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AISI 4161H is a low alloy material that is currently used to manufacture coil springs
for the TechnipFMC portfolio of actuated gate valvEsecoil springsare designed

to operate in a subsea service environment ominimum of25 years, which can
equate to conditions of a working water depth of 10,000 fe@048netres) and
pressure of 10,000 psi. As the IGRpring is the main method oélve closure, failure

of the respective materiatan lead to catastrophic consequences. The design has no
redundancytherefore coil spring breakages and loss of load can lead to failaihe in
closure ofthe valve gate, which is the mdiailsafe systemcontrolling the flow of oil

and gas from the seabed.

Throughout the initial development of the respectiveoil spring material
TechnipFMC has discovered that theecessary metallurgical properties
requirementshave not been consistently meEhe initial work, which was conducted
between 2012 and 2014, established that the material contained microstructural
variabilty, which produced mechanical properties that did not meet the design intent
of the coil springThese findings were found with material procured from different
mills and by two separate OEM's who hot formed tlagv bar into final coil spring
products.Falure to meet the design requirementsffects the functionality of the

coil spring to have enough stored energy to act as failsafe mechanism to close the
respective valve.

To address this problemga comprehensivedesign of experimenprogrammehas
been derelopedas a series of characterisation and validation testingjetermine

the fundamental propertieof the AISI 4161H material type, using different heat
treatment operations and conditions.

This is considered paramount, asrrent industryrequiremens do not mandate any
testingor material characterizatigrother thanabasic metallurgical assessment
These requirementand level of governancare considered inadequatey the
author, as the industry controlling standards do not define tba&rect pass / fail

criterion that ensuresucha critical product wilhot fail in-service.



The researchprogrammecontained within this thesis, addresses the reasons for the
variability exhibited by the AISI 4161H material, and determines how the variation
can be mfluenced by exposure to different hot working and heat treatment
conditions.

Thesubsequent findinggom the programmewill enable engineers to determine the
limitations of the materialand the effect variability has on the functionality of the
coil spring for subsea applications.

The characterisation will also allow the industry governing bodies to align their
respective test requirements and acceptance standards to thattwétarogeneous

material, which contains variability throughout its cresesctioral thickness
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1.1 ProductBackground

Mechanical springs are uséd globally for multiple purposes and industries, from
consumable inexpensive operation to critical applications, where failure is not an
option.

In basic terminology, mechanical springs can be defined as elastic bodies, which
deformto a certain amoununder a specific loadand return to their original shape
when theappliedload is removed [4]There are may different spring types utilex,

which range in size, design and material composition. However, these requirements
are dependent on the applicatip operating environment and resultant load
characteristics for the mechanical system selected

Within the oil and gassector,mechanicalprings are usedvithin subseaChristmas

treesas the main mechanism for the faihfe operation obctuated valves.

1.1.1 Subsea Christmas Trees

One ofTechnipFM®@nain producs is the Christmasee, which playa key role irthe
subsea oil production infrastructurelhe primary functionsof the tree, are the
control and extraction ofproduction fluidandgasfrom the oilfield.

Following the initial drilling of a well theubseatree is installed on the wellhead,
which is cemented in the sea floofhe production tubing is run from within the
subseatree and is the route by which the hydrocarboare extracted from the
reservoir.lt istypicallydesigned for aninimumlifetime of twenty-five years subsea
and controls the well for the duration of its operating life. Towards the end of a well's
life, injection trees are often added to the system. These injeder or gas ito the
well to increase hydrocarbon recovery from the reservoir.

Throughout thesubseatree there are various flow path3o open and close these
flow paths a series of valves are utilised. These valves are controllsdblsga

actuators attached to thealve stem. Figure-1 illustrates a subsea tree with the



actuator locations labelled, with Figure-21 identifying the stem and actuator

interface

Figurel-1: Subse&hristmasTree(Top- Schematic View Bottom - Full Tree)



1.1.2 Subsea Actuator Overview

Actuatorscan be operated by electricahydraulic or pneumatic signal¥heyare
crucial for the oil and gas industgs the operator is distanced from the subsea
installed equipment and it must be possiliéeremotely control thevalvesFigurel-2

displayswo subsea valves and actuators with the main components identified.

Figurel-2: Subsea Valves and Actuators

Actuators are available in a variety of shapes and sizes. The smaller actuator in Figure
1-2 is for a 2 1/16'(52.4mm)valve and the larger one a 5 1/8130.2mm)valve.

Within asubseatree different valve sizes are required for each function. For the main
production bore, where the hydrocarbons flow, it tends to be 5 1(830.2mm)
valves and actuators that are used. Smaller valves and actuators, such as the 2 1/16"

(52.4mm)are found on theannulus bore which igsed for chemical injection.



1.1.3 Caoil Spring Purpose

In most cases, subsea valves are required to operate as a 'fail safe close' system.
During normal operation, hydraulic pressure is applied to the actuator, compressing
the spring andallowing the gate to remain in the open position. When hydraulic
pressure to the actuator is relieved, the coil spring is primarily responsible for stroking
the actuator, thereby closing the gate and stopping the flow of fluid. Inherently, this
method requres the coil spring(s) within the actuator to remain in the compressed
state for long intervals. It is essential that the coil spring retains its stored energy
since the fluid flowing through the gate bore is itself pressurised, and will resist
changes tothe flow path. Refer to Figure 1-3 for a sectional view ofn 5 1/8"

(130.2mm)actuator demonstrating the key working parts.

Additional Sealing Coil Springs (Single or nested
added to end ring depending on actuator on size)

Barrel Nut/Bonnet interface

Independent Spring Chamber Additional Rod Sealing

Oil Filled to minimise fluid cross-contamination Control, Chambrer Resumichamber

Figurel-3: Typical Actuator and Gate Arrangement

In a typical actuated valve, the highest force required from the actuator is when the
valve is just about to open (crack open) and conversely just before it clpseh (
point). Depending on the type of valve, contrptessureis applied to the hydraulic
pistonwithin the actuatorcontrol chamber, whicls used to open or close the valve.
The coil spring assists in the function of the actuator return stroke. Thistasse is
provided both during normabperationand during abnormal conditionsvhere the

actuatorcould besubjected to loss of control chamber pressure. In this situation, the



retained force within the compressed coil spring will react and overcome the

production well and valve frictional forces and close the valve (fail safe close).

1.2 Statement of Problem

Currently TechnipFMdutilise AISI4161H[5] material for thecoil springs used to
function its new generation diil-safe close and open actuators. Thee coil springs

are designed to operate in a subsea service environment for 25 years, which can
equate to conditions of a working water depth of 10,000 fé@48m)and pressure

of 10,000 psi.

As the coil spring is the mainand solemethod of valve closure, failure of the
respective material is not an option, e design has no redundancythe material

fails to retain its spring energy and load, or is subjectedftigue like fracture, the
valve with fail to operate athe design intendd. The consequences of this condition,
will result in the removal of the Christmas tree from the subsea installation, which
has a major impact on the customer's ability to extract oil from the sea bed. This
situation incurs huge revenue losses for the aer, and effects the reputation of

the subsea system manufactur@iherefore, thespring material is critical in terms of

its ability to provide consistent valve functionality with repeatable operation and no
risk of failure.

Due to the volume of partsaeded for subsea tress, TechnipFMC rely on 2 OEM's to
manufacture the coil springs for the respective valves. The OEM's utilise the same
material grade, however this can be supplied from 3 raw material mills.
Throughoutthe initial development of the rgsective coil spring, TechnipFMQas
discovered that the desired metallurgical properties requiretsehave not been
consistentlymet. This is specifically in relation to the AISI 4161H material that has
been supplied via differentaw material mills and coil spring Original Equipment

D vu( $u@ES who operate different methods of manufacture to achieve
the required design intent ahe fully heat-treated material.

The initial development programme establkehthatthe required tensile properties
coud not be consistently met, with poor ductility and low yield and UTS values

exhibited by the materialThis was further investigated, with metallurgical analysis



discovering that the material did not contain a homogenous microstructure, but one
that reveded a mixture of elongated bands and a matrikhe initial work also
established the effect of chang bar sizes and material typ&vith increased
diameters producing more banding and a greater hardness delta between the two
phases within the microstructure (band and matrix)

To address this problenTechnipFMC has initiated @re-study to determine the
fundamentalproperties ofthe AISI 4161H materigype, in the Hot Wound / Coiled
form. This is considered paramount, agrrent industry standarddo not mandate
any testing or material characterization other than minimum metallurgical
assessment (chemical composition / hardnesgs)jich is conducted osamples of raw

bar processed at the same heat treatment conditions of the hot formed coil.

These requirementand level of governancare considered inadequatey the
author, as they donot fully consider the extent of metallurgical and mechanical
properties neeled to ensure a critical product will operate at the required design
conditions and service environment.

To date detailed investigation and testing, has shown that thabrainuous cast
material procured to the requirements of AISI 4161H, can exhibiabdity in terms

of resultant mechanicandmetallurgicalproperties This is specifically in relation to
the tensile properties and microstructure, which has shown to chamigen different

bar diameters are manufactured and exposed to different hot fiagmconditions,
such as forging (forge reduction ratidhere areseveralpotential factors that can
induce variability however this information is not readily availapta recognised by
the industry or controlling bodiesThe coil spring industry andoetrolling
specifications do not consider variability in terms of microstructure, as they are more
focused on physical testing such as surface hardness, as the controlling output to
ensure material repeatability. Therefore, limited knowledge exists witthia
industry, on how variable the material can be, ahe effects this can have on the

properties of the final fulljheat-treated coil spring.



1.3 Aim and Scope of Research

The aim of this researcprogrammeis to cetermine and characterize the key
properties ofa hot wound AISI 4161H materiahd determine the effects of various
heat treatment conditions to control and achieve the desired design of the coil spring
used for critical subsea applications. Thisrk will also be used to enable engineers
to determine the limitations of the coil spring material, and help develop future
industry standards that properly align withe actual manufactured product.
To meet the desiredbjective the scopeof the research incides:

1. Original work and conclusins already reported bythe author and
Technig-MC
Desigrrationaleof a coil spring
Opeational conditionsconsiderationsand external factors
Product limitations and failure mechanisms
Raw materiat how is it made / conderations
Method of Manufacture of the coil spring

Effects of Heat Treatment

© N o 0 b~ w D

Design of Experiments conduct experimental investigation intdhe
mechanical and metallurgical properties for various bar sizes at the
fundamental and extremities of the mateli heat treatment processing
window

9. Discuss the experimental results in conjunction with literature research
10.Detail the conclusions and recommendats of the complete work

programme



1.4 Outline of Thesis

The Thesis consists thapters

Chapter 1 indicates the general objectivebackground overviewgnd probdem

statement, which is drivinthe needfor the researchdetailed within this thesis

Chapter 2 describes the designdoperating considerations of a coil spring and

subsea valve.

Chapte 3 presents the initial work completed llye author andTechnipFMC;
detailing the areas of concern regarding the variability in metallurgical properties,
which was evident during thedW Product Introduction (NPIstage of

development.

Chapter4 descriles the literature review of the related research.

Chapter Jpresents the experimental methodologyoE, and details the

metallurgical investigatioand assessmeinof the heat treatment trials.

Chapter Geviewsthe results of both thditerature and experimental research

programme detailing the reasons why material variability is exhibited

Chapter 7 describes the effects material variability has on the coil spring

functionality.

Chapter8 summarizes the thesis, and provides conclusamdrecommendaions

along withsuggestions for future research.
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2.1 Introductory remarks

This chapter describes the key design considerations of a coil spring, in conjunction

with the operating conditions related to subsea applicatiottsalso states the

important variables that need to be observed when developing this product type

from design to full manufacture.

2.2 Terminology

The following terminology is used throughout to describe design philosophy

Fs 7-(— Ls ————>
&

F3

=

Figure2-1: Coil Spring Deflections and Loads [1]

Table2-1: Abbreviations

Abbreviation Description

LO Free Height/Length: The length of the spring when no load is applied

L1 MaximumWorking Height/Length: The length of the spring at its longest position whi
service inside the actuator

L2 Crack open / Pinch point Height/Length: The length of the spring when compressed
point where the valve is at the crack open/pinch point

L3 Minimum Working Height/Length: The minimum efficient working length of the sprir
designed to be where the valve is open (actuator fully stroked)

Ls Solid Height/Length: The theoretical length of the spring at maximum compression Vi
the coils ofthe spring are in contact.

F1 Preload: The minimum load produced by the spring in operation, it occurs at the max
working height of the spring




F2

Pinch Point Load: The load produced at the pinch point height

End Load: The maximum load produced by the spring in operatibitch occurs at the

F3
minimum working height
Fs Solid Load: The theoretical maximum load produced by the spring when
compressed so that all coils are in contact
FREE LENGTH
1 2 3 4 5 6 7 GROUND SURFACE
= <
- = - <
z|a S g3 gla
=|3 - ol ale
') = O - - D
/ 3 =

WIRE DIAMETER L

—

\ \ SPACE BETWEEN COILS
PITCH OR LEAD

Figure2-2: Coil Spring Definitions [1]

Table2-2: Definition of Terms

Definition

Description

Wire Diameter

Diameter of the drawn bar from which the springrisnufactured

Free Length

Measured length of the spring in its "free" state, i.e. when there is no compressive loal
acting on it

Pitch

Mean distance between the centres of adjoining coils.

Ground Surface

The bearing area of the ends of the sprifigpicallya "3/4 grind" is specified for hot coile
springs- this refers to roughly 3/4 of the circumference being ground flat.

Theoretical Total

The distance between the free height of the spring and the theoretical solid heigot: (=

Available Ls)

Deflection '

Sa- Residual Sum of all the minimum allowable gaps between adjoining active coils for the smallest
Range permitted spring length.

Number of Active
Coils

The number of coils which deflect during loading of the spring and contribute to thegsp
rate.

Number of
Inactive Coils
(Dead Coils)

The number of coils which do not deflect during the loading of the spring and thereforg
not contribute to the spring rate. Inactive coils are usually the coils at either end of the
spring, however deadoils can be introduced in the middle of the body of the spring to §
in the prevention of tangling. Typically for closed and ground ends of a hot coiled spri
the number of inactive coils is 2.

Total Number of
Coils

The sum of the active and inactigsils. This is measured over the full length of the wire
bar) from tip to tip including fractions of a coil.

10



2.3 Design and Coil Sprilgrrangements

The main design objective of the colil spring(s), is to overcome the minimum hydraulic
head of bore pressure to close the valve. Thatgeved through the retained spring
force /load, and depends on factors such as water depth and the pressure of the
subsea installation. Each of these attributes along with the available space within the
actuator (Figure ) will dictate the geometryRigure 22) and number of coils
required for the specific applicationBecause the application is displacement
dependent required loads are always defined at specific spring heights with respect
to a fixed datum, rather than deflection from free heigkigure 21). Therefore the
required spring performance determinee coil spring arrangementsize and
material type
In a sngle arrangment (Figure ), one coil spring is utilised to meet the load and
geometry requirements. However, within a nested arrangement (FigeBgtdo or
more springs are arranged coaxially, i.e. different sizes of springs are placed inside
anather concentrically on a common axis to create a parallel spring arrangement. This
allows the spring designer to optimize the available volume for springs and hence
give a greater load for a given deflection than for a single spring in the same envelope.
Nested coil arrangements may be necessary in certain circumstances, such as:

X Where a greater load is required from a given envelope, which cannot be

provided by a single spring.
x Where the design stress of a spring is too highe design stress can be
reduced by adding another spring in parallel to share the load.
x To reduce the risk of buckling of a long single spring by reducing the overall

length, through use of an additional coil

2.4 Operating /PerformanceRequirements

For a Fail Safe Close (FSC) VYéheeactuator spring (or springs) must overcome the
sum of all the forces within the valve and actuator, and cause the valve to close as

intended. With respect to Figure 2

11



X The preload force (F1) exerted by the spring(s) at preload height (L1) must be
sufficient to overcome these loads.
x The load at Pinch point height (L2) must be sufficient to overcome the pinch
point load (F2).
x The maximum load (F3) at the end of the stroke (minimum working height L3)
must not exceedhe hydraulic control capabilities
Theactuator coil springs are requiretb operate for 25 years subsea, anmust be
capable ofa minimum10,000 cyclesvithout suffering premature failure or spring
load relaxation Actuators arealsorequired to operate in any orientation. For this
reaon, coil springsequire physicalguidance and support at both endghe effect of
gravity must also beonsideredo eliminateanycontact with the actuator housing.
In addition, the key operating conditions of the oil field must also be met, with no
respectiveloss ofactuator valve functionality:
X Water depth 0f300- 10,000 feet(91- 3048m)
X Operating pessure of 5000 20,000 psi presse
x Operating emperature of 4°F400°H-15°C to 204°C)

2.5 Dimensional Toleranceand Stability

The spring must be sizedpnsideringadial expansion under compression as well as
tolerances, such that it does not come into contact with any other internal
componens. The free lengtiifFigure 21) shdl not change significantly after the pre
setting operation.

Actuator Coil springs must remain dimensionally stable during operation. Deviation
from the original envelope aftemanycycles could cause interference or change

the valve signaturéload resporse achieved by the coil spring)

2.6 Allowable Stress Limits

Thedesign tilisesa maximum allowablgercentage of theJTS for a given material,
to set the maximum stress limit for @il spring. For dow alloy steel, which ispre-
set during manufacturethe IST recommend that Springs shall be designed to have

an upper uncorrected stress limit no greater than 56% oflHe&of the material at

12



the theoretical solid heighf2]. Higher stress limits are not recommended because
calculations used for springlesigns do not take into consideration the full
components of stress acting on the coil spr{papter 7)

The UTS of the material has a major influence on the resultant design of the coil
spring, which wilinfluencethe overall performancen terms ofresultant load and
stress limitsFor the design requirements and operaticanditionsthe UTS has been

set at 210 Ksi fofechnipFM@pplicationg1].

2.7 Other Design Considerations

All manufactured coil springs must undergpra-setting operation, which is key to
the functionality of the component in servic€resetting is used to increase the
elastic range of the material by setting the coil beyond the maximum working height
(L3 positionn Figure2-1). The IST recommends that the yetting height should set
at a minimum of 90% of the available deflection [2]. This ensures that the coil spring

can operate within the preset height without the risk of subsequent load loss

2.8 ConcludingRemarks

Thedesign requirements and operating environment need to be fully understood
when developing a coil spring @& subsea failsafe mechanisiie harsh operating
conditions and compondrcriticality demandhat failure inservice is1ot an option.
Thecolil spring must achieve the required tensile properties, in order to enable the
material to retain its spring loadhroughout the functionality of the valve. The
integrity of the materiais thereforeof the utmostimportance considering the coll
spring is held at thaéighest stressed conditiofvalve fully operL3position) for most

of its subsea lif¢Figure 21).

