue is moved from the free

surface to the clad-substrate boundary region.
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Figure 11.5: 3D ultrasonic inspection of crack in weld clad fluid end - Potential to

obtain a full volumetric image of the component to locate weld defects or cracks. Figure

courtesy of the Centre for Ultrasonic Engineering, within the department of Electronic &

Electrical Engineering at the University of Strathclyde.
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11.11 Design and manufacture considerations

In considering the design of the pump, the section thickness should be minimised

to minimise the requirement for machining and in turn minimise resulting residual

stresses due to machining. The Pump Handbook provides recommendations for sur-

face finish, namely that above pressures of 3000 psi (207 bar) the minimum surface

finish of internal bores should be 63 rms (269).

From the point of view of the application of the fatigue-resistant cladding technology,

it must be considered to what extent cladding of the fluid end would be undertaken.

Figure 11.6 shows the internal surfaces of the fluid end. It would be possible to clad

the entire internal region of the fluid end, although the effects of cladding on the

seals and threads and subsequently on the pump as a whole would require consid-

eration. The fluid bearing regions are most likely of the utmost importance in the

cladding operation due to this being the region that is most susceptible to erosion

and corrosion, requiring additional protection to increase fatigue performance and

life.

Regarding the geometry of the pump body, it would be desirable to remove any

step changes in geometry to avoid subsequent step changes in the clad. Therefore

recommended modifications to the pump body would be to introduce smooth or

tapered bores, therefore avoiding preferential corrosion issues in allowing complete

cladding of the internal geometry without abrupt changes in geometry.

The cladding process is limited in cladding internal bores. In deploying a cladding

process, the extent of cladding possible must be assessed. Typical values upon en-

quiring as to the current process limitations revealed that a maximum distance of 500

mm and a minimum bore size of 50 mm could be clad. This would not present any

issues in cladding the fluid end geometry in question. However the intersection of

bores is problematic as the cladding nozzle cannot follow the step change in geome-

try in this region. Therefore it would be required that the clad layer is built up and

machined to result in the desired geometry.

For mass production of certain components, specifically in the case of this research

hydraulic fracturing pumps, a cladding program could be applied. However this

would not be an option should components vary in dimensions and geometry.

After completion of the cladding operation, the weld profile would require removal

which should be undertaken with a gentle grinding process so as to not impair the

beneficial compressive residual stresses induced.

Concerns over the effects of machining have been raised previously and this is partic-

ularly the case in manual machining processes. It would be favourable to apply CNC
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Figure 11.6: Internal fluid end geometry - Potential to clad all internal surfaces of fluid

end.
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machining processes that would consistently undertake the machining of the compo-

nent such that variability in residual stress generation due to machining is minimised.

Attention must also be given to the cooling and feed rates during machining for these

dissimilar materials to ensure that heat dissipation occurs in a satisfactory manner

and that temperature values are not greater than desired during machining.

At present, shot peening and autofrettage are applied during manufacture of the

fluid ends. This is aimed at the generation of compressive residual stresses through

application of these processes with the aim of increasing fatigue life. However, due

to the aforementioned limited depth to which these stresses are induced, it appears

that cladding would be more beneficial than shot peening. As has been described in

this chapter, cladding and autofrettage could potentially be used in conjunction with

one another to provide the most beneficial results for an Inconel 625 clad.

11.12 Concluding remarks

The generation of compressive residual stresses through a cladding process has been

the focus of this research. Although it is known that compressive residual stresses

are beneficial for fatigue performance, it should be noted that an in-depth under-

standing of residual stress generation and associated effects is required for effective

deployment of the technology. Due to the self-equilibrating nature of residual stresses

tensile stresses will also be present in the component and their presence must also be

understood in terms of effects on component performance. It should be remembered

that although compressive residual stresses are of benefit at the surface, at the inter-

face for example superimposing potential tensile residual stresses with operational

stresses results in different stress states than at the surface. Therefore attention must

be paid to effects during the lifetime of the component and not solely in the early

stages of operation.

Development and validation of the fatigue-resistant technology has been the overall

aim of this research and this has been successfully achieved. In considering imple-

mentation of this technology in industry there will surely be other areas of interest

which have not been investigated herein, including extensive testing of the weld clad

components. An assessment of the economic and practical viability of the technology

as well as the resulting performance of the clad components is of course required to

ensure that implementation of the technology is a success. It is clear that there is

mileage in further development and refinement of the technology, with the potential

to steer further research depending on the main areas of interest.
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[239] A.H. Garrido, R. González, M. Cadenas, and A.H. Battez. Tribological Behavior

of Laser-Textured NiCrBSi Coatings. Wear, 271:925–933, June 2011. 287

[240] S.W. Huang, M. Samandi, and M. Brandt. Abrasive Wear Performance and Mi-

crostructure of Laser Clad WC/Ni Layers. Wear, 256:1095–1105, June 2004. 287

[241] P.-Z. Wang, Y.-S. Yang, G. Ding, J.-X. Qu, and H.-S. Shao. Laser Cladding Coating

Against Erosion-Corrosion Wear and its Application to Mining Machine Parts. Wear,

209:96–100, 1997. 288

[242] R. Lupoi, A. Cockburn, C. Bryan, M. Sparkes, F. Luo, and W. O’Neill. Hardfacing

Steel with Nanostructured Coatings of Stellite-6 by Supersonic Laser Deposition.