Therefore, these fundamental poinése used and considered throughout this thesis,
and by engineers who are required to design and manufacture coil springs for this

respective application.
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3.1 Introductory remarks

This chapter describes theitial work compleed bythe author andTechnipFMC; in
terms of the technical challenges faced with thaterial development of a newalve
actuator design. The work detailed within, Bshe issues related to changing from
traditional industry subsea failsafe return mecism (Disc Springs), to a single load
displacenent technology (Coil Springs). Throughout the chapfarenceis made to
the both companyand industry requirements, including the governancd
mechanical imetallurgical properties. The information presedtalso demonstrate
why the work completed within this thesis was required, and hetheecreation of

the problem statementescribedn Chapter 1.

3.2 Background

Traditionally within theoil andgasindustry, anccompanies such as TechnipFND&c
Springshave been utilise@s theprincipalmethod for the return stroke and fadée

operation for subsea valves, referengmgure3-1.

Figure3-1: Example of the Dis8prings layout arranged in parallel [4]

In 2014 TechnipFMC chartjigs desig strategy, andlecided to look aalternatives
that would operate within aHigh TemperatureHigh Pressureenvironment(HPHT).
This drive was to meetustomer requirementof deeper and more difficult oil
extraction conditionsHence the company decided to select the coil spring as its new

failsafe valve return stroke mechanism.
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The design characteristics of both mechanisms are different, with disc springs
delivering the required load using multiple discs in either series, parallel or a
combination of both. This orientation relies of each individual disc delivering a set
amount oftravel (deflection) and resultant loallvhereas the coil spring is required
to deliver the complete load and deflection to close the respective vebagh
systems however, have their advantages / disadvantagkese include
x Disc springs
o Operate at extemely high stress levelsup to 120% of material yield
stress due to deflection loads applied to meet the required
displacement
o Have redundancy within the system. If several disc springs suffer radial
cracking in service, the valvall still function
x Qoil springs
o Dependant on design, will operate at relatively lower stressep to
56% of the materials UTS
o Have no redundancy. If the spring suffers failure (a material through
thickness fracture) the coil shall become redundant with complete loss
in functionality.
The initial work scope therefore, was $pecifya material for coil sprirgthat would

operate under HPHT applications.

3.3 Initial Material Investigation

The purpose of the initial materiaksearchwas to developcoil springs for the
companies' new portfolio of HPHT application valves. This includexdvalves,one
with asingle coil andhe other witha dual nested arrangement.

X 2 inch 10K applicationsingle coil

x 5 inch 10K applicationdual coil
The main differences in terms of desigrithe respective raw material anthe bar

diameters utilied; referenceTable3-1.
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Table3-1: ValvePortfolio Initial Development

Valve Type No of coils Coil bar diameter Coil material
2 inchbore 1.687 inch
1 AISI 51B60H
10ksi Pressure (42.8mm)
Inner-1.375 inch
AISI 51B60H
5inchbore 5 (34.9mm)
10ksi Pressure Outer-2.875 inch
AISU161H
(73.0mm)

To validate the required design intent (mechanical / metallurgical properties), the
industry governing body (ASTA4 - 58] was consulted.However, after a detailed
review, it was clear that the governanstandards werenot adequate for critical
components such as coil sprindis was evident through the consultation of the
key fundamental specification®4 - 58], which state that minimum metallurgical
testing is requiredn a sample bar.

In summary, basic testing such as Hardness, GraindstaFmination, Chemical
composition& Surface decarburization is the only test / qualification criteria required
to ensure a product with no redundancy will survive 25 years subsea without failure.
Due to the lack of governance and knowledge in the medasri metallurgical
properties of an actual coil springhis initiated the necessiy to develop (by the
author) a new set of qualification / testing criteria for fully manufactdieil spring.

The testing criteria developeds compared to current indtiy standards \ithin

Table3-2, Figure3-2, and Figure3-3.

Figure3-2: Example of sample bar required by ASTM standards
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Table3-2: Developed Conditions v ASTM Requirements

Developed requirements

Coil Spring

Test type

Location

Number of tests

Visual assessment

All surfaces

1 per coil spring

Tensile

First full coil from each end plus
mid-coil position

3 per coil spring

Hardness

HRC on each end of tensile test
specimen

& per coil spring

Surface Hardness

Machined ends & First full coil from
each end plus mid-coil position

5 per coil spring

Through-thickness Hardness

Taken from a full a diameter slice at
the first full coil from each end plus
mid-coil position

3 per coil spring

Material Grain size determination

First full coil from each end plus
mid-coil position

3 per coil spring

General Microstructural evaluation

First full coil from each end plus
mid-coil position

3 per coil spring

Microstuctural Banding evaluation

2nd full coil poistion - longitudinal
section at Smm below surface, mid-
radius & core

3 per coil spring

Surface Decarburization assessment

First full coil from each end plus
mid-coil position

3 per coil spring

Material Macro Inclusion assessment

2nd full coil position

1 per coil spring

Quenched bar assessment -
Grain size & Hardness

Additional bar quenched at the
same conditions as coil spring

1 per Heat of Material

Chemical Compositon

Supplied by raw material Mill

1 per Heat of Material

ASTM requirements Bar only

Test type Location Number of tests
Wisual assessment Ma Ma

Tensile Ma Ma

Hardness Ma Ma

Surface Hardness

On bar surface

1 per Heat of Material

Through-thickness Hardness

Material Grain size determination

Micro-section

1 per Heat of Material

General Microstructural evaluation

Ma

Ma

Microstuctural Banding evaluation

Surface Decarburization assessment

Micro-section

1 per Heat of Material

Material Macro Inclusion assessment

MNa

Na

Quenched bar assessment -
Grain size & Hardness

Additional bar quenched at the
same conditions as coil spring

1 per Heat of Material

Chemical Compositon

Supplied by raw material Mill

1 per Heat of Material
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Figure3-3: Metallurgical Sampling Plan Developed for Coil Spring Qualification
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Thedevdoped requirements also take into consideration the-lifgcle operations of

the respective valve. During standard operation, a subsea valvieinctionover600
cyclesbetween thell & L3 position (minimum & maximum load conditiongithin a
25-year time frame. Thereforgto fully understand the effect of operational cycling,
and to ensure full material integrifyhe development requirementstesting criteria
detailedwithin Table3-2 wasrepeatedafter 10,000 cycles.

These fundamental test requirements were set to fully understand the mechanical /

metallurgical properties of the TechnipFMC coil spring.

3.3.1 Initial Material Investigation Results

The intial work scopeassessed the coil springs detailed witAiable 3-1, which
consisted of the manufacture of 30 coils springs (10 x 3 bar sizes); anlithe
metallurgical assessment of 15 of the total produced.

The AISI 51B60H material coiteamely thel.375and 1.687%inch (34.9 and 42.8mm)
diameter bar, exhibiteduniform / repeatable results, which met the desigrent
and minimum mechanical propertgerequired.

The AISI 4161H material however, which is made from 2834 73.0mm)diameter
bar, produced inconsistent results in termseéetingthe materialtensile properties
(220KsUTS / 200Ksi YS / 7% EI / 25% ReferenceFigure3-4.

Tensile Results Tensile Results

=15 ‘ 210 -
s 7
[} \ Y,
0 s
o 10 % ; 190
o \
: '—/\/—/\ : /§/\‘ 170
0
] 8 9 10 11
Test No Test No.

11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 2 3 4 5 6 7

— |0 w—R0A% 0| KSi s UTS K

Figure3-4: AISI 4161Koil Spring Tensile Results
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To understand why the 2.87ich (73.0mm)diameter coils exhibited such erratic
results, microstructural comparisons were made to the AlSI 51B60H material parts
The analysis established that the material was not homogenous, and that the three
bar diameters exhibited different levels of bandinghin the metallurgical matrix.

The banding appeared as elongated zones with a microstructure that was different
from the main material matrixThese zones also ran parallel with the rolling direction
of the bar (longitudinal)In addition, the work alsoecognized that as the bar size
increased in diameter, the forging reduction ratio (established by the raw material

mill) reduced; in conjunction with an increase in the amount of apparent banding

This breakthrougtior TechnipFMC wafsirther substantiated when the 2.875nch
(73.0mm)parts were reproduced using material from a differénill (Mill 1), which
utilised higher reduction ratiea The original materia{Mill 2) was found to have a
forgingratio of 5.3:1, compared to the alternati@&/ill 1), which was21.1:1.
Ironically this change in raw material manufact(kéll 1), produced more constent
metallurgical properties, whicimet the design requirements for full valve operatjon
referenceFigure3-5. In addition, key fundamental differences were obseryvedth
the exhibited banding within thewo sets of microstructuresvhichwas greater with
the material forgedat a ratio of 5.3:1. Thee differences were further clarified when
hardness points were taken in both the mataxd banded material at the 10%
thickness location (0.287#mch/ 7.3mm). The resultant values had shown that higher
reduction ratio material, exhibited a significantlpwer average hardness delta
(difference between banded zoner&atrix) than that of the material produced using
a ratio of 5.3: 1.

x 5.3:1 forge raticAlSI 461H materiaHardness delta 15.8 HRC

x 21:1forgeratio AISI 461H materiaHardness delta 2.0 HR
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Figure3-5: TensiléProperty Comparisonof the AlISI 4161 Material (Forge Ratio
5.3:1-LeftversusForge Ratio 21:Right)

To capture this latest information the company wroteits own governing

specification This mandated a minimum forging redioo ratio of 10:1, for all

materials regardless of bar diameter; and a maximum allowable hardness delta of 5

HRC between microstructural bands and matrix. The premise of these new

specification requiremets was to ensure there would lz elevated levedf process

control; both with the incoming raw material from the Mi(ll or 2)and at the OEM

who conductthe subsequent hot coilingnd heat treatment operations

3.3.2 Phase 2 Material Investigation Results

Although it appeared that théssue of the unusuaknsile property behaviouhad

beenidentified, in conjunction witha respective governande controlmetallurgical

variability, the banding continued to be present

This wagwo-fold:

X Whenthe coil spmg OEM started using differeheatsof material (with the

high forging reduction ratiofjor highvolume production.
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x When another coil spring OEM was asked to manufacture, the same part

using the AISI 4161H material from 2 different Ml 3)

Figure 3-6 demonstrates the differences the twaoil spring manufacturers
experienced when processing the material supplied by Miith a similar forging
reduction ratio. It was expected thatvith the work conducted during the initial
development phase, thisituation and set of resultshould not occur. However, the
mechanical properties achieved using OEM 1, were far superior that that of OEM 2.
This was especially apparent with the resaottahroughthickness hardness, yield
stress and ultimate tensile strengthvalues. OEM 1 produced a linear uniform
hardness trend across the coil spring sectional thickness, whereas OEM 2 exhibited a
consistent decline in values from the surface to the core38¢HRC). There were also
marked differencesn the ultimate tensile strengthand yield stress with average
respective values of 20dnhd170 Ksi achieved compared to 24fd220 Ksi produced

by OEM 1.

The variability was also exhibited when each OEM processed the AlISI 4161H material
from different Mills(2 and 3) utilisng the same methods of hot formirend heat

treatment (OEM X Mill 1 and 2 & OEM-2Mill 1 and3).
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3.3.3 Phase 3 Material Investigation Results

The purpose of the fingdhaseof work, was to determinghe effect of usinghree
Heats of material from a new Mill source; separate from those identified within
phases one and twoMill 4 was selected, as they had offered TechnipFMC a material,
which hada significantly low hardness delbanded phase- minus the matrix phage
throughout the canplete 2.875inch(73.0mm)crosssection(sub-surface, migradius

and core- centre) This was of great interest, as th@crostructuralphase hardness
delta was oly ever measured near the surface of the material, and a new source was
stating that the governance regqement of <5 HRC could be met. In additibhill 4

had subsequently substantiated this finding by conducting analysiseoen 7)

different Heats oimaterial using the same heat treatment conditiorseeFigure3-7.

6

\ / —centre
/\/ T midrmdis
sub-surface

\ /\ )
\ /

Sample No.
Figure3-7: Metallurgical HRC Delta Comparison
However,the resultswere notlinear as expectedwith the actua coil springs that
were manufactured usinthree of the material heats from new Mill source.
Testing had confirmed that the tensile properties failed to consistemtgt the 220
Ksi UT@&nd 200 KslyS minimum requirement. Instead average valueslofksi UTS
and 190 Ksi YS were achieved, which were taken faodata set of over 40 tensile

test results.
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To understand whether these respective requirements were realistic for the AISI
4161 H material, a technical review of boBS EN 1008%1] & ASM Engieers
Handbook[50], was completed. This veew confirmed that materials with similar
chemical compositioandheat treatment conditions, should achieve a resultant UTS
of 210- 254Ksi. In addition, the technical review established that tiveeee no yield
stress requirements, which was in line with ASTM2@Aand A689) governing
specifications for the AISI 4161H material.

Based orthis criterion and the results achieved fahe extensive tensile test study,

is was decided ttower the tensile requirementBom 220 to 210 Ksi. Fher, it was
agreed internallypy TechnipFMQhat the resultant yield stress of the matatiwas

not a design requirement, and as such should be removed as a specification
requirement.

In addition to the tensiletest results, teshg was conducted on microstructural
specimens, to determine the HRC delta between the bands and material matrix. This
analysis was completed dhe samethree material heatssuppliedfrom Mill 4, with

both full and partial coils known as waps) assessedit the OD & ID locations
Referencd-igure3-8.

The results demonstrated, that unlike the initial assessment conducted by the Mill
ReferenceFigure3-7, a maximum hardness delta of 12 HRC was achieved for the
coiled material. Compared to the initial set of results, this is an increase of 11 HRC for
the same test location.

When comparison was made to the initial testing conducted by Mill 4, it was
established that the trials were conducted on anth slice ® material, which was
austenitied and tempered at 1700°F & 800(F27°C & 427°Qpspectively. Thus,
indicating that different heating and cooling conditions could indeed vary the effect
of the hardness delta experienced within the respective phases within the

microstructure
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3.4 SummaryRemarks

Theinitial author andTechnipFMC work study, has establishiéé rationalefor a
design changdpr the valve return stroke mechanism. It has atsmfirmed that the
industry governance in terms of material acceptahtestingfor subsea applications
wasinadequate, especiallfor coil spring components, which operate under HPHT
conditions with no redundancy. Subsequently this has driven the need to develop a
new set of test criteria, which fully determinaadsubstantiate$oth the mechanical

/ metallurgical properties of theoil spring in the fullyeattreated condition.
Theinvestigation has also established that the smaller diameter coil springs made
from the AISI 51B60H material, exhibited consistent metallurgical properties in terms
of tensileand microstructural propeties. However, the initial work found that the
2.875inch (73.0mm) AISI 4161H tested parts exhibitathexpected mechanical
properties, which was directly related to raw material forging reduction ratio and the
amount of banding present within the resultanticrostructure.

Subsequent testing establishethd assumedhat this problem could be resolved by
governing the respective material properties, by stipulating a maximum HRC delta for
resultant microstructureHowever; furthertests involving alternativenaterial heats

and differentcoil springOEM's, establishethat the AISI 4161H material exhibited
metallurgical variability when processed / heat treated using similar heat treatment
and manufacturing conditionghis variability has driven TechnipFMCchange its
current design criteria by reducing the required UTS of the 2i8@5 (73.0mm)
material to a minimum of 210 Ksi.

More importantly, the initial findingshave establishedhat there is a necessity for
both industry and governing bodies to fullpderstand how to control the variability
exhibited within the AISI 4161H material. Therefore, the problem statement and

research scope detailed within thisesisis fullyjustified.
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4.1 Introductory remarks

This chapter details the resalfrom both an industrial and academic literature review
of the material and the respective hot forming processes used to manufacture coil
springs for subsea applications. The work detailed within initially establishes the
manufacturing methodsitilised, followed by a detailed review of the metallurgical

processes that have a direct influence on the resultaaterialproperties.

4.2 Method of Manufacture

There are several different methods used to manufacture hot wound coil gpfor
industrial applications; however, in simplistic terms materials such as AISI 4161H

follow the process represented withiagure 41.

Austenitize & Quench b Temper

Non-
Destructive Ra= Shot Blast
Test

Machine | Hardness
Ends ' Test

Dimensional | Dimensional |
Inspect ' ' Inspect

Load Test

Package /

: Inspect  lLoad Test &&=  Cycle Test
Dispatch

Figure4-1: Typical Manufacturing Process foLaw Alloy Steel

In generalterms, the material is supplied in a bar form, which is subsequently heated

in a furnace to a temperature of approximately 17D800°F (92®82°C). The
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materialis then removed manually or automatically ejected onto a mandrel, where

the bar isformed into a coil springseeFHgure 42.

Figure4-2: Hot Coiling of Low Alloy Steel

Once formed, the coil spring is immediatejyenched by transferring the material
into atank of aspecificcooling me&ium, such as oillThe austeitising temperature
range is generally between 150®B00°F (81&71°C) This process step is then
followed by a tempering operation, where the coils are held in a furnace between
750-850°F (399154°C) for a set duration, whicis dependent on the bar size
(diameter) and desired resultant HRC and UTS.

The remaining process stepave no direceffect on the part, as these are used as
controls to ensure the material meets the desired design intent in terms of return
load, surfacehardness and dimensional stabilitDther than the pe-setting
operation, which increases the elastic range of the material beyond the minimum
working height (L3 position Figurel?; steps 1 to4 (Figure 41) are the key and

fundamental processethat influence mechanical / metallurgical properties.
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4.3 Coil Spring Material

The raw material used to manufacture coil springs for Oil / Gas subsea appligations
specified within ASTM29 [54], A304[57], and A689[58]. In general,the material
selected isconsidered as digh carbon / high strength hot rolled alloy bawhich
exhibits excellent through thickness hardenability. When the material is designated
Al§8Z 8Z o0 88 G Z,[U §Z]s v}8 & « 8Z & §Z sguenchPE
hardenability requirau v S of ASTMA304and A689.

The material selected byechnipFMGs based on the requirements of AISI 4161H
[54] [57], exceptfor both the Phosphorus an&ulphurcomposition which hae been
reduced fromthe current industry requirement of (B.035%/ S0.040% to (P
0.025%& S-0.015%) respectivelyThiscompany stance waadopted to ensure a
cleaner bar material would be procured, which would reduce tisk of the

formation of impurities and subsequent segregation duringrée melting process.

Figue 4-3: Material Composition of the AISI 4161H material [5]

4.3.1 Raw Material Manufacture

4.3.1.1 Melting

The raw material is made by the electric arc melting process, which is followed by a
separate degassing / refining operation. Dependant onrthié secondary melting
using electreslag or vacuum renelting may also be incorporatedhe molten
material isthen subjected to the continuous casting process, where the liquid steel is
transferredinto a Tundish. Depending on tl&ontinuous Castelype, the Tundish

may supply one omultiple strandg6] Reference igures 44 & 45.
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Figure4-4: Schematidepresentation of @ne Strand Curved Continuous Casting

Procesg6]
Continuous casting
L JTundish

Uﬂ o Reheating qugh{ng Finishing rolling o
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Figure4-5: Schematidepresentation ofa Conventional SlaBaster[6]

Once the material iseteased from the Tundish, the molten liquid enters a mold,
which is water cooled. At this point the solidification of the outer surfaces begins,
with secondary water spraying providing adequate cooling to completeigifsahe
material crosssection. Theslow incremented movement of the strand through the
rollers ensures unairm cooling and solidification with a high level of repeatability [6].
Dependant on continuous casting setup; theukant / completed product shall be

either a be aslab, billet or bloom- see kgure4-6.
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Slab

Billet  Bloom
Figure4-6: Schematidepresentation of theContinuous Casting Procd6$

All raw material Mills who supply bar for capring manufacture shall utibsthe
continuous casting paess. Howeverthe methodology maydiffer, with some
}Ju% v] [ }%S]vP 18Z E ~"§ 3] _ }E& ~Z}8S EC_ <S]vP u
The main difference between théwo processes, is that the Rotary method
continually rotates the Strand during the casting processch helps mix the molten
material during thesolidification process,and reduces the legl of centreline
segregation.
One of the many limitations or considerations of the continuous casting process is
the level of segregation, which takes place durihg solidification processThis is
dependent on the carbon content and alloying elements within the chemical
Ju%}e]S]}vX ~lv §Z e }( <3 ocoefliciehisof rhéfy chemical
elements are much higher in ferrite than in austenite, which neetrat the micro
segregation typically is mucstronger for high carbon steels, which solidify from
licu] S8} peS v.]Bherefores thework conducted bylouhenkilp[6], highlights
the susceptibility ofAISI 4161H materigbeing ahigh carbon hypeeutectoid steel.

32



4.3.2 Hot Working t Rolled

The bllet, once producegbassedo the Rolling Mill, where the material it worked

to create the final raw bar that is used for coil spring manufacture

Hot Working is a process that takes thilet above its recrystallization temperature,
and transforms the material into a soft, ductile, low strength condition. This
subsequently allows the material to be reduced in section ®ereralhot rolling
steps. The dvantageof this process, is that the a=st structure produced during
continuous casting, is broken up form a finegrained material. Howevethis is
dependenton the amount of hot work and respective reduction rasabjected to
the billet during the rolling processn summary; theyreater theamount of hot work

/ reduction ratiq the smaller resultangrain sizg7].

Old grain

structre \

Elongated
grains

Direction of —»
feed 31 (e | e v

Figure4-7: Diagram of Hot RollinBrocess & resultant recrystallization [7]

In addition, the formation of fine gras is promoted during the melting process,
where the Mill will add a minimum of 0.02% Aluminium to the chemical composition
of the melt. This is required for the AISI 4161H material, to rtleepre-Austenitic
grain size of 5 or finer per the ASTM Ell2leation technique Note, the pre
Austenitic grain is formed during the subsequent hot coiling process, where the bar
is taken to or above the materia¢crystallizationtemperature [54]. Thehot rolled
process shalileliver the material bam the Annealed soft conditigrat the required

diameter,equippedreadyfor the hot coiling heat treatmentprocess.
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4.4 Hot Coiling / Heat Treatment

The hot coiling operation and subsequent heat treatment processes are the key
manufacturing stps that induce the required mechanical andhetallurgical
properties forthe respective desigrieat treatment processs relyon severaffactors
in determining the resultant properis of a specific material typ®laterials react
based on theirchemical composition, extional thickness/ geometry, cooling
mediums / furnace environment and most importatly the time / temperature

transformationcharacteristicof the respective heat treatment operatian

4.4.1 Austenitisng

Dependant on the materialcomposition and Carbon ontent, the resultant
microstructure is based on the respective Time Temperature Transformation (TTT)
diagram. The TTT diagranor alternatively named Isothermal Transformation
Diagram(ITD)is crucial in the heat treatment process, as it clearly defthe<ritical
temperatures of phase transformatioand the effect oftime on nucleationand
growth within the material The curvesalso provide the temperatures at which
different phases begin and subsequently ekthwever IT [ eare specific to phase
trandormations ata constant temperature; where a material is held for a specific

time to achiewe the resultantphase /microstructure t [8] Reference figurd-8.
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Figure4-8: TTTDiagram for an AISI 1058eel [8]

The key phases and temperatures associateth transformation curves can be
defined aq9]:
x A3 temperaturet Temperaturebelowwhich Austenite transforms to Ferrite
x Al temperaturet The minimum temperatur@abovewhich Austenite forms
X s tphase transbrmation start
x f tphase transformation finish
X (A)Austenite (Xiron) t Soft medium temperature phase
X (F)& & &irén) +Relatively soft low temperature phase
x (P)Pearlite t Lamellar mixture of ferrite & Iron carbides Fe 3C (Cementite)
X (CXementitetlron Carbide / hard metastable phase
X (B)Bainite t Nonlamellar mixture of Ferrite & Cementite
x (M)Martensite t Hard metastable phase formed when rapidly cooled

(quenched) from Austenite

The material chemical compositi@isohas a major implication on the respective TTT

curve, with specific elements having a direct influence on the A1 & A3 temperatures.
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Austenite stabilizing elements such as Manganasé Nickel decrease the Al
temperature; with Ferrite stabilizing elementssuch as Chromium, Silicon,
Molybdenumand Tungsten increasing the Al temperatyés.

In practical termsgspecially for the heat treatment of spring steel§; [« } v}S
considerthe effect of different cooling rates, which are observed when Annealing,
Normalizing or Quenchingnstead reference should be made to Continuous Cooling
Transformation(CCTdiagrams, which predictesultant microstructuredbased on

chemical compositioand cooling rates[8] treference figures-9.
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0 ! urtensnl1 pe?rhte l peafl—lte [
0.1 | 10 102 103 104 10° 100
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Figure4-9: CCTDiagram (Solid Linespmparedto the TTT diagram (dashed lines)
for an AISI 108&eel [8]

The cooling rate has a major influence on the resultant microstructure, especially
when cooled from the Al temperaturedépided by arrow-head figure 4-9).
Depending on the rate of cooling, the material will eitleecroach on or pass through
the knee of the curve or indeed cool straight to the Martensite start (Ms) zone.
Regardless, different cooling rates, will result in chemdo the metallurgical

propertiesof the respective part.
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Gonsidemtion must also be made tihe sectional thickness of the part in question,
and the cooling medium used, #sey have a direct #ect on the material thermal
conductivity/ cooling rate
Gooling rates are greatly influenced by the environment, and by the cooling medium
used:

x Environment:- furnace cool / air cool / quenched

x Medium: still or circulated air / water or oil (static or agitated)

This is depictedn figure 4-10, which illustraes the effect of cooling imifferent
mediums such asir, oil, and water. The CCT diagram illustrates that the same
microstructurecanbe obtained for a 2mm diameter sample that is cooled in air with

a 40mm bar cooled in oil and 50mm bar cooled in w§&].
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Figure4-10: CCTDiagram for (AIS4161HSeel) Austenitised at &0°C (162°F) [63

The effect of cooling medium and sectional thickness can also be sBguia4-11,

which exhibits the effect ofjuenchinga range of AISI 4130 steel diameter bars (25
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300mm) in both water and oil. The experiment conducted lists the resultant hardness
of the bar core for each of the tested bar diameteexperimental data has shown
that the resulting hardness at elaof the incremented bar diameters has consistently
reduced, when tested at the core locatioAlso,the test has proven that with the
water quenched specimens ackiexla greater hardnestr each bar diameter when
compared to the oil quenched samples.

Regardinghe 50mmbar diameter Figure 411; the water quenched bgpasseghe

knee of theCCTcurve, where the oil quench sample cuts through the curve resulting

in adifferent microstructure and resultant hardness val9¢.
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Figure4-11: CCTDiagrams for AlISI 4130 stgkleftWater Quench RightOil
Quench [9]

The cooling medium / environmentherefore, have a direct influence on the
resultant CCT curve, which affects ttesquenched properts (microstructure /
hardness) of the material. This is further clarified witlhigure 412, where a
chromiummolybdenum steel has been cooled usinthree separate mediums,

resulting indifferent CCT curves for the same material type.
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Figure4-12: CCTDiagrams of a&ChromiumMolybdenum Steel Using Simulated
Cooling Curveor Water, Oiland Air [9]

The position of the "shaped" curves can also change in relation to other factors
separate from cooling catitions. Consideration should be given to theld time
during the austeniti;ig operation. * /the hold time in the austenitic range is too
short, the Gshaped cooling curvasay be shifted to shorter timed'his may be due

to incomplete carbidalissolution or a smaller gira size after a short austenitrgy
S]u [9]. This is demonstratedhy Fgure 4-13, which represents a shift in curve
orientation, when a AISI 4140 steel was austergtisfor 6 seconds at 98G (1740

°F) and 10 minutes at 880(158CF)[9].
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Figure4-13: AISI 4140t Solid Line (95@Austentise) / Dashed Line 86C°
Austeniti®) [9]

The analysis of the CCT curves has confirmed that dependant on material grade,
faster cooling occurs at the surface compared to the coteerefore a transition in
material properties isexpeced, which isdependent on the material thermal
conductivity (heat transfer coefficient) thickness, chemical compositionand
hardenability

Chemical composition is also key to the formation of ti@&TG TTHiagram. Work
conducted by Kirkaldy et al [23P4] [25] determined that the transformation
temperatures and respetive phasesanbe determined through the developmenf
experiment and the correlation to empirical formula to create a full CClTTmodel.
Similarly others have developed formula such as Steven & Hajg@snd Andrews
[27] in determining phasdransformation temperatures such asthe Bainite &

Martensite start temperatures.

Bs(°C) = 83 270Ct90Mn t 37Ni t 70Cr t 83Mo [26]
Equatiord-1

Ms(°C)=53% 817 > TiX0Dv > i6X06E] > t7Kb[&H] > (iXi]
Equatiord-2
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This is further clarified withiRigure 414, which demonstrates the TTT curve tiao

different material types (chemical corapition), which have been plotted using both

experimental and calculated data [28]. Regardless whether experimental or

calculation generate, the respective diagram moves to the respective left / right as

a direct factor of resu
=00
TO0
GO0
500
400

300

Temperature ("C)

200

100

[

9200

Itant chemical composition.

En 36 (0.7%C)

0.1 I 10 10° 10° 10 10°

Time (s)

800

700

600

500

400

Temperature ( °C)

300

200

100

0,

:

b 3 < 3
1 1 10 10” 10 10 10 10°

I'ime (s)

Figure4-14. ComparisorBetween Experimental (Bold Lines) & CaladatTT
Diagram (Dashed Line3ppEm6 (Fe0.7%E0.35%MnR0.16%SB.24%N0.96%Cr
0.06%Mo (wt%)Bottom 5140 (FeD.42%@).68%MnR0.16%SD.93%Cr (Wt%) [28]
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4.4.1.1 Limitations& Considerations Austenitisng

As with all heat treatment processes, there are limitations and certain situations that
can yield undesirable metallurgical properties and conditigdgough the CCand

TTT curves clearly define the resultant microstructure under defined cooling
conditions, one must also consider other attributes that can have a direct influence
of the material, especially for coil spring applications.

Literature has shown that ther@re number ofother factors that can affect the

materialduring quenchingsuch as:

X Surface conditiont level of oxide / scale

x Thermally induced deformation / strain

Surface oxidation is formed during the hot coiling operation, as the bars used to
manufacture actuatosprings are placesh an unprotected environment(gas fired
furnace) to achieve the desired hot working temperatwe 1700-180C°F (927-
982°Q). The level of oxidation is dependent on themperature selected and the
respectivetime the bars spendvithin the furnace.Typicallythe level / depth of
oxidation shall increase with temperature and time

Research has shown that the depth of scale can have a diflaence on the
qguenching characteristics of the materifl0]. The work conducted by ASM
Internaional established that the rate of cooling increased withaxidation depth

up to 0.08mm (0.003inwhen compared to a specimen without scdftawever the
opposite was achieved with a heavy surface scale of 0.13mm (0.005in), which

reduced the coahg characteristicst seeHgure 4-15.
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Figure4-15: CoolingQurves of a 109%teel Quenched in Fast (1iD]

In addition to influencing the cooling rate, oxidation can have a detrimental effect on
the coil spring material in the terms of crack formation. The IST, through various
metallurgical failure investigations, established that excessive durations within the
Z}8 }]o]vP (pCEV NE ep0osS  bpetyeBrthe grains sfdustehjtic

S E n §10{EDuring subsequent quenching, this will result in residual stresses at

the grain boundaries inducirtge formation ofcracls t seeFgure4-16.
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Figure4-16: OxidePenetrating Grainat the Qurface of aHot Coiled SprinfiL1]

The cracking mechanisiwan also be compounded due to thresidual stresses
induced during the phase transformation of the materiflbm austenite to
martensite If there is a time delay between the subsequequenchingand
temperingoperations, the residual stresses can manifest to cracks from theenilt

surface [11]t seeFigure4-17.

Figure4-17: Typical Quenckrack from aCoil Spring11]

Consideration must also bgiven tothe volumetric changegxhibited during the

phase transformatiorand the resultant stresses induceédring cooling.In general,
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low alloy steelswill contract during the quenching process and then subsequently
experience linear expansion at room temperaty]. The rate of which both
contractionand expansion takeplace isrelated to the rate of cooling as shown in
Houres4-18 & 4109.
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Figure4-19: ThermalExpansion / Contraction Curfer a 43403eel [10]

For coil spring applications, a fast cooling ratela high carbon content are required

to attain the desired metallurgical properties (high strength, high hardness fully
martensitic material). However, as demonstratedimyures4-18and4-20, the faster

the cooling rate, the greater degree of linear expansion combined with the resultant
higher strain rate associated with the increase in carbon content % [10]. Therefore,

there is a potential of crack initiation if the quench ratéas severe.
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Figure4-20: Linear Epansion irSteelafter Quenching to Produce Martensif&0]

46



In addition, thequench rate and material hardenability, which is related to chemical
composition, will have a direct correlatidio the resultant microstructurelf the
cooling rate is inadequate for a specific material type, then phases such as retained
austenite or ferite / pearlite could be preseniThis is undesirable as retainéstrite

and pearlite reduce the material strength, whereas retained austendaenlead to
embrittlement. [8] [10] [12].

Z S |v HeS V]S % S (stenite thatddes not trasform to
martensite upon quenching13]. Thisrespective phaseccurs when thesteelis not
guenched to a temperature low enough to form 100% martensite.

The amount ofetained austenite islependent onseveralfactors, such as [13]:

x Carbonandalloy content (specifically Nickel & Manganes#)ese elements
increase the stability of austenite, thus increasing the amount of retained
austenite upon quenching.

X Quenchant temperaturet since the martensitic Mf temperature is below
room temperature for steel with >0.3% Carborthen higher quenchan
temperatures, shall result inncreased amountsf retained austenite within
the structure[13].

X Subsequent heat treatent processes(Tempering) t the duration and
tempering temperature shall determine the amount of retained austenite
that transforms inb martensite.

The presence of retained austenitan also helpmprovemetallurgical / mechanical
properties such aglL3]:

x Improved ftigue strength- by arresting the crack tips and providing
compressive stresses inside thmaterialas it transforms to madensite.

X Increased mpact strength- due to its higher ductilityof the retained

austenite, compared to a fullyansformed martensitestructure

However by increasingthe content of retained austenitewithin the structure
dimensional stability is losThis is due to the transformatiolm martensite, where

"martensite, a body centred tetragonal crystal structure, has a larger volume than
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the face centred cubic austenite that it replaces "[13]. This results in a localized
volume increase of %% within the microstructurewith the martensite (low
ductility) phase unable to tolerate the expansional stresses, creatiagkswithin

the materil [13] [14].

4.4.2 Tempering

Tempering is a key fundamental process in the manufacture of actuator coil springs,
and indeed for any alloy steel that has undergone quenching and the resultant
formation of a martensitic microstructure. It vgell known fact thatmartensite is a
very hard and brittle phase, with negligible ductilithpwever, is essential in

producing the required strength (UTS) for the respective alloy and application.

The lack of ductility is due to theartensiteatomic lattice, especially fateels that
exhibit a Carbon content 0f0.2%, which exhibit a BCT (Body Centred Tetragonal)
formation / structure, formed during rapid cooling from austenite [8his lattice
formationhasno™ 0}% 0 | *0]% %0 v ¢ €06 Vv ] "Z|EZJC * SPE

atoms|[8], which results in a very brittle material that requires to be tempered.

Tempering i| heat treatmentprocess thapromotes diffusion of the carbon atoms
within the atomic lattice and the formation dfeC or an dby carbide in derrite
matrix [15]. The properties of the tempered steel are primarily determined by the
size, shape, composition, and distrtion of the carbides that fornfiL5].
dZ]e ] o0} IVIAv ¢ 8Z "~ Ju%}e]3]}v }( u ES ve]E £06-U
heating he material below the lower critical temperatu#el, to produce an increase
in toughness and ductility, with a reduction in hardness and yield /tensile strength.
Like austenitigg, the tempering processonditions and the chemical composition
havea maja influence on the resultant mechanical and microstructural properties of
the respectivematerial Considerations should therefore should be given to [15]:

X Tempering temperature and time at temperature

x Cooling rate

x Alloying elements within the material
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4.4.2.1 Tempering Temperaturd Time

Both tempering temperature and the time at temperature hawvdirct effect on the
resultant metallurgical properties of the material. For alloy steels, the actual
temperature at which tempering takes place has more of an impact in terms of the
fundamental resultanmetallurgicalkchangesin respect to incrementalifferencesin

time tsee kgures 421 & 4-22.
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Figure4-22 Effects oflime atFour Tempering Temperaturesn HRGHardness of a
0.82% Carbon Steel [15]

Figures4-21 and 4-22, both highlight that higher tempering temperatures increase
the gradient of change in terms of hardness, ductility (elongation / reduction of area)
and yield / tensile strengthlheinfluence of time at a specified temperature is more
apparent as the tempeang temperature is increased [19]his suggests that the rate

of diffusion within the material is increasing in conjunction with the formation /
precipitation of ferrite and F£[8]. At low tempering temperatures, the martensite
may form two transition pasest a lower carbon martensite and a wefine none
equilibrium carbide[8], which will result in a strong brittle material. Whea® at
higher temperaturestable ferrite and F€ form, and the steddecomes softer and

more ductile[8].