Light: Science & Applications, 1:1–6, May 2012. 288

[243] H.X. Zhao, M. Yamamoto, and M. Matsumura. Slurry erosion properties of ceramic

coatings and functionally gradient materials. Wear, 186-187(1995):473–479, 1995. 294

[244] J. A. Alegría-Ortega, L. M. Ocampo-Carmona, F. A. Suárez-Bustamante, and J. J.
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A.1 Simulation of the Weld Cladding Process

A.1.1 Axisymmetric Model

Geometry

Plane strain

Figure A.1: Finite element model geometry for axisymmetric model - Dimensions in

millimetres unless otherwise stated.

Boundary Conditions

Line AB

Uy = constant through equation constraint

Line CD

Uy = 0

Loading

Thermal loading through application of clad material at melt temperature onto pre-

heated substrate.

Element Type

CAX4T (4-node axisymmetric thermally coupled quadrilateral, bilinear displacement

and temperature)

Material Properties

4330 (Inconel 625 clad)

E = 189.8 GPa

ν = 0.289

Perfect plasticity, σy = 869 MPa

4330 (17-4 clad)

E = 184.3 GPa

ν = 0.289
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Perfect plasticity, σy = 856 MPa

Inconel 625

E = 168 GPa

ν = 0.29

Perfect plasticity, σy = 474 MPa

17-4 PH E = 179.7 GPa

ν = 0.272

Perfect plasticity, σy = 994 MPa
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A.1.2 2D Planar Model

Geometry

Figure A.2: Finite element model geometry for 2D planar model - Dimensions in mil-

limetres unless otherwise stated.

Boundary Conditions

Line A

Ux = 0

Line B

Uy = 0

Loading

Thermal loading through application of clad material at melt temperature onto pre-

heated substrate.

Element Type

CPE4T (4-node plane strain thermally coupled quadrilateral, bilinear displacement

and temperature)

Material Properties

4330 (Inconel 625 clad)

E = 189.8 GPa

ν = 0.289

Perfect plasticity, σy = 869 MPa

4330 (17-4 clad)

E = 184.3 GPa

ν = 0.289
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Perfect plasticity, σy = 856 MPa

Inconel 625

E = 168 GPa

ν = 0.29

Perfect plasticity, σy = 474 MPa

17-4 PH E = 179.7 GPa

ν = 0.272

Perfect plasticity, σy = 994 MPa
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A.1.3 3D Model

Geometry

Figure A.3: Finite element model geometry for 3D model - Dimensions in millimetres

unless otherwise stated.

Boundary Conditions

Line A

Ux = 0

Uz = 0

Line B

Uy = 0

Uz = 0

Line C

Ux = 0

Uz = 0

Line D

Uy = 0

Uz = 0
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Loading

Thermal loading through application of clad material at melt temperature onto pre-

heated substrate.

Element Type

C3D8T (8-node thermally coupled brick, trilinear displacement and temperature)

Material Properties

4330 (Inconel 625 clad)

E = 189.8 GPa

ν = 0.289

Perfect plasticity, σy = 869 MPa

4330 (17-4 clad)

E = 184.3 GPa

ν = 0.289

Perfect plasticity, σy = 856 MPa

Inconel 625

E = 168 GPa

ν = 0.29

Perfect plasticity, σy = 474 MPa

17-4 PH E = 179.7 GPa

ν = 0.272

Perfect plasticity, σy = 994 MPa
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A.2 Simulation of Autofrettage of a Weld Clad Component

Geometry

Plane strain

Figure A.4: Finite element model geometry for axisymmetric model - Dimensions in

millimetres unless otherwise stated.

Boundary Conditions

Line AB

Uy = constant through equation constraint

Line CD

Uy = 0

Loading

Thermal loading through application of clad material at melt temperature onto pre-

heated substrate.

Followed by application of pressure on line AC at low or high autofrettage pressure

in a ramped manner.

Element Type

CAX4T (4-node axisymmetric thermally coupled quadrilateral, bilinear displacement

and temperature)

Material Properties

4330 (Inconel 625 clad)

E = 189.8 GPa

ν = 0.289

Perfect plasticity, σy = 869 MPa

4330 (17-4 clad)

E = 184.3 GPa

ν = 0.289
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Perfect plasticity, σy = 856 MPa

Inconel 625

E = 168 GPa

ν = 0.29

Perfect plasticity, σy = 474 MPa

17-4 PH E = 179.7 GPa

ν = 0.272

Perfect plasticity, σy = 994 MPa
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