4.4.2.2 Cooling Raté Alloying Elements

Another consideration is temperediartensite embrittiement which is directly
related to slow cooling rates and excessive dwell times pdcsic tempering

temperatures. Research has shown that when steels are slowly cooled from
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temperatues above 57% (1065F) or indeed held at long periods between 325

575°C (708F t1065°F), % E % ]38 &]}v }( » }u%}tpv » }vs Jv]vP S
occur [8]. The long dwell times allow precipitation to take place along the grain
boundarieqprior austenitic)reducing the fracture toughness of the material [8§].

Figure4-23 showsthe effect of temper embrittlement in relation to different cooling
rates from 620C (1150F).
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Figure4-23: Effects of Temper Embrittlemenon Notch Toughnestor AISB140
Steel Hardened & Tempered 620°C (1150°R)Oil Quenched V Furnace Cool from
the Tempering Temperatui&]

The work conducted K.B. Lef6], established that intergranular tempered
martensit u E]330 u v38V A « JE 30C Jv(op v C ~"3Z }u ]v
E] * VvV JukopE&]S] ¢« S SZ % E]}E U8 THIS sugést§v }uv
that the alloying elements form segregates during the quenching process, which are

precipitated out during the subsequent tempering operatiomherefore, due
diligence is requiredhot only with the tempering duration, but with the effects of

different alloying elements within the material.
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4.5 Considerations of théMaterial & Hot Forming / Working®rocesses

Boththe hot formingand subsequent heat treatment processes have a major effect
on the mechanical and metallurgical properties of both the raw bar materiatizad
fully quenchedand tempered coil springlnfluencing factors can be considered as
both fixedand variable, in terms of chemical compositiamelting practices, het
working reduction ratio and subsequent heat treatment conditions

These keyariableshave an impact on the resultant segregatimd microstructural
banding evident withinthe raw materialand the fully functional subsea valve
product. [ EE] }[1§ «® § §Z § "§Z posSJu § <«<u 0]8SC }( <8
determined from the steelmaking technological cycles and the casting process
technologies employed to fabricate rawndg} p S+ _ X dj@atinjportdénce, as the
continuouscastingprocess used to create the raw material bakn®wnto produce
segregation at the centreline location of material billet [1Th addition, the
subsequent hotworking/ rolling processesised to form the respective bar, will align
the segregation to from elongated bands [17].

This is also confirmed by Penleh al [18] who stated that during”u Z v] o

deformation the dendritic micresegregation strung out into stringers parallel to the

d}u]v AS (o}A

Flgure4-24 Example of Bandln@hlblted within a UNI EN 18 CrNiNmrmalized
Material

dz A}E!l }v u 8 C Y3z [ e a[L7][18]véstaRlished that the
chemical composition of the bands wibe differentbecause othe microsegregation

exhibited.Therefore, subsequent heat treatment operations will not only be sensitive
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to the bulk material chemistry, but to those of the individiands throughout the
material. This suggests that a banded structure wdt exhibit a homogenous
microstructure or indeed mehanical properties acroghe respective crossection.
In fact, ~"$Z Ju%1}e]S]}v }( v ]8Z & v ]+ <p]A o v 3§} &z
Therefore, 4®he bands may respond to the heat treatments in an appropriate

uvv @E7].

[ EE]} § o €i6e €i06 }v(]EU 8§z 8§ §Z PE }( v ]vP
key facors; such as alloying elements, cooling rate, austenitization tempezaioa
prior austenite grain size:

x Alloying elements:

o ~D vP vacts directly orAr temperature stabilizing austenitby

lowering the Aru [17].
0 "WZ}e%Z}Epue Z o A Egy & GepveBates during
o] 1(] S8]}v v u C ( S}E ]v S[27]. v JvP % E}

o DvP v U ZE}u]lpu v D}oC vpu ~Jv(op v
temperatures and compositions during solidification producing an

IvZ}u}P v }ue JeSE] ps]}v }( dmJC]JvP o0 u vSe_

x Cooling ratd Austenitization Temperature
o Because othe chemical compositional differences, each band will
have its own transformation temperature, which will result in an
independent TTT /CCT curve for that respective zone. This in
conjunction with the cooling rate, will result in the formation of
different microstructures within the independent band; such as
martensite & bainite ferrite & bainite, ferrite & martensite, pearlite

Jvl]s U % @&o]s T18]. ES ve]S _
X Prior Austenite grainize

o [EE])} & 0€i6s % 0]eZ $Z §8Z Ju vel}v }( &

grain had a direct relation to the promotion of banding within the
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resultant microstructure*/v €& <]JvP §Z Hed v]8] PE Jv ]I
it is greater than the interspacing segregation, could result in the

]* %0% €& v }( Vv JvP_

Krauss[29] has also studied the effect colidification, segregation and banding
A18Z]v 00}C 3 0¢X }u% E o A]§Z]a&dPenhaelald»8],] EE] }
banding within the resultanhmicrostructure is very much dependant on the hot

working process and the diffusion coefficients of #lements within the material.

X Reheating of asast products and hot ratig reduce chemical segregation
but further microstructural prtitioning (often by design in parent austenite
of uniform compositio, occurs during diffusiogontrolled solid-state
transformations

x Hot rolling aligns the interdedritic variations in chemistry in bands parallel to
the rolling direction producing alternating regionsf high and low
concentrations of various solute elements. Substitutional elements with low
diffusion coefficients respond most sluggishly to the homogenizing effects of

hot work - Reference figure -25.

Experimental work reported by Kraugd®9], established that the chemical
compositionof key elements such as Mn, &nd Ni would vary depending on their
respective chemical composition and effect of their ability to suppress the
dissolution of CarborBoth Mnand Cr lower the activity of C in atenite; resulting

in consistent C values across the material sectional thickisesskgures 425 & 4
26. The work also concluded that theicro segregation manifests itself as banding,
which can be influenced / reduced by holding the material for longations at
elevated temperatures However, this will be dependent on the mobilignd

chemical composition of a given element within the banded zone.
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4.6 SummaryRemarks

The literature review has establishethe key operations in the method of
manufacturethat can affect the mechanicand metallurgical intent of theAlSlI
4161Hcoll spring.As dentified by industry and academic research, there faner
fundamentalprocesseshat influence thematerial properties:

x Raw material melting / hot working

x Colling

X Austenitisng

X Tempering
The literature has shown, contrastingtommonunderstandinghat the material is
not homogenous in terms of chemical compositidnsteadthe continuouscast
materialis prone to centreline segregationwhichwhen hot rolled camanifestinto
elongated zones as bands. These baradgexhibitboth low and high concentrations
of the individual elements stated within the bulk chemistyhis is however
dependent on theelement and its respective diffusion coefficient, which can
influence the mobility of the elements and reaction with Carbon during heat
treatment operations.
Chemical composition along with cooling rates / mediums have a major influence on
both the TTlandCCTdiagam, with specific elements influencing the transformation
temperatures along with changing the shaped position of the respective curve.
This resulsin distinct phasesvithin the resultant microstructure, which could impact
the mechanical properties dhe material.
Considerations should also be made to the times and tempegatselected for both
austenitisng and tempering operations, as the literature has clearly demonstrated
that the material will respond differentlyor a given heat treatment condition,
producing a range of metallurgical properties one materialtype.
These key findings substantiate the requirement to conduct a detallesign of
experimentsto understand the effects of the various heat treatmerunditions for
the AISI 4161H material.
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Chapter 5 details the research philosophy and methodology used to determine and
characterize the metallurgical properties of the AISI 4161H material at the
fundamental and extremities of the heat treatment processing window.

The initial work specifies the scopetbé test program and théesign of experiment
approach taken, to identify the range of test conditions and test mettsatiscted to
enable a full understanding of the resulting properties achieved through varied
inputs.

For eaclset of testconditions, he findingsare presentedalong with asummary of

the keyconclusions from the analysis of the results obtained through experimental

study.

5.1 Scope

The scope of the experimental research cevbe AlISI 4161H material ov8rbar
sizes. This is due to the qeirement to fully umlerstand the technical issues
presented within @Gapter 3, and theneed to evaluatenew innovative designs
terms of material capabilityThe future philosophy of TechnipFMEto operate
subsea tregwith actuatd valves adeeper wder depths, highetemperaturesand
higher pressures. Thidrives therequirement for large diameter coil springsTo
make the experimental research representativiee following bar diameters have
been selected:

X 2.875inch(73mm)

x 3.375inch (85.7mm)

X 4-0-inch(101.6mm)

Using thesestandard sizesllows a fuller understandig of the current material
utilised, and determins the effect of increasinghe bar dimeter to enable a full
evaluation/ characterization and limitationsf the AISI 4161 bar used for coil spring

manufacture.
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5.2 Methodology

5.2.1 Material / Test Sampleg Set-Up

The material used fahe experimental researctvas sourced fronMill 4 under two

Heat numbers.However, the 2.878nch (73mm)trials included the compason of
material supplied byan alternative namely Mill 1 In all cases, the ramaterial
production route utili®d electric arc melting, followed by vacuum degassing / ladle
refinement, prior to continuously casting the billet for the subsequent hotmglli
operation.

A summary of the respective raw material properties for each heat number is detailed

within table5-1.

Table5-1: AsReceived Raw Material Properties

For the purposes of the test program, the material was supplied eangplete 15
metre bar length, in the fully hot rollednd machined (scale free) condition. The test
samples were then sectioneflom bar lengthinto 11-inch (279.4mm)lengths, to
obtain a standardized test specimen dimensidar subsequent heat treatment
operations.To increase the sensitivity of the prograBhar samples wereested for

each respective quenamndtemper condition.

5.2.2 Test Conditions

To fully understand the AISI 416ftdterial across the 2.87%.0-inch(73-101.6mm)
bar diameter range; foufd) heat treat conditions were evaluated:
X Asreceived (Datum) - hot rolled with no subsequent heat treatment

processing.
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X Air-cooled- where bars are heated to the OEM hot coilingngerature, and
allowed to cool in air to room temperature.

X AsQuenched - where the bars are heated to variouaustenitiang
temperaturesandquenched in oil.

X Quenchedand Tempered- where the bars are exposed tearious heat
treatment conditions utilisng different austenitisng and tempering
temperatures.

Throughout theexperimental DoEeal time temperature monitoring was employed
to establish the heatin@nd cooling rates of the respective bar diameters. This was
accomplished by attaching a thermocdeapo the respective surface and cavéthe

bar material reference Figure 8. It must be noted thabnly few test sampledor
each bar sizéad core thermocouples attachedowever,all barswere subjected to
surfacetemperature measurement. Sample c®rmeasurement wagmployedto
determine thedifferences in the respective heat transfer propertias core and

surfaceof the individual bar sizes.

thermocouple

thermocouple

driled hole In
centre of bar
1
Figure5-1: Thermocouple location for surface & cdsmperature monitoring

5.2.3 Test Setup

To conduct the experimental analysis, and to ensureghlevelof repeatability was
maintained throughout the testing phasesgveralpieces of key equipment were
standardized The setup included the following piecesf standard apparatus:

X Quench TankseeFigure 52

{ Oil Super S quench eib21 (referance ApendixDfor CoQ
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Figure5-2: Picture of the Quench Tankilised for theExperimental Testing

x 2-off Electric furnacesseeFigure 53
{ Type: Watlow 942A
{ Controller Type: Honeywell DC2500
{ Multi-point temperature recorder type: Honeywell Muttiend SX

b

5 sy
Figure5-3: Picture of Furnac@&ype Utilised for he Experimental Testing
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5.2.4 Design of Experiments

The test methodology used for the experimental research is based on a Factorial DoE
[51] and Response Surface DoE approadfich was created to reduce the required
number of test combinationg/hile maintainng the test integrity whendetermining

the effect of different heat treatment process inputs (Quenemd Temper
conditions).

Based on the literature revieyd0] [15] it is believed that changing the Quench and
Tempering temperatures would result ia linear change in properties i.e. with
decreasing tempering temperatures it would lead da increase in hardness and
tensile strength. The optimal DoE philosophy for evaluating straight line responses is
a Factorial DoE approachvhich involves testing foboundary conditions with an
option to test atthe middle point, to validate the linear effect of changing theut
parameters o the resultant output. However, following the testing carried out on
2.875"(73mm)bar, it was found that relationship betweeprocess parameters and

test results is not linear. Thdsr 3.375"(85.7mm) and 4"(101.6mm)bar diameters

the Response surface DoE approach was utilised, which involves limited testing at
boundary conditions and tdepth testing within the range of press parametergo

better evaluate the impact of changing tlkkenditionswithin the range.

The DoE was created to ensure that only two variables at any one time were varied,
as this was in line with the current practices utilized by the coil spring OEM's.

All other inputs, such as the quench oil type, quench oil temperature, furnace type,
bar sample heating / cooling conditions and time at temperature were kept as a
constant- Reference Table-3.

Table5-2: Constant DoEonditions

Austenitise - Quench Temper
Bar Time at . Cooling medium Max bar Time at .
. Cooling Cooling
Size | temperature . temperature - temperature | Temperature .
; medium . medium
(inch) (hours) prior to quench | out of quench (hours)
2.875 15 Oil Super 2.5
3.375 2 S 90-130°F 210°F Air
4.0 quench
) oil - 521

The variable inputs of thBoE were created from the use of bothMP[48] & Minitab

software[49], which are statistical analysis programs designed to optimize the test
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conditions for each respective bar size. These are subsequently detailed athies

5-3 through5-5.

Table5-3: 2.875Inch Bar Diameter DoE Test Conditions
2.875" bar

Test Piece No's Heat

Test Description | Material

Number
AR - Timken As-received Timken | 90307
AR - 5DI As-received SDI Al141303

Test Piece No's e . Heat Hold | :
Test Description |Material Cooling Medium
Number [ Temp
T1 Air cool Timken | 90307 1700 F Air
T2 Air cool Timken | 90307 1800 F Air
T3 Air cool S0l Al41303 | 1700F Air
T4 Air cool sol A141303 1800 F Air

Test Piece No's
Heat Hold Quench

Test Description |Material Cooling Medium Cooling Medium
Number | Temp Temp
Al-Q As-Quenched Timken 90307 1800 F Alrto 1550 F 1550 F oil
B1-Q As-Quenched so1 Al41303| 1700F Airto 1550 F 1550 F Qil
C1-Q As-Quenched Timken | 90307 1550 F N/fa 1550 F Qil
E1-Q As-Quenched Timken | 90307 1600 F Nfa 1600 F il
G1-Q As-Quenched Timken | 90307 1500 F Nfa 1500 F il

2.875" bar

Test Piece No's Heat Hold Quench

Test Description |Material Cooling Medium Cooling Medium | Temper Temp
Number | Temp Temp
Ala-A3a Quench & Temper| Timken | 30307 1800 F Airto 1550 F 1550 F oil 790 F
B1-B3 Quench & Temper sDl A141303 | 1700F Airto 1550 F 1550 F 0il 790 F
C1-C3 Quench & Temper| Timken | 90307 1550 F Mfa 1550 F ail 790 F
E1-E3 Quench & Temper| Timken | 90307 1600 F MNfa 1600 F ail 230F
F1-F3 Quench & Temper| Timken | 30307 1600 F N/a 1600 F Qil 750 F
G1-G3 Quench & Temper| Timken | 90307 1500 F Nfa 1500 F ail 830F
H1-H3 Quench & Temper| Timken | 90307 1500 F Mfa 1500 F ail 750 F
11-12 Quench & Temper| Timken | 50307 1550 F N/a 1550 F oil 750 F
J1-)2 Quench & Temper| Timken | 90307 1600 F N/a 1600 F Qil 790F

Table5-4: 3.375 Inch Bar Diameter DoE Test Conditions

Test Piece No's e i Heat
Test Description | Material
Number

AR - Timken As-received Timken | 90307

Test Piece No's Heat Hold
Test Description |Material Cooling Medium
Number [ Temp
AC1 Air cool Timken | 90307 1300 F Air
AC2 Air cool Timken | 90307 1700 F Air
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Test Piece No's

e i Heat Hold _ Cooling
Test Description | Material Quench Temp i

Number | Temp Medium
AQ-1600 As-Quenched Timken 90307 1600 F 1600 F il
AQ-1585 As-Quenched Timken | 90307 1585 F 1585 F ail
AQ - 1550 As-Quenched Timken 90307 1550F 1550 F Qil
AQ - 1515 As-Quenched Timken | 90307 1515 F 1515F ail
AQ - 1500 As-Quenched Timken 90307 1500 F 1500 F Qil

Test Piece No's e Heat Hold _ Cooling
Test Description Quench Temp ) Temper Temp

Number [ Temp Medium
11 & 12 Quench & Temper| Timken | 350307 1500 F 1500 F oil 790 F
&2 Quench & Temper| Timken | 350307 1600 F 1600 F Qil 790 F
K1 & K2 Quench & Temper| Timken | 90307 1550 F 1550 F Qil 790 F
K3 & KB Quench & Temper| Timken | 350307 1550 F 1550 F oil 750 F
K4 & K5 CQuench & Temper| Timken | 30307 1550 F 1550 F Qil 830 F
L1&L2 CQuench & Temper| Timken | 350307 1515 F 1515 F ail 815F
L3&L4 Quench & Temper| Timken | 90307 1515F 1515F ail 765 F
M1 & M3 Quench & Temper| Timken | 30307 1585 F 1585 F oil 815F
M2 & M4 Quench & Temper| Timken | 90307 1585 F 1585 F oil 765 F
M1& N2 CQuench & Temper| Timken | 50307 1570 F 1570 F Qil 750 F

Table5-5: 4.0- Inch Bar Diameter DoE Test Conditions

4.0" bar
Test Piece No's e i Heat
Test Description |Material
Number
AR - Timken As-received Timken | 90307
4.0" bar
Test Piece No's e . Heat Hold | )
Test Description [Material Cooling Medium
Mumber | Temp
AC1 Air cool Timken | 90307 1800 F Air
Test Piece No's 4.0" bar
. i Heat Hold _ Cooling
Test Description | Material Quench Temp )
NMumber | Temp Medium
AQ-1515 As-Quenched | Timken | 30307 1515 F 1515 F Oil
AQ-1550 As-Quenched Timken 90307 1550 F 1550 F ail
AQ - 1585 As-Quenched | Timken | 90307 1585 F 1585 F Qil
4.0" bar
Test Piece No's o ) Heat Hold _ Cooling
Test Description |Material Quench Temp i Temper Temp
Number | Temp Medium
01&02 Quench & Temper| Timken | 90307 1550 F 1550 F oil 790F
F1&P2 Quench & Temper| Timken | 90307 1585F 1585 F oil 830F
01 &Q2 Quench & Temper| Timken | 90307 1515 F 1515 F oil 750F
R1&R2 Quench & Temper| Timken | 90307 1550 F 1550 F oil 850 F
S1&52 Quench & Temper| Timken | 90307 1515F 1515F ail 830F
TL&T2 Quench & Temper| Timken | 90307 1585F 1585 F oil 750F
Ul & U2 Quench & Temper| Timken | 90307 1550 F 1550 F Oil 730F
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5.2.5 Metallurgical Tests

To fully evaluate the respective test bars, variouschanicabnd metallurgicaltests
were conducted on test bars before, during and after the heat treatm@hiese
methods of analysis were considered paramount as they would determine the
variability / differences throughout the materiaection thicknessvhen exposed to
different heat treatment conditions. In addition, they would characterize the
different respective bar sizes, and enable a comparisotihe resultant properties,
identifying the influencing factors that produce metallurgical changes witine AlISI
4161 H materialThe following tests were therefore selected:
x Surface and’hroughThickness Hardness Testing
o Taken on the surface and across a transverse slice of thdreastd

bar

x

Tensile Testing

0 Conducted at th&s & ¥ thicknedscations(bar size dependent)

x

Banding Analysis
0 Analysed atl0%, ¥4, & % thickness locations
X General Microstructuré& PhaseDistribution- Longitudinal direction
0 Analysed at 10%, %, & % thickness locations
x SEMEDS analysis
0 Analysed atl0%, ¥4, & % thickness locations
With any DoE approach, it important to remove any systematic errors that can
occur by conducting the respective test runs in sequence. To avoid this, a randomized
methodology was taken. This is demonstrated witfiable5-6, which summarizes
the randomtest sequence and respective test regime adopted for the 2i8¢h bar

(73mm)size. Note, that this experimental philosophy veasployedfor all bar sizes.
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Table5-6: TestSequece and Heat Treatment DOE for 2.8%6h Bar

: . Temp. . Oil Temp. Max Bar
T pertonoeal | NI | Tes | Teme | Ime | b | Cong | eors | Jene o

: Quench (°F) Quench (°F) °F)

1 Rockwell Hardness Test 24 Al-H3

2 Hot Working/ Austenise/ Quenching 3 Al-A3 1800 2 1550 Oil 90 - 130 210

3 Rockwell Hardness Test 3 Al-A3

4 Tempering 3 Al-A3 790 3 Air

5 Rockwell Hardness Test 3 Al-A3

6 Hot Working/ Austenise/ Quenching 3 B1 - B3 1700 15 1550 oil 90 - 130 210

7 Rockwell Hardness Test 3 B1-B3

8 Tempering 3 B1-B3 790 3 Air

9 Rockwell Hardness Test 3 B1-B3

10 Austenise / Quenching 3 D1 - D3 1550 15 Qil 90 - 130 210

11 Rockwell Hardness Test 3 D1-D3

12 Tempering 3 D1 - D3 790 3 Air

13 Rockwell Hardness Test 3 D1-D3

14 Austenise / Quenching 1 El 1600 2 Oil 90 - 130 210

15 Rockwell Hardness Test 1 El

16 Tempering 1 E1l 830 3 Air

17 Rockwell Hardness Test 1 E1l

18 Austenise / Quenching 1 G1 1500 2 Oil 90 - 130 210

19 Rockwell Hardness Test 1 Gl

20 Tempering 1 G1 830 3 Air

21 Rockwell Hardness Test 1 Gl

22 Austenise / Quenching 1 E2 1600 2 Oil 90 - 130 210

23 Rockwell Hardness Test 1 E2

24 Tempering 1 E2 830 3 Air

25 Rockwell Hardness Test 1 E2
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Max Bar

Operation Operation Detail No. 'of Test Test Teomp. Time g:frgrpé Cool'ing Og;irrr;p. Temp. out
Sequence Pieces Piece(s) (°F) (hrs.) Quench (°F) Medium Quench (°F) of Q(I:E?Ch
26 Austenise / Quenching 1 C1 1550 2 oil 90 - 130 210

27 Rockwell Hardness Test 1 C1l

28 Tempering 1 C1 790 3 Air

29 Rockwell Hardness Test 1 C1

30 Austenise / Quenching 1 F1 1600 2 Qil 90 - 130 210
31 Rockwell Hardness Test 1 F1

32 Tempering 1 F1 750 3 Air

33 Rockwell Hardness Test 1 F1

34 Austenise / Quenching 1 E3 1600 2 Qil 90 - 130 210
35 Rockwell Hardness Test 1 E3

36 Tempering 1 E3 830 3 Air

37 Rockwell Hardness Test 1 E3

38 Austenise / Quenching 1 c2 1550 2 oil 90 - 130 210
39 Rockwell Hardness Test 1 Cc2

40 Tempering 1 Cc2 790 3 Air

41 Rockwell Hardness Test 1 Cc2

42 Austenise / Quenching 1 C3 1550 2 Oil 90 - 130 210
43 Rockwell Hardness Test 1 C3

44 Tempering 1 C3 790 3 Air

45 Rockwell Hardness Test 1 C3

46 Austenise / Quenching 1 G2 1500 2 Oil 90 - 130 210
47 Rockwell Hardness Test 1 G2

48 Tempering 1 G2 830 3 Air

49 Rockwell Hardness Test 1 G2
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Max Bar

Operation Operation Detail No. 'of Test Test Teomp. Time g:frgrpé Cool'ing Og;irrr;p. Temp. out
Sequence Pieces Piece(s) (°F) (hrs.) Quench (°F) Medium Quench (°F) of Q(I:E?Ch
50 Austenise / Quenching 1 H1 1500 2 oil 90 - 130 210

51 Rockwell Hardness Test 1 H1

52 Tempering 1 H1 750 3 Air

53 Rockwell Hardness Test 1 H1

54 Austenise / Quenching 1 H2 1500 2 oil 90 - 130 210
55 Rockwell Hardness Test 1 H2

56 Tempering 1 H2 750 3 Air

57 Rockwell Hardness Test 1 H2

58 Austenise / Quenching 1 F2 1600 2 Qil 90 - 130 210
59 Rockwell Hardness Test 1 F2

60 Tempering 1 F2 750 3 Air

61 Rockwell Hardness Test 1 F2

62 Austenise / Quenching 1 F3 1600 2 oil 90 - 130 210
63 Rockwell Hardness Test 1 F3

64 Tempering 1 F3 750 3 Air

65 Rockwell Hardness Test 1 F3

66 Austenise / Quenching 1 G3 1500 2 Qil 90 - 130 210
67 Rockwell Hardness Test 1 G3

68 Tempering 1 G3 830 3 Air

69 Rockwell Hardness Test 1 G3

70 Austenise / Quenching 1 H3 1500 2 Oil 90 - 130 210
71 Rockwell Hardness Test 1 H3

72 Tempering 1 H3 750 3 Air

73 Rockwell Hardness Test 1 H3
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Max Bar

Operation . . No. of Test Test Temp. Time sl Cooling Ol e Temp. out
Sequence ClgzEien el Pieces Piece(s) (°F) (hrs.) B Medium Ei2 e of Quench
: Quench (°F) Quench (°F) °F)
Tensile Test and Rockwell
4 Hardness Test on tensile ends 24 AL-H3
75 Through Thickness Hardness 24 Al - H3
Banding Assessment at 10% dia. Al, B1, C1,
76 below surface, Mid Radius and 8 D1, E1, F1,
Centre G1, H1

End ofTable5-6.
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To ensurea prominent levelof repeatability was achieved, the hetaeated bars
were sectioned and prepared using a standard approach. This veasstoe the test
samples were extracted frotme same place for each respective test any that any
subsequent endjuench effects would beliminated Therefore, no specimen used
for analysis was taken from a zone 1.5 inches (38mm) from either end of the bar

referenceHgure 54.

je— .5 b5 | D=
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I through thickness hardness
I and microstructural

i Wl band
f&——— Length to be cut for Tensile Tasting ——eie——Jpy ~010 ¢ EpERANEANS

] I
] I
T T
i I Length to be out for
] I
] I
i

|
|
|
Each of the 3 readings for a :
:I_"'_'— surface hardness test shall be —_

from this section of the bar

Figure5-4: TestBar Drawing Detailing Sample Test Locations
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5.3 Results

The results of the DoE testing have been collated into the individual metallurgical test
types, which detail the respective values for each bar diamaterheat treatment
condition. A comparison is also made across the dage, with assummary made at

the end of each test result section.

Where possible, the use dflinitab [49] has been employed as an analysis tool, to
help determine specific trends, and create plots of the resultant values obtained
throughout the DoE. This methodology key in determining the limitations of the
material and establishing the optimized conditions that can be achieved for the
respective bar diameters and heat treatment conditions. Minitab is a tool that
considers the inputs of the DpBkoth individuallyand compounded togethegnd the
effect on the output which is thelmeasured material propertguch as hardness &

uTS.

5.3.1 Tensile Testing

Tensile testing was conducted on the Quereid Tempered DoE samplesly. Other

heat treatment conditions, such as:®uenched were not considered as the final coil
spring product is in the fulllgeat-treated condition.

The specimens were taken in the longiinal direction perFigure5-4, and tested to

the requirements o ASTM A37(60].

The test results list the values for there location for the 2.8748nch (73mm)test
bars, and the midadius & core for the 3.37%85.7mm)& 4.0-inch (101.6mm)
samples. The main ason for the additional tests, was due to the low core UTS values
achieved for both the 3.3785.7mm)& 4-inch (101.6mm)bars, which necessitated
the need to test these respectivEar sizes at the ¥%T positiofhe test results for the

respective bar sizesre detailed withinTable5-7 throughTable5-9.
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Table5-7: TensileTest Results for the 2.871Gch Diameter Bar

Bar size 1D Material HeatTemp®F Quench Temp®F Temper Temp®F| Core yield - Psi Core UTS - Psi Core EI% Core RoA%
2.875 Ala Timken 1800 1550 790 175000 207000 10.4 29.1
2.875 A2a Timken 1800 1550 790 187500 217000 8.7 24
2.875 A3a Timken 1300 1550 790 153500 221000 10 28.3
2.875 Bl sD1 1700 1550 790 171500 207000 7.9 17.8
2.875 B2 sD1 1700 1550 730 170200 205000 7.3 22.6
2.875 B3 5DI1 1700 1550 790 181300 217000 4.8 10.1
2.875 C1l Timken 1550 1550 790 135800 221000 9.7 27.2
2.875 c2 Timken 1550 1550 790 130900 215000 10 26.9
2.875 C3 Timken 1550 1550 790 179600 213000 11 30.9
2.875 E1l Timken 1600 1600 830 158400 191800 13.7 35.9
2.875 E2 Timken 1600 1600 830 168800 200000 13.5 37.1
2.875 E3 Timken 1600 1600 830 162100 133600 11.2 31.5
2.875 F1 Timken 1600 1600 750 170800 207000 11.5 35.1
2.875 F2 Timken 1600 1600 750 173600 209000 10.4 29.6
2.875 F3 Timken 1600 1600 750 170400 207000 12.1 35.7
2.875 Gl Timken 1500 1500 830 146500 133400 12.7 36.4
2.875 G2 Timken 1500 1500 830 162400 196800 10.8 29.2
2.875 G3 Timken 1500 1500 830 153700 185700 11.2 29.2
2.875 H1 Timken 1500 1500 750 155500 155200 11.3 28.1
2.875 H2 Timken 1500 1500 750 152000 138600 9.8 27.3
2.875 H3 Timken 1500 1500 750 150800 1525900 11.1 29.6
2.875 11 Timken 1550 1550 750 188400 221000 10.8 33.8
2.875 12 Timken 1330 1530 730 183400 214000 10.2 31.5
2.875 1 Timken 1600 1600 790 133700 214000 10.4 28.6
2.875 12 Timken 1600 1600 790 173500 206000 9.4 27.1
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Table5-8: TensileTest Resultfor the 3.375Inch Diameter Bar

Bar size ID Material Heat Temp°F Quench Temp°F Temper Temp®F| Core yield - Psi Core UTS - Psi Core EI% Core RoA% ]0.25T yield - Psi 0.25T UTS - Psi 0.25T El% 0.25T RoA%
3.375 11 Timken 1500 1500 730 146300 134300 10.5 27.8 145200 134200 14.2 41.1
3.375 12 Timken 1500 1500 790 153400 192300 10.6 28.3 157300 192700 14 43
3.375 11 Timken 1600 1600 730 141400 138500 10.5 29.4 156500 131700 13.8 41.1
3.375 12 Timken 1600 1600 790 134200 175800 12.9 37 157400 150400 12.4 41.4
3.375 K1 Timken 1550 1550 730 148300 187800 11.3 31.2 169800 199700 14.2 39.2
3.375 K2 Timken 1550 1550 790 139200 182500 12 34.6 163300 195500 13 a1
3.375 K4 Timken 1550 1550 830 158700 189600 12 33.6 186400 208000 13 42.3
3.375 K5 Timken 1550 1550 830 148600 185300 12.3 37.1 175500 203000 13 42
3.375 K3 Timken 1550 1550 750 157600 199300 9.3 24.6 179200 211000 13.1 42,2
3.375 KB Timken 1550 1550 750 157300 202000 9 23 172800 207000 11 39
3.375 L1 Timken 1515 1515 815 153500 189800 10.8 28.2 176000 202000 13.3 38.8
3.375 L2 Timken 1515 1515 815 151700 186400 12 a0 163000 151500 13.3 43.8
3.375 L3 Timken 1515 1515 765 135000 185100 11.7 314 155800 193800 14.2 41.4
3.375 L4 Timken 1515 1515 765 156300 195400 10.2 25.3 155400 158000 12 41
3.375 M1 Timken 1585 1585 815 141300 182000 12 37 155800 130700 13 43
3.375 M3 Timken 1585 1585 815 147400 182100 12.8 34.2 161200 151000 13.3 44.1
3.375 M2 Timken 1585 1585 765 151100 194700 12 35 173800 208000 12 41
3.375 M4 Timken 1585 1585 765 156800 196800 13 34 157000 154600 12.9 42
3.375 N1 Timken 1570 1570 750 162500 199800 9.7 23.4 174600 209000 12.4 39
3.375 N2 Timken 1570 1570 750 137600 180200 13.9 37.3 155800 152200 13.6 42.6
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Table5-9: TensileTest Resultfor the 4.0Inch Diameter Bar

Bar size D Material Heat Temp°F Quench Temp®F Temper Temp°F| Core yield - Psi Core UTS - Psi Core EI% Core RoA%|0.25T yield - Psi 0.25T UTS - Psi 0.25T El% 0.25T RoA%
4 01 Timken 1550 1550 790 154600 190600 11.5 29.6 157400 192700 13.6 38.6
4 02 Timken 1550 1550 790 143800 180700 13.6 35.2 148400 184400 13.9 42.2
4 Pl Timken 1585 1585 830 150000 182200 10.9 29.7 159700 190100 13.1 39.6
4 p2 Timken 1585 1585 830 138500 174600 12 33 147800 182100 14 44
4 a1 Timken 1515 1515 750 143900 185900 11 30 161300 201000 14 38
4 Q2 Timken 1515 1515 750 141000 185700 10 27 150200 183500 13 41
4 R1 Timken 1550 1550 850 147000 178800 12 33 156400 185800 13 41
4 R2 Timken 1550 1550 830 157900 187800 13.2 41.1 155500 185800 12.9 35.2
4 51 Timken 1515 1515 830 137800 173500 12 35 147000 180700 16 44
4 52 Timken 1515 1515 830 140500 175600 12 33 153400 185100 13 39
4 T1 Timken 1585 1585 750 143500 183000 10.8 30.9 148300 190700 12.3 40.1
4 T2 Timken 1585 1585 750 146100 186500 11.2 29.8 150600 189100 13.6 42.5
4 U1 Timken 1550 1550 730 149200 181000 13 34 162200 191000 14 41
4 uz2 Timken 1550 1550 730 143900 186800 11 312 154300 193300 15 41.5
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5.3.2 Tensile ResultsDoE Analysiand Optimisation Study

To determine the effects of the different heat treatment conditions for each
experimental bar size, the tensile results detailed witfables 57 to 5-9 were
analysed using Minitab. The initial anasystope was to determine the optimum heat
treatment conditions from the DoE that would achieve the desired mechanical
properties for the coil spring design.
To determine the optimum conditions, precise response values were used as inputs
to the model. Thes were basean the currentcompanyrequirementsand expected
resultant values for the respective bar size

x Ultimate tensile strength210Ksminimum

x Elongation percentag&%minimum

X Reductionof area percentage25%minimum

X HardnessBrinell: 421-469HBW
In addition, to the generation of the respective plots, Minitab creates an empirical
formula, which details the mdwnical property output (Yield, UTBI% RoA%and
HBW), for a specific Quench & Temper condition. This is based on the results achieved
through the DoOE creation and testing. The values for each output (e.g. UTS) have a
specific formula, which includes coefficient constamisd factors; which when
compoundedandadded together give the actual mechanical property values for that

specific heat teatment condition; aslescribedin Figure5-5.

Term Coefficient Formula UTS =
Constant 1603560 1603560 +-477.62*Quench Temp) +2544.64*Temper Temy
Quench 47762 ° (0.225624*(Quench Temp * Quenckmp)

+(0.118056*(Temper Temp*Temper Temp) +

Temper 2544.64 (1.47321*(Quench Temp*Temper Temp)

Quench*Quench  -0.225624
TemperTemper 0.118056
Quench*Temper 1.47321

If you select 1550°F Quench temperature & 790°F Temper temperature
UTS= 188546 psi

Figure5-5: Worked ExampleDetermining Mechanical Properities ag-unction of
Heat Treatment Conditions
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Theresults generated from the 2.878ch (73mm)bar study have established that
the design requirements have been met at the %2T core position, with optimization
plot demonstrating that the minimum 210 Ksi requiremiénas been exceeded, with

all other properties being satisfied'his model has also highlighted that the optimum
mechanicals have been achieved at a respective Quandfiemper temperature of
1564°F & 751F- seeFigure5-6.

. uench(°Temper (

7o High| 16000 8306
ur . .

0.76647 Low || 1500.0° 750.0

Composite
Desirability
0.76647

0.5TYie | /

P

8

0
0.5TUTS |~ .
22000

0.5T El

7, T I I Y
YW=1.0000 |~ |

Brinell
Tarqg: 459.0
L 9: _\_,,‘:

%

. -

D

4= 099582
2.875-inch %.T - All mechanical values
Brinell HBN 459
Yield Psi 183900
UTS Psi 216800
Yield / UTS ratio 0.85
El% 10.9
RoA% 33.2
Optimum Quench Temp °F 1564
Optimum Temper Temp °F 751

Figure5-6: Optimization Plot for 2.87Inch Barat the ¥4TLocation

75



The optimization plots for the 3.378ch (85.7mm)bar have established that the
desired engineering UTS requirement of 210,000psi cannot be- sex Figure &
(red arrows). This is evidenfrom the detailed plot, where values of 191,000 and
203,800psiwere achieved for the respectivéTand ¥ Tpositions. The results have
also established that over the Dolkiepchand temper range, there is a marked

difference in the achievable maximum yield and UTS from the Y4T to %.T core position.

Optimal . | Quench Temper i Quench Temper
"o Heh| louoo, e300, || U1 tion| 1000 e300
ur . . ur . .
0.31750 |ow| 1500.00 750.0 ||0-92781 |ow| 1500.0  750.0
Composite Composite |~ | ~ ]
Desirability Desirability
0.31750 0.92781
Brinell Brinell |~ [~ |-——
Maximum Maximum
y = 449.189%4
d=1.0000 | |/
0.25TUT | /| | '
Maximum /
y = 2.038E+05
d = 0.68753
0.25T El
Maximum
y = 13,0860
d = 1.0000
0.25T Ro
Maximum
y = 42.1700
d = 1.0000
0.25T vi
Maximum
y = 1.799E+05
d ="1.0000
3.375-inch %2T - All mechanical values 3.375-inch T - All mecha nical values
Summary Summary
Brinell HBN 445 Brinell HBN 449
Yield Psi 162600 Yield Psi 179900
UTS Psi 191000 UTS Psi 203800
Yield / UTS ratio 0.85 Yield / UTS ratio 0.88
El% 11.7 El% 13.1
Ro0A% 29.1 R0A% 42.2
Optimum Quench Temp °F 1500 Optimum Quench Temp °F 1535
Optimum Temper Temp °F 830 Optimum Temper Temp °F 830

Figure5-7: Optimization Plot foB.375inch bar atboth the %2 &¥4T locatios
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Comparinghe 3.375inch (85.7mm)results, the optimization plots for the 4i@ch
(101.6mm)bar, do not produce values that meet the minimum UTS requirement. In
addition, the Yield / UTS ratio has reduced, from an average of 0.87 to 0.80. This
meansthat the differencebetween the yieldand UTS has increased as the respective
bar diameter has changed from 3.37@b.7mm)- 4.0inches(101.6mm) This would
suggest that lhe sectional thickness and througickness metallurgical properties
have a direct influence on the response to the regpa heat treatment conditions

- seeFigureb-8.

Quench Temper ; Quench Temper
"o won fsgao w00 || 0™ won Ise50 s
ur . . ur . .
0.00000 |ow| 1515.00 730.0 0.70011 | ow| 1515.00 730.0
Composite Composite

Desirability Desirability
0.00000 0.70011
Brinell Brinell ~ N ]
Targ: 449.0 __X | Maximum
Y= 22.0146 \ \/ y = 453.8922

d = 0.03624 d = 1.0000

0.5Tyie |-t ="
Maximum
y =14
d=0.
0.5T
Maxim
y =18
d=0.
M0.5_
aximum | 7T~
y=11.8270 | / ™\ y = 39.
d = 0.96540 . |
0.5T RoA 25Tyi |
Maximum Maximum
y =32.3202 | = =—"""] = 1.600E+05
d = 0.73202 d = 0.49964
4.0-inch %T - All mechanical values 4.0-inch ¥T - All mechanical values
Summary Summary
Brinell HBN 422 Brinell HBN 454
Yield Psi 148600 Yield Psi 160000
UTS Psi 187500 UTS Psi 196700
Yield / UTS ratio 0.79 Yield / UTS ratio 0.81
El% 11.8 El% 14.0
R0A% 32.3 RoA% 39.9
Optimum Quench Temp °F 1555 Optimum Quench Temp 1515
°F
Optimum Temper Temp °F 730 Optimum Temper Temp °F 730

Figure5-8: Optimization Plot fod.0-inch bar atboth the Y2 &%4T location
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5.3.3 Tensile Trends / AnalysisUTS & Yield

In addition to determining the optimized conditions, the results warelysedto
determine the effect of the different heat treatment conditions across the full bar
range. This involved assessing the effect of bothghenchandtemper conditions
combined; and as individual inputs.

The results from the DoE, have confirmed that both the Bif&Yield reduce when
the bar diameter increases form 2.8754.0-inch (73 - 101.6mm) This trend is
applicable for both the Y:®ore & Y4T positiondt is also apparenthat greater
mechanical propertiesire achieved at the Ysddation - see Figure5-9 and Figure

5-10.

Boxplot of 0.5T UTS (psi), 0.257 UTS (psi)

220000

210000

190000

180000

170000 _ - - 8 - =
Bar size (Inch) 2875 3375 4.000 2875 3375 4.000
0.5T UTS (ps) 0.25T UTS (ps)

Figure5-9: Boxplot of UTS values versus bar diameter at %2 and %T locations

Boxplot of 0.57 Yield (psi), 0.257 yield (psi)
190000

- = |

170000

T

130000 = = = = = v
Bar size (Inch) 2875 3375 4000 2875 3375 4000
0.57 Yield (p9) 0.257 yield (p9)

Yield Stress (psi)

Figure5-10: Boxplot of Yield values versus logmeter at %2 and %T locations
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The median result, (horizontal &) within each boxplotKigure5-9 and Figure5-10),
has shown that a higher UTS / Yield delta exists, from the 2&F{73mm)values

to that of the 3.375 & 4-inch results. Whereas the delta between the respective
3.375' (85.7mm)and 4.0" (101.6mm)bars is mucHess. This is further confirmed
when comparison is made between the mean values taken frotheatensile results.

This isdemonstrated within Table-&0.

Table5-10: AverageTensile Results

Location B[ﬁlrg:? ' Yield [psi] | UTS [psi] EIOFO/go?ﬂon cl)?fijrlé(:i;/r;]
0.5T 2.875 170832 205000 10.9 30.6
0.5T 3.375 149160 189245 114 31.1
0.5T 4.000 145550 182793 11.7 32.6
0.25T 3.375 165015 197720 13.1 41.5
0.25T 4.000 153793 188621 13.7 40.6

5.3.3.1 Quench

The analysis has also confirmed that the Quench temperature has a direct influence
on the resultant mechanical values achieved for each bar size. Although the same
trend in terms of UTS / Yield reduction exists acrossriaeerial the resudtant values
increase / decrease in respect to thgench temperature selected his is confirmed
within Figures 5L1 to 516, which demonstrates how the mechanical properties for

a given bar thickness (¥2 & Yahyl quench temperature changes.

An example igiven by takinghe 3.375inch (85.7mm)bar atthe Y“Tposition. The
respective median UTS changes from approximal€lg,000 Psi 204,000 Psk
192000 Psi, across the respective temperatures of 1515, 1550 & 158&8Figures

5-11 to 516.
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Boxplot of 0.5T UTS (psi), 0.25T UTS (psi)
Quench(®F) = 1515
220000
210000
@ 200000 | :
E 190000 -
180000 - '
l?nmn L T T T T T T
Bar size (Inch) 2.875  3.375  4.000 2.875  3.375  4.000
0.5T UTS (psi) 0.25T UTS (psi)

Figure5-11: Boxplot of UTS for 3.375 & 4irfich bars Quenched at 1515°F

Boxplot of 0.5T Yield (psi), 0.25T yield (psi)
Quench(°F) = 1515
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180000 4
|

=
2 170000 1
F
g 160000 - l
5 A L]
3
= 150000 4 .

140000 1 I E

130000 - : : . : . :

Bar size (Inch) 2.875 3.375 4.000 2.875 3.375  4.000
0.5T Yield (psi) 0.25T yield (psi)

Figure5-12 Boxplot of Yield for 3.375 & 4ifich bars Quenched at 1515°F
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Boxplot of 0.5T UTS (psi), 0.25T UTS (psi)
Quench(®F) = 1550
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210000 4 |
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170000 -

Bar size (Inch) 2875 3375  4.000 2875 3375  4.000
0.5T UTS (psi) 0.25T UTS (psi)

Figure5-13: Boxplot of UTS for all bars Quenched at 1550°F

Boxplot of 0.5T Yield (psi), 0.25T yield (psi)
Quench(°F) = 1550
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Figure5-14: Boxplot of Yield for all bars Quenched at 1550°F
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Boxplot of 0.5T UTS (psi), 0.25T UTS (psi)
Quench(®F) = 1585
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I
’i 200000
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Figure5-15: Boxplot of UTS for 3.375 & 4iich bars Quenched at 1585°F

Boxplot of 0.5T Yield (psi), 0.25T yield (psi)
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Figure5-16: Boxplot of Yield for 3.375 & 4ifch bars Quenched at 1585°F
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The Minitab analysis has also iddéietd that an optimumquench temperature of
1550°F, achieved the highest UTS / Yield values across all the bar sizes and at the
respective %T & %T locatigrsee Figures 517 to 520. It must be noted however,
that the 1550°F optimum temperature is for UT8eld only, which will change when
trying to satisfy all the mechanical property requirements as detailed wiaation
5.3.2-full optimization plots.

In addtion, the ¥2T core plot has demonstrated that the 2.8&h bar has responded

to a greater extenbver thequench temperature range. This is demonstrated by the
deep bell type curve exhibited withiRigures 517 and 519. The 3.375nch bar
results howeve areless dfectedin terms of UTS / Yield change across the respective
temperature range, with the 4-:ihch exhibiting a subtle difference, with the least

effect driven bychanges iquench temperature.

Scatterplot of 0.5T UTS (psi) vs Quench(°F)
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1500 1520 1540 1560 1580 1600
Quench(°F)

Figure5-17: QuadraticAnalysis Plobf QuenchTemperature v UT8alues at ¥2T
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0.25TUTS (psi)

Scatterplot of 0.25T UTS (psi) vs Quench(°F)
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Figure5-18: QuadraticAnalysis Plobf QuenchTemperature v UTS8alues at ¥4T

0.5T Yield (psi)

Scatterplot of 0.5T Yield (psi) vs Quench(°F)
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Figure5-19: QuadraticAnalysis Plobf QuenchTemperature vYield values at 2T
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Scatterplot of 0.25T yield (psi) vs Quench(°F)
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Figure5-20: QuadraticAnalysis Plobf QuenchlTemperature vYieldvalues at ¥4T

The same can be sa@bout the YT results, except for the 3.3iRgh plot. 1550°F is
the optimum temperature; however, the shape of the 3.3r6h plot is more of a
bell curve compared to that achieved at the Y£bre results. This suggests that the
guench temperature has ampact on the UTS / Yeelresults up to the %T location;

whichreduces as the sectional thickness increases towards the core location.

5.3.3.2 Temper

The analysi®f the results detailed withinfables 57 to 59 confirmed that the
Temper temperature has a direanfluence on the resultant mechanical values
achieved for each bar size. This is demonstrated within the boxplots presented within

Figures 81 to 526.
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Boxplot of 0.5T UTS (psi), 0.25T UTS (psi)
Temper (°F) = 750

220000 4

210000 4

200000 . |

UTS (psi)

190000 -

180000 -

l?ﬂmn L T L] T T L] T
Bar size (Inch) 2875 3375  4.000 2.875 3375  4.000
0.5T UTS (psi) 0.25T UTS (psi)

Figure5-21: Boxplot of UT®r all bar sizes Tengped at 750°F

Boxplot of 0.5T Yield (psi), 0.25T yield (psi)
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Figure5-22: Boxplot ofYieldfor all bar sizes Tempered at 750°F
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Boxplot of 0.5T UTS (psi), 0.25T UTS (psi)
Temper (°F) = 790
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Figure5-23: Boxplot of UT$or all bar sizes Tempered at 790°F

Boxplot of 0.5T Yield (psi), 0.25T yield (psi)
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Figure5-24: Boxplot ofYieldfor all bar sizes Tempered at 790°F
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Boxplot of 0.5T UTS (psi), 0.25T UTS (psi)
Temper (°F) = 830
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Figure5-25: Boxplot of UT$or all bar sizes Tempered at 830°F

Boxplot of 0.5T Yield (psi), 0.25T yield (psi)
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Hgure5-26: Boxplot ofYieldfor all bar sizes Tempered 8B0°F
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Compaed to the quench analysis resultshe tempering temperature has a direct
influence on the UTS &ield properties. In all cases (bar diameter) the resultant
values increase form the 2T to ¥T location, regardless of the Tempering temperature
selected- seeFigures 21 to 526.

However, the Tempering temperature relationship with the resultant meatein
properties differsacross the bar rangespecially with the 2.87Zmchmaterialat ¥2T
location.This is depicted bigures 827 & 528, which reveal quadratic bell curve
produced from the DoE resultRistinct from the other bar sizes, the 2.87fch
material exhibited an optimum UTS / Yield at 790°F, which is at theTrardpering
temperature- seeFigures 27 & 528,

Scatterplot of 0.5T UTS (psi) vs Temper (°F)
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Figureb-27: Scatteplot of Tempering temperature v UTS at ¥2T
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Scatterplot of 0.5T Yield (psi) vs Temper (°F)
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Figure5-28: Scatterplotof Tempering temperature Yieldat ¥2T

The 3.37&nch bar resultdollowed an opposingirend, with the resultstracking an
inverted curve with the lowest mechanical properties produced at the mid
temperature. However, theseverity of the heat treatment response was more
apparent at the YT locatiowith maximum values achieved at either end of the
tempering temperature rangeseeFigures 59 and 530.

The 4.0inch resultswere responsive to the various temper conditions, however the
resultant values changed subtly over a linear transition across dkposed

temperaturerange- seeFigures 27 to 530.
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0.25T UTS (psi)

Scatterplot of 0.25T UTS (psi) vs Temper (°F)
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Figure5-29: Scatteplot of Tempering temperature v UB$YT

0.25T yield (psi)
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Figure5-30: Scatterplotof Tempering temperature Yieldat YT
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5.3.4 Tensile Testing Summary

The DoE has enabled a true understanddhghe achievable mechanical properties
for the AISI 4161H material over a bar diametinge of 2.87%73mm)to 4.0-inches
(101.6mm)

This information is paramount for both current and future desidres;ause:

X The maximum diameteusedfor subsea applid®onsto datehas been 2.875
inches.

X There is a equirementto understandif larger diameter coil springs can
deliver the required load / stress values for higher ptees/ temperature
applications.

o This information is needed for actuator design purposks to the
increased drag force associated with larger bore valves (friction to
overcome between the gate / seat).

X Industry standards dictate that the maximum stress level of the coil spring
should be56% of the UTS.

o Therefore,any reduction in tensile strength for a given design, will
result in an increase in the resultant stress level, which requires the
respective coil spring design to be changtm meet industry
requirements.

To date, TechnipFM@esign standarddhave setthe required mechanical property
requirementsto 210Ksi minimum & 42469 HBN (4819HRC) respectively. This
governanceis for the material in thefinal heattreated condition (Quenchednd
Tempered), and covers bar / coils springs up to a diameter of AtkTes.However
the DoE has enabled a full understanding of the mechanical properti¢e apd

including 4inches.
The results throughout the analysis phase have been assessed by eddesnof

Minitab software, which has allowed the generation of material property values.

In summary, the DoE has established the following findings:
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X In all cases the resultant UTS / Yield values are greater at the “4adnid
location compared to the ¥Lore.

X The UTS / Yield strength reduces as the bar diameter increases from-2.875
4.0 inches. This was applicable for all heat treatment conditions assessed.

x Both thequenchandtempering temperature have a direct influence on the
resultant mechanical pragrties. This is the case as individual itspand as
both processes combined

x Each bar size has an optimum set of heat treatment conditions, (Queamth
Temper temperature), which will produce the maximum mechanical property

values at the specific throughickness location Reference Table-B1.

Table5-11: MaximumAchievable Mechanical Propertie®ptimization Conditions

Bar Size - inch Location UTSPsi  YieldPsi RoA% EI% HBN Quench °F Temper °F
2.875 T - Core 2168000 183900 33.2 10.9 459 1564 751
3.375 T - Core 191000 162600 29.1 11.7 445 1500 230
3.375 T - Mid-radius] 203800 179900 42.2 13.1 449 1535 230

4 T - Core 187300 148600 32.3 11.8 422 1555 730
4 T - Mid-radius| 196700 160000 39.9 | 14.0 454 1515 730

x The average mechanical properties in terms of UTS / Yield, across all heat
treatment conditions have been identified. As expected theutemnt values

are less than theptimized conditions Reference Tablb-12.

Table5-12: AverageTensile Propertiefor all DoEHeat Treatment Conditions

Bar Size - inch Location UTS Psi  Yield Psi RoA% El%
2.875 4T - Core 205000 170832 30.6 10.9
3.375 AT - Core 189245 149160 31.1 11.4
3.375 T - Mid-radius] 197720 165015 41.5 13.1

4 T - Core 182793 145550 32.6 11.7
4 “T - Mid-radius| 188621 153793 40.6 13.7

Although the optimization plots have established the maximum achievable set of
mechanical properties, the operatingindow is narrow in terms gbrocess control

(one temperature input for bothquench & temper operations).Therefore, an
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understandingof the consistency of theesultant valuesn a shop floor environment

must be considered, as the manufacturing processes utiis@ual intervention

when transferring parts from the furnace to the quench tank. This along with the

average results achievedequires the OEM to have & operating window that

consistently produces a minimum UTS and hardness value required by TechnipFMC.

Todeal with these considerationa series of Heat Treatment Contour / Surface plots

have been created. This identifies the operating window for a given mechanical

property target (e.g. UTS / HBN). These are preseni#itin Figure5-31to Figure

5-35, and summarized within Tabiel3.

Table5-13: TargetProperties for Each Bar Sizél¥at TreatmenOperating Window

Bar Size - inch Location UTS Psi  Yield Psi RoA % EI% HBN Quench Range°F  Temper Range °F
2.875 T - Core 210000 180000 25.0 7.0 421 1532 - 1590 {750 -763) & (806 - B20)
3.375 T - Core 150000 152000  25.0 7.0 429 1518 - 1580 750-778
3.375 %T - Mid-radius] 190000 152000 25.0 7.0 429 1500 - 1580 750- 830

4 YT - Core 175000 140000 25.0 7.0 421 1515 - 1558 730- 755
4 %T - Mid-radius] 190000 152000 25.0 7.0 421 1515 - 1558 730- 755
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Contour Plot Heat Treatment window to achieve 210Ksi UTS & 421 HBN (45 HRC) Hal

Contour Plot Heat Treatment window to achieve a specific UTS value

3-dimensional Surface Plot, of resultant UTS v Quench / Temper condition

Figure5-31: 2.875inch bar %T Core: Heat Treatment Contour / Surface Plots
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Contour Plot Heat Treatment window to achieve 190Ksi UTS & 429 HUBNRG Hardness

Contour Plot Heat Treatment window to achieve a specific UTS value

3-dimensional Surface Plot, of resultddTS v Quench / Temper condition

Figure5-32: 3.375inch bar 2T Core: Heat Treatment Contour / Surface Plots
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Contour Plot Heat Treatment window to achieve 190Ksi UTS & 429 @BNRGHardness

Contour Plot Heat Treatment window to achieve a specific UTS value

3-dimensional Surface Plot, of resultant UTS v Quench / Temper condition

Figure5-33: 3.375inch bar ¥%T: Heat Treatment Contour / Surface Plots
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Contour Plot Heat Treatment window to achieve 175Ksi UTS & 421 MBMNRC) Hardnes

Contour Plot Heat Treatment window to achieve a specific UTS value

3-dimensional Surface Plot, of resultant UTS v Quench / Temper condition

Figure5-34: 4.0-inchbar %2T Core: Heat Treatment Contour / Surface Plots
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Contour Plot Heat Treatment window to achieve 190Ksi UT4&2& HBN (45 HRC) Hardne:

Contour Plot Heat Treatment window to achieve a specific UTS value

3-dimensional Surface Plot, of resultant UTS v Quench / Temper condition

Figure5-35: 4.0-inch bar ¥4T: Heat Treatment Contour / Surface Plots
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The Contour / Surface Plots have identified the UTS values over the complete heat
treatment range for each bar type & respective location. This along with the
optimization model and empirical formula, enalalsatisfactory levedf predictability
when heat treating the AISI 4161H material over the 2.8®-inch bar range.
Appendix Qletails the residual plots fahe optimisationdiagramsshown inFigure
5-31through Figures-35.
Optimisationhas enabled a governance to be set for currant future actuator
designs with the following minimum UTS values being set for each respective bar
size:

x 2.875inch(73mm)- 210Ksi UTS

x 3.375inch(85.7mm)- 190 Ksi UTS

X 4.0 inch(101.6mm) 190 Ksi UTS
TheseUTSralues should be stipulated ftre ¥4 T(mid-radiug position onlyfor 3.375"
and 4" bar The2.875"bar can achieve the required values throughout the cross

section

5.3.5 Hadness Test Analysis

Hardness testing is a key part of the experimental work, as it is a fundamental output
of the DoE in terms of how the material behaves / responses to different heat
treatment conditions. Therefore, to ensure a full understanding @& Harious AlSI
4161H material; hardness testing was conducted on both the surface and through
thickness section of each bar exposed to the DoE.

The surface hardness tests were conducted along the length of theabd&
equidistant spaced locationdReference Figure5-4.

To ensure an accurate result was obtained, the test zone was subjected to light
mechanical grinding to remove any surface oxide present postdbpective heat
treatment operation.Both HBN & HR@dentations three off each) were made at

each specified zone
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Throughthickness hardness testing was conducted in the transverse direction, with
5 HRC indentations being taken at the following locatiosee Figure5-36

X Subsurface X2

X Mid-radius X2

x Core

i/ N 1 & & - Sub surface
2 & 4 - Mid-radius

1 - Centre postion

Figure5-36: ThroughThickness Hardness Test Locations

5.3.5.1 Surface Hardness

Surface hardness measurement is important, as this is the method utilized by the coil
spring OEM to control the heat treatment procedsis also part of TechnipFMC
design requiremerd, which states'the resultant average hardness shall be-4®

HRC (421469 HBW) in the fulljuenchedandtempered conditiof.

The DoE has established the resultant values in the fully heat trg&@eaedénch &
Tempered) condition; in addition to thAsCooledand AsQuenched form. The

resultsare detailed withinTables 514 to 5-16.
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Tableb-14: 2.875Inch Surfacédardness Results

Bar size Condition 1D Material Heat Cool medium Quench Temper HRC Brinell
2.875 Air cool T1 Timken 1700 Adr na na 31.5 not taken
2.875 Air cool T2 Timken 1800 Air na na 31.1 not taken
2.875 Quench E1** Timken 1600 Qil 1600 na 55.7 601
2.875 Quench ALE* Timken 1800 il 1550 na 60.8 653
2.875 Quench cl** Timken 1550 il 1550 na 62.7 653
2.875 Quench G1** Timken 1500 il 1500 na 57.6 578
2.875 Q&T Ala Timken 1800 Qil 1550 790 46.2 not taken
2.875 Q&T A2a Timken 1800 Qil 1550 790 46.8 not taken
2.875 Q&T Ala Timken 1800 Qil 1550 790 46.9 not taken
2.875 QET c1 Timken 1550 Qil 1550 790 43.2 477.0
2.875 Q&T c2 Timken 1550 Qil 1550 750 49.1 495.0
2.875 QET Cc3 Timken 1550 Qil 1550 790 49.4 477.0
2.875 QET E1l Timken 1600 Qil 1600 830 45.8 461.0
2.875 QET E2 Timken 1600 Qil 1600 830 44.2 444.0
2.875 QET E3 Timken 1600 Qil 1600 830 a3 429.0
2.875 Q&T F1 Timken 1600 il 1500 730 41 472.0
2.875 QET F2 Timken 1600 Qil 1600 750 a5 446.0
2.875 QET F3 Timken 1600 Qil 1600 750 46.8 459.0
2.875 Q&ET G1 Timken 1500 Qil 1500 830 42.7 435.0
2.875 QET G2 Timken 1500 Qil 1500 830 a7 456.0
2.875 Q&T G3 Timken 1500 oil 1500 830 45,2 440.0
2.875 QET H1 Timken 1500 Qil 1500 750 48.1 473.0
2.875 Q&T H2 Timken 1500 Qil 1500 750 46.6 466.0
2.875 Q&ET H3 Timken 1500 Qil 1500 750 43.3 478.0
2.875 QET 11 Timken 1550 Qil 1550 750 47.6 455.0
2.875 QET 12 Timken 1550 Qil 1550 750 45.1 450.0
2.875 QET J1 Timken 1600 Qil 1600 790 47.8 461.0
2.875 Q&T 12 Timken 1600 Qil 1600 790 48.4 A77.0

Table5-15: 3.375Inch Surface Hardne§esults

Bar size Condition 1D Material Heat Cool medium Quench Temper HRC Brinell
3.375 Air cool AC1 Timken 1300 Air na na 31.2 299.0
3.375 Air cool AC2 Timken 1700 Air na na 30.4 299.0
3.375 Quench AQ1600 Timken 1600 il 1600 na not taken 001.0
3.375 Quench AQ1585 Timken 1585 il 1585 na not taken 653.0
3.375 Quench AQ1550 Timken 1550 il 1550 na not taken 644.0
3.375 Quench AQ1515 Timken 1515 il 1515 na not taken 629.0
3.375 Quench AQ1500 Timken 1500 il 1500 na not taken 644.0
3.375 Q&T 11 Timken 1500 oil 1500 790 45.4 383.0
3.375 Q&T 12 Timken 1500 oil 1500 790 a7.6 429.0
3.375 Q&T 11 Timken 1600 oil 1600 790 a41.6 366.0
3.375 Q&T 12 Timken 1600 oil 1600 790 a2.7 392.0
3.375 Q&T K1 Timken 1550 oil 1550 790 a4 419.0
3.375 Q&T K2 Timken 1550 oil 1550 790 45 434.0
3.375 Q&T K3 Timken 1550 oil 1550 750 46.3 455.0
3.375 Q&T Ka Timken 1550 oil 1550 830 46.8 444.0
3.375 Q&T K5 Timken 1550 oil 1550 830 46.5 444.0
3.375 Q&T K6 Timken 1550 oil 1550 750 45.8 450.0
3.375 Q&T L1 Timken 1515 oil 1515 815 43.2 461.0
3.375 Q&T L2 Timken 1515 ail 1515 815 45.4 439.0
3.375 Q&T L3 Timken 1515 ail 1515 765 43.7 423.0
3.375 O&T L4 Timken 1515 ail 1515 765 A46.6 A450.0
3.375 O&T M1 Timken 1585 ail 1585 815 43.2 397.0
3.375 O&T M2 Timken 1585 ail 1585 765 44.4 444.0
3.375 O&T M3 Timken 1585 ail 1585 815 40.3 388.0
3.375 O&T M4 Timken 1585 ail 1585 765 47.3 444.0
3.375 O&T M1 Timken 1570 ail 1570 750 44.5 397.0
3.375 O&T M2 Timken 1570 ail 1570 750 44.5 A415.0
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Table5-16: 4.0Inch Surface Hardness Results

Bar size Condition 1D Material Heat Cool medium Quench Temper HRC Brinell
a4 Air cool ACL Timken 1800 Air na na 32.1 2980
a4 Quench AQ1515 Timken 1515 oil 1515 na 60.5 610.0
a4 Quench AQl350 Timken 1550 oil 1550 na 57.8 570.0
a4 Quench AQ1585 Timken 1585 Oil 1585 na 58.7 6501.0
4 Q&T 01 Timken 1550 il 1550 790 46.2 415.0
4 Q&T 02 Timken 1550 Qil 1550 790 41.7 363.0
4 Q&T Pl Timken 1585 Qil 1585 830 41.9 415.0
4 Q&T P2 Timken 1585 Qil 1585 830 41.9 388.0
4 Q&T Q1 Timken 1515 il 1515 750 a9 A39.0
4 Q&T Q2 Timken 1515 Qil 1515 750 45.7 425.0
4 Q&T R1 Timken 1550 oil 1550 230 44.4 406.0
4 Q&T R2 Timken 1550 il 1550 830 42,7 415.0
4 Q&T 51 Timken 1515 ail 1515 830 40.4 359.0
4 Q&T 52 Timken 1515 oil 1515 230 43.2 392.0
4 Q&T T1 Timken 1585 il 1585 750 44.3 392.0
4 Q&T T2 Timken 1585 il 1585 750 43.4 392.0
4 Q&T U1l Timken 1550 Oil 1550 730 45.2 415.0
4 Q&T uz Timken 1550 oil 1550 730 47.9 4250

5.3.5.2 Surface Hardness Analysis

The resultant surface values have shown a direct trend with respect to the heat
treatment condition and bar diameter. Inlalases the highest values are achieved in
the AsQuenched condition, followed by Quenand Temper with the Ai-Cooled

treated surfice producing the lowest valugseeFigures 837to 5-39.

Line Plot of Surface Hardness{ HRC )
Bar size = 2475
B far L2d
-r". —— s iy
4 =
234 r -
f{,/
50
:
-1 45 .-""
g
3 %0 /'/
35 //
‘.-"
304 . . .
Adr cool Q&T Quanich
Condition

Figure5-37: 2.875inch average surface hardness (HRC) plot aaibseat
treatment conditions
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Figure5-38: 3.375inchaverage surface hardnessgM) plot acrosall heat

Line Plot of Mean Brinell Hardness
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Figure5-39: 4.0-inchaverage surface hardnessgM) plot acrossll heat treatment

The main point for consideration is the resultant surface values that were achieved
in the quench &temper condition.Asper TechnipFMC desired design critertiae
required Brinell hardness must be within the limits of (4269 HBW). However, the

average results achievddeferenceFigure5-40) for each bar size were:

Line Plot of Mean Brinell Hardness

Bar size = 4.000
- pow
——  um
T
-
Mir ool Q&T Quench
Comdithon

conditions

X 2.875' (73mm)- 461 HBW
x 3.375' (85.7mm)- 424 HBW
X 4.0'(101.6mm) 403 HBW
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Boxplot of Brinell (HBW)
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Brinell (HBW)
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(9, ]

400 4 02,523

375 1

350 1

T T T
2.875 3.375 4,000
Bar size

Figure5-40: Box plot of average HBWArdness results foQuench / Temper
conditions- all bar sizes

The resultof the surface Ardnessanalysishave shown that the 2.87mch bar has

the capability of being heat treated to the desired engineering requirement, with the
3.375inch bar margially meeting the 421 HBW minimum. However, certain heat
treatment conditionsas usedn the 3.375inch bar yielded values up to 461 HBW,
which suggests the design intent in terms of surface hardness can be met, but only
over a tighterheat treatmentoperating process window. As for the 4irfich tests,

only one parameter set (Q anig exceeded the 421 HBW minimum, which suggests
this respective bar size will consistently struggle to meet the design requirement

currently set by the respectiveompanystandards.

5.3.6 ThroughThickness Hardness (HRC)

Through thickness hardness measurement is important, in ithedetermines how

well the material responddo the respective heat treatment conditions. The AISI
4161H grade material has been selected due tahsmical composition and its level

of hardenability required for coil spring application.

Although throughthickness hardness is not a company requirement, the DoE has
recognized that there is a need to understand the resultant hardness values across

eachof the respective bar sizes and heat treatment conditions.
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The results from the throughthickness testing for is detailed withirables 517 to 5
19.
Table5-17: 2.875InchThroughThicknessiardness Results

Bar siz¢ Condition| 1D Material | Heat|Cool mediumpQuenchl Temper |Sub SurfacgMid-Radiug Core |Mid-RadiugSub SurfacpAve HR
2.875| Air cool T1 Timken | 1700 Air na na 30.9 31.4 38.8 31.2 30.9 32.6
2.875| Air cool T2 Timken | 1800 Air na na 28.7 30.2 34.7 29.7 29.4 30.5
2.875| Quench El Timken | 1600 Qil 1600 na 57.4 57.1 55.1 58.1 59.1 57.4
2.875| Quench Al Timken | 1800 Oil 1550 na 59.8 59.5 59.5 58.9 58.4 59.2
2.875| Quench Cl Timken | 1550 Qil 1550 na 59.3 58.3 56 58.9 59.2 58.3
2.875| Quench Gl Timken | 1500 Oil 1500 na 58.8 58 57 57.6 59.5 58.2
2.875| Q&T Ala Timken | 1800 Oil 1550 790 46.3 46.3 43 44.7 46.2 45.3
2.875| Q&T A2a Timken | 1800 Oil 1550 790 46.3 46 43.7 43.7 44.6 44.9
2.875| Q&T A3a Timken | 1800 Oil 1550 790 46.3 46.7 45.6 46.9 47.4 46.6
2.875| Q&T C1 Timken | 1550 Oil 1550 790 44.9 44.1 46.5 46.5 46.6 45.7
2875| Q&T C2 Timken | 1550 Qil 1550 790 46.8 47.4 47.8 48.1 48.7 47.8
2.875| Q&T C3 Timken | 1550 Oil 1550 790 45.3 45.7 45.8 46 47.7 46.1
2.875| Q&T El Timken | 1600 Oil 1600 830 43.1 43.6 40.8 44.2 42.6 42.9
2.875| Q&T E2 Timken | 1600 Oil 1600 830 445 44.6 41.6 45.3 45.1 44.2
2.875| Q&T E3 Timken | 1600 Oil 1600 830 47 44.6 43.7 44.7 44.9 45.0
2.875| Q&T F1 Timken | 1600 Oil 1600 750 42.8 42.1 40.1 40.9 40.7 41.3
2875| Q&T F2 Timken | 1600 Qil 1600 750 46.1 45.6 44.9 45.1 46 45.5
2.875| Q&T F3 Timken | 1600 Oil 1600 750 49 48 46.7 46.2 47.5 475
2.875| Q&T Gl Timken | 1500 Oil 1500 830 42.8 43.3 40.7 42.3 43.3 42.5
2.875| Q&T G2 Timken | 1500 Oil 1500 830 44.6 43.7 42.6 43.5 45.1 43.9
2.875| Q&T G3 Timken | 1500 Oil 1500 830 45.6 44.4 43 43.9 45.2 44.4
2.875| Q&T H1 Timken | 1500 Oil 1500 750 45.4 44.2 42.4 44.1 45.6 44.3
2.875| Q&T H2 Timken | 1500 Oil 1500 750 45.8 45.7 43.6 44.6 46.3 45.2
2.875| Q&T H3 Timken | 1500 Oil 1500 750 46.5 45.6 43.6 45 46.4 45.4
2875 Q&T 11 Timken | 1550 Qil 1550 750 48 48.1 47.2 47.8 49.1 48.0
2.875| Q&T 12 Timken | 1550 Oil 1550 750 48.6 48.5 48.1 48 48.3 48.3
2875 Q&T J1 Timken | 1600 Qil 1600 790 47.5 47.2 47.1 46.7 46.9 47.1
2.875| Q&T J2 Timken | 1600 Oil 1600 790 49.2 48.6 48.4 48.9 48.9 48.8

Table5-18: 3.375InchThroughThicknes$iardness Results

Bar siz¢ Condition| 1D Material | Heat|Cool mediump Quench | Temper [Sub SurfacgMid-Radius Core |Mid-RadiugSub SurfacpAve HR!
3.375 | As-recivel AS Timken na na na na 27 29 28 29 27 28.0
3.375| Air cool AC1 Timken | 1800 Air na na 29 28.8 30.9 28.9 29.8 29.5
3.375| Air cool AC2 Timken | 1700 Air na na 29.6 29.9 30.1 31.1 29.5 30.0
3.375| Quench | AQ1500] Timken | 1500 Oil 1500 na 51 47 40 49 51 47.6
3.375| Quench | AQ1515| Timken | 1515 Oil 1515 na 58 56 51 55 58 55.6
3.375| Quench | AQ1550| Timken | 1550 Oil 1550 na 55 51 50 52 55 52.6
3.375| Quench | AQ1585| Timken | 1585 Oil 1585 na 57 58 51 57 57 56.0
3.375| Quench | AQ1600| Timken | 1600 Oil 1600 na 54 54 50 55 56 53.8
3.375| Q&T 11 Timken | 1500 Oil 1500 790 44 42.4 42.1 44.6 44 43.4
3.375| Q&T 12 Timken | 1500 Qil 1500 790 43.1 42.6 41.2 40.5 44.2 42.4
3.375| Q&T Ji Timken | 1600 Oil 1600 790 40.2 39.2 39 40.1 41.5 40.0
3.375| Q&T J2 Timken | 1600 Oil 1600 790 36.6 37.4 38.9 38.9 38.7 38.1
3.375 Q&T K1 Timken | 1550 Qil 1550 790 44,1 43.9 44.6 43.3 45.1 44.2
3.375| Q&T K2 Timken | 1550 Oil 1550 790 45.3 45.7 46.3 44.2 43.6 45.0
3.375| Q&T K3 Timken | 1550 Qil 1550 750 46.1 44.8 43.8 43.5 45.8 44.8
3.375| Q&T K4 Timken | 1550 Oil 1550 830 43.6 43 43.7 43.4 43 43.4
3.375| Q&T K5 Timken | 1550 Oil 1550 830 45 44.6 42.5 41.9 44.4 43.7
3.375| Q&T K6 Timken | 1550 Oil 1550 750 46.1 44.2 43.9 44.7 46.8 45.1
3.375| Q&T L1 Timken | 1515 Oil 1515 815 46 44.2 46.9 43.6 44.4 45.0
3.375| Q&T L2 Timken | 1515 Qil 1515 815 45.5 45.3 44.3 45.6 44.6 45.1
3.375| Q&T L3 Timken | 1515 Oil 1515 765 44.1 43.2 43 41.9 44.9 43.4
3.375| Q&T L4 Timken | 1515 Oil 1515 765 46 43.9 44.6 44.5 46.6 45.1
3.375| Q&T M1 Timken | 1585 Oil 1585 815 38.1 38.6 38 39.5 41.7 39.2
3.375| Q&T M2 Timken | 1585 Oil 1585 765 43.3 41.8 41.8 42.2 44.6 42.7
3.375| Q&T M3 Timken | 1585 Oil 1585 815 39.5 39.5 42.6 36.6 38.3 39.3
3.375| Q&T M4 Timken | 1585 Oil 1585 765 42.1 42 40.7 39.3 39.5 40.7
3.375| Q&T N1 Timken | 1570 Oil 1570 750 46.1 45.5 43.1 42.5 44.4 44.3
3.375| Q&T N2 Timken | 1570 Oil 1570 750 41.5 42.1 39.6 41.6 39.1 40.8
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Table5-19: 4.0-InchThroughThickness$iardness Results

Bar siz¢ Condition| ID Material | Heat|Cool mediunjQuench| Temper [Sub SurfacgMid-Radius Core |Mid-RadiugSub SurfacpAve HR!
4 |As-recived AS Timken | na na na na 27 31 27 29 25 27.8
4 Aircool | AC1 Timken | 1800 Air na na 30.3 31.2 30.2 32.2 30.6 30.9
4 Quench | AQ1515| Timken | 1515 Qil 1515 na 52 43 46 49 54 48.8
4 Quench | AQ1550] Timken | 1550 Oil 1550 na 50 46 44 44 54 47.6
4 Quench | AQ1585| Timken | 1585 Oil 1585 na 52 50 44 52 54 50.4
4 Q&T 01 Timken | 1550 Oil 1550 790 37.1 37.7 38.2 384 36.1 37.5
4 Q&T 02 Timken | 1550 Oil 1550 790 37.6 37.1 40.7 37.6 37.1 38.0
4 Q&T P1 Timken | 1585 Qil 1585 830 39.3 39 40.4 40.6 39.6 39.8
4 Q&T P2 Timken | 1585 Oil 1585 830 37.9 37.2 39.1 37.8 37.1 37.8
4 Q&T Q1 Timken | 1515 Oil 1515 750 44.7 43 42.5 43.5 43.9 43.5
4 Q&T Q2 Timken | 1515 Oil 1515 750 39.3 37.3 38.7 37.9 40.1 38.7
4 Q&T R1 Timken | 1550 Oil 1550 850 42 41.3 384 39 38.2 39.8
4 Q&T R2 Timken | 1550 Oil 1550 850 37.8 373 38.1 38.5 39.5 38.2
4 Q&T S1 Timken | 1515 Oil 1515 830 39.3 40.3 40.2 39.5 40.4 39.9
4 Q&T S2 Timken | 1515 Oil 1515 830 39.2 375 38.9 38.8 37.2 38.3
4 Q&T Tl Timken | 1585 Oil 1585 750 39 394 38.5 38.5 37.4 38.6
4 Q&T T2 Timken | 1585 Oil 1585 750 375 317 39.6 371 38.2 38.0
4 Q&T Ul Timken | 1550 Oil 1550 730 39.6 37.9 39.7 39.1 40.3 39.3
4 Q&T U2 Timken | 1550 Oil 1550 730 39.8 40.1 39.4 40.8 40.1 40.0

5.3.6.1 Throughthickness Analysis Average values

The DoE has shown there is a marked difference in the average thtbiofness
hardness between each of the respective heat treatment conditions. As expected,
the AsQuenched values are highest, followed by the Quenchad Tempered
condition, with the AirCooled yielding the lowest results. It is atggparentthat the
Air-Cooled results for each bar size are almost identical in terms of average HRC

valuesachieved Reference TablB-20 & Figure5-41.

Table5-20: Average ThrougiThickness Results for Each Bar Type V Heat Treatment
Condition

Bar Dia. [inch] Average HRC Average HRC AverageHRC
’ Air Cool Quench Quench & Tempe
2.875 31.6 58.3 45.5
3.375 29.8 53.1 42.8
4.000 30.9 48.9 39.1

There is also a trend between the respective bar sizes, with the 2m8F5yielding
the highest HRC values for both the-@senchedand Quenched &Tempered
conditions. The average values for both the 3.375-i&ch reduce, with the 4nch

diameter bar producing the lowest valueseferenceFigureb-41.
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In addtion, the average througihickness results for each location (sub surface /
mid-radius / core), have demonstrated that the core generally produces the lowest
resultant HRC value, with the sub surface yielding the highest hardses3able 5

21 & Figureb-41.

Table5-21: Average HRC values for each throtlgickness position across the bar
for - As Quenched & Quench &rhper Conditions

Bar size Condition Sub surface Mid-radius Core  Mid-radius Sub surface

2.875 Quench 38.9 38.2 6.9 38.4 9.1
3.375 Quench 55 53.2 48.4 53.6 55.4
4 Quench 51.3 46.3 44.7 48.3 54

Barsize Condition Sub surface Mid-radius Core  Mid-radius Sub surface

2.875 Q&T a6 45.6 44.4 45.3 46.1
3.375 Q&T 43.3 42.7 42.5 42.1 43.3
4 Q&T 39.3 38.8 39.5 39.1 38.9
Through Thickness HRC Average Quench
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Figure5-41: ThroughThickness Average HR&susHeat Treatment Conditions (all
bar sizes)
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5.3.6.2 Throughthickness AnalysisHeat Treatment Conditions

Likethe tensile results of the respective bars, the heat treatment conditions have a
major impact on the resultant througthickness hardness properties. This is
apparent when you specifically look at the core values, where the material

hardenability is geneaily at its lowest Referencd~igures 42 to 547.
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Figure5-42: HRGrersusQuenchtemperature, for 2.875inch bar
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Figure5-43: HRGrersusQuenchtemperature, for 3.37&nch bar
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Line Plot of Mean( Sub Surface , Mid Rad ID, Core, MId Rad 0D, ... )
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Figure5-44: HRGrersusQuenchtemperature, for 4.6nch bar
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Figure5-45: HRGrersusTemper temperature, for 2.8Zmchbar
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Line Plot of Mean( Sub Surface , Mid Rad ID, Core, MId Rad 0D, ... )
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Figure5-46. HRGrersusTemper temperature, for 3.37kch bar
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Figure5-47: HRGrersusTemper temperature, for 4:hch bar

The charts detaileavithin Figures 542 to 544, have demonstrated that thguench
temperature has the greatest influence on the resultant throdbitkness values.
This is specifically apparent with both the 2.875 & 3-8¥Hh bars, whiclexhibitthe
greatest hardness deltacross the evalted quench temperature range.

Although thetempering temperature has an influence on the HRC values, it is

apparent that the effect is less compared to tgaenching operation. The results
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within Figures 545 to 547 illustrate that the hadness values delta across the
respective temperatures is reduced. In addition, thendh bar exhibits the greatest
level of uniformity across the bar sectional thickness with regards botlgtteaich
andtempering operations.
The combined result@igure5-48 through Figure5-50) have also demonstrated that
there is an optimum temperature range (Quenchnd Temper) for each bar type,
which yields the highest set of core HRC valtiles following assumptionare made:

x 2.875inch (1550°F Quench @ 75090°F Temper)

x 3.375inch (1515°F 1550°F Quench @ 79@15°F Temper)

X 4.0-inch (5615°F Quench @ 750°F Temper

Boxplot of Core Hardness
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Figure5-48: 2.875inch bar box plot average core HRC versus Quench and Temper
conditions

112



Bouplof of Core Handness
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Figure5-49: 3.375inch bar boxlot - average core HRC versus Quench and Temper
conditions
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Figure5-50: 4.0-inch bar box plot average core HRC versus Quench and Temper
conditions
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5.3.7 Hardenability

As rer the requirements o0M20905 & ASM A304 (Method D); the hardenability of
the AISI 4161Hhaterialmustmeet the minimum hardness values of 60 & 59 HRC at
the respective J5 & J10 locationReferencerigure5-51. These values are based on
an endquench testspecified within ASTM A25%hich measures the resultant HRC
value at a set distance from the water quenched eA8TM A255). As per Tabld,

all raw material bars (2.8754.0-inchdiameter) met this requirement.

HARDNESS LIMITS FOR HARDENABILITY BAND 4161 H
SPECIFICATION PURPOSES = ” = = s
n
"1" DIST AN q161 H
e 0.55 0.65 0.15 0.65 0.25
Ldll s M . %065 | “Y1.10 | “1%0.35 65095 | %%03s
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2 8 &0
: :g % DIAMETERS OF ROUNDS WITH SAME AS QUENCHED HARDNESS| LOCATION IN ROUND | Quencr
38 SURFACE | mno
5 65 60 1.1 20 29 38 48 58 6.7 3/4 RADIUS FROM CENTER | WATER
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7 5 60 1 I I I 1 I 1 I I
B & 60 08 1.8 25 3.0 34 38 SURFACE | Mo
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9 65 59 02 06 10 14 17 20 24 48 3.1 CENTER | QUENCH
10 s 59
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13 (2] 56 60 _&“\
14 o 56 “ -
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16 “ 56 §
18 4 53 w 50 =
20 6 3 8
22 63 50 £®
24 & 8
2 6 45 5 40
28 (] 43 j ...............................................................................
0 63 a4 R e
n 6 4l g
HEAT TREATING TEMPERATURES § 30
RECOMMENDED BY SAE — - = -
SNORMALIZE 1600 °F - e s s s — P S ———— ———S— ——
AUSTENITIZE 1550 °F —
‘ 20
For ferged or rolied specmens oy, 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 2

DISTANCE FROM QUENCHED END - SIXTEENTHS OF AN INCH

Figure5-51: Hardenability Band for AISI 416]156]

However, agper ASTM A125, there is a requirement that the core hardness shall be
50 HRC minimum in the @gienched condition. The DoE results have demonstrated
that over the complete aguenched temperature range, the following average core
values were achievedreferenceFigures-52:

X 2.875inch-56.9 HRC

x 3.375inch-48.4 HRC

X 4.0-inch-44.7 HRC
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Average As-Quenched Core Valve
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Figure5-52: Average AfQuenched Core Hardness #lt Bar Sizes

Although these respective results suggest that the ASTM A125 requirement cannot
be met for both the 3.375 & 4:0hch bars; the values specifidry the end quench
test plot Figure5-51) state the opposite. The AISI 4161 plot, specifies that < 50 HRC
values can be achieved for the respective core position:

X 2.875inch (24 sixteenths/inchrounded up) = 48 HRC minimum

x 3.375inch (28 sixteenths/inchrounded up) = 43 HRC minimum

X 4.0-inch (32 sixteenths/inch) = 41 HRC minimum

This experimental core hardnessuggestghat there is a conflict between both coil
spring convening standards ASTM A125 & ASTM A304, where ARB5M &l not
state a limit to bar diameter; beyond which alloy steel bars conforming to
Specification A688are not capable of achieving the core hardenabil@guirement.
Engineergherefore need to consider whether a core value <50 HRC is an area of
concern, considering that the tensile properties are based on the YsFradidis
location. The impact of having a softer core on coil spring functionality is detailed in

Section 7.1, Effects orMaterial Variability on theCoil Spring Functionality

5.3.8 Hardness Testing Summary

The DoE has established the surfac®l throughthickness hattness properties of
three bar sizes, across various heat treatment conditions. Both hardness attributes

are important, as they are required by either internal or industry requirements:
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{ M20905- Q &T condition; surface hardness shall be-4® HRC (421469
HBW).
{ ASTM A125Core AfQuenched hardness shall be 50 HRC minimum.

The surface and througthickness results have exhibited a similar trend, with the
heat treatment condition governing the values recorded. In all cases the As
Quenched conditions produced the greatest value with thecéaled yielding the
lowest set of reslts. The results have shown that the ZBinch bar will meet both
TechnipFMG@nd industry requirements; however, the 3.375 & 4rch material do

not fully comply- seeTable5-22.

Table5-22: Summary of key findingsSurface / Core Hardness

Ave Surface TechnipFMC
Bar Size Hardness requirement of Aségge:;r;?e?;/e '?es -L':f e?nﬁ?
(Q & T) condition Q01019 q
2.875 inch 461 HBW 56.9
- 50 HRC
3.375 inch 424 HBW 421 - 469 HBW 48.4 .
_ minimum
4.0 inch 403 HBW 44.7

The DoE has shown that the 3.3if8h bar meesthe minimum surface requirements
however, this can only be achieved over a tighter operating window in terms of heat
treatment conditions. With regards the 4ich material the resultstow that the
minimum 421 HBW surface requiremdanot met.

The hadenability of the material reduces withn increase in bar diameter / cross
sectional thickness. This was evident in both theQa®nched & Quenched /
Tempered conditions, with the resultant HRC propertiesrdasing as the bar
diameter was inaased from2.875 - 4.0-inches.The main concern with regards
hardenabiliy was the ASTM 125 requiremerithat a minimum of 50 HRC must be
achieved at the core location in the /&81enched conditioh Both the 3.375 & 4:0

inch bars failed to meet this value, howewas per ASTM A304 and the respective
AISI 4161H hardenability band, the material is expected to yield lower values at the
core thickness location, which is 43 & 41 HRC respectively. This would suggest that

the values detailed withifable5-22 are acceptable.
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Therefore, further clarification is required ByechnipFMngineering,coil spring
OEM's and the industry governing bodies to determine, which specification should
take precedence and which resultant value should be set as the minimum
requirement.

The DoE results have shown that the:

X Quenching temperature has the greatest influence on the thretigtkness
hardness This was mainly apparent across the 2.875 & 3iB¢b bar sizes,
where there was a recognized hardness shift, with the increase / decrease in
the respective Quenching temperature. The -th6h material however,
exhibited more of an incremental change in terms of resultant HRC values
and the response tdifferent heat treatment emperatures.

X Tempering operation has had an impact on the resultant thretigtkness
hardness properties, however the DoE has shown the changes in
temperature have had a lower impact compared to the Quench temperature.
Theresults have concluded that the responsiveness to temperature change

reduces ashe bar diameter has increased.

5.3.9 Banding

The work conducted prior to the DoE, (Chapter 3), had shown that the material used
for coil spring application was not homogenous imts of metallurgical properties.
This was mainly related to the microstructural banding exhibited within the resultant
microstructure, which had shown to produce a hardness delta between the material
matrix and the adjacent band.

The work also establisheatdat there was a level variability between the raw material
supplied from different Mills; and across coil springs manufactured from different
heats. Because of these findings, and the relationship with reduced tensile
properties, TechnipFMC Engineeringged a limit of 5 HRC on the hardness delta
(difference in HRC between the band and matrix120905). Therefore, to fully
understand the effecof banding within the AISI 416tlmaterial, a DoE approach was

taken.
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5.3.9.1 Banding DoE

The DoE detailed withiection 5.2.3 has enabled the direct analysis of the banded
microstructure across different heat treatment conditions and across the different
respective bar sizes. This approach has allowed the evaluation of the resultant
metallurgical properties in the ASoded, AsQuenched & Quenched & Tempered

conditions within the key zones of bar sectional thicknesseFigure5-53.

10% thickness se——

Figure5-53: Longitudinalmicro-section locations

To fully characterize the banding and its respective effect in metallurgical properties,
the following testing has been completed:

{ Micro Hardness MeasurementKnoop (converted to HR&)Vickers

{ SEM EDAX analysis

{ Microstructural Evaluation

5.3.9.2 Micro Hardness Assessment

To determine thehardnessdelta across the 3 zones, Knoapd / or Vickers micro
hardness measurement was completed in both the matrix & banded zones. The
results were recaled as individual values, and averaged to determine the
differences between the two microstructural phases. For the purposes of analyses,
the values identified as "Dark" correspond to the matrix, with "Light" corresponding
to the respective adjacent bandhe results for each bar sized heat treatment

conditionare detailed withinTables 523 to 5-25.
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Table5-23: 2.875inchmicro hardness results

) 10% 10% Mid i i Mid i
i . . o . Quench| Temper | 10% Diameter . i . Mid radius Dark . Centre | Centre | Centre Light
Barsize | Condition ID Material Heat°F  |Cool medium Diameter|Diameter| radius radius
°F °F Ave delta i Ave . Ave delta| Dark Ave Ave
Dark Ave | Light Ave |Ave delta Light Ave
2.875 Air cool T1 Timken 1700 Air na na 12.8 314 43.2 23.4 34.2 57.6 27.2 34 61.6
2.875 Air cool T2 Timken 1200 Air na na 12.6 34.2 46.8 16.4 34.2 50.6 264 318 58.2
2.875 Quench E1** Timken 1600 Qil 1600 na 141 772 913 345 543 388 358 570 928
2.875 Quench AL Timken 1800 0il 1550 na 74 739 833 4391 407 898 429 483 912
2.875 Quench c1** Timken 1550 Qil 1530 na 51 724 775 236 575 811 423 435 858
2.875 Quench G1** Timken 1500 0il 1500 na 265 540 805 373 417 790 340 412 752
2.875 Q&T Ala Timken 1200 Qil 1530 7390 1.6 478 494 13 45.8 471 1.2 41.6 48.8
2.875 Q&T A2a Timken 1800 0il 1550 730 0.2 50.2 50.4 1.2 50 51.2 0.8 49.4 48.6
2.875 Q&T A3a Timken 1200 il 1530 7390 0.8 478 48.6 0.8 4718 48.6 8.7 40.2 48.9
2.875 Q&T Cl Timken 1550 0il 1550 730 13 48.8 50.6 3.2 46.4 49.6 3.6 43.4 52
2.875 Q&T c2 Timken 1550 il 1530 7390 4 45.2 49.2 5.6 44.8 504 10.2 40.4 50.6
2.875 Q&T c3 Timken 1550 0il 1550 730 4 43.8 47.8 4 46.6 50.6 6.4 44.4 50.8
2.875 Q&T E1 Timken 1600 il 1600 830 3.2 43.2 46.4 3.6 4.4 a8 1.2 48.6 49.8
2.875 Q&T E2 Timken 1600 0il 1600 830 3.4 444 47.8 6.6 41.2 47.8 11.8 37.8 49.6
2.875 Q&T E3 Timken 1600 il 1600 830 2.6 6.6 49.2 6.2 43.8 50 12 11 53
2.875 Q&T F1 Timken 1600 0il 1600 750 2.6 46.4 49 8.8 41 49.8 12.6 40.2 52.8
2.875 Q&T F2 Timken 1600 il 1600 730 3.2 194 52.6 11 424 534 14.2 41.6 55.8
2.875 Q&T F3 Timken 1600 0il 1600 750 0.4 50.2 50.6 8.8 42.6 514 12 41 53
2.875 Q&T Gl Timken 1500 il 1500 830 34 42.6 46 7.8 a0.8 48.6 124 36.2 48.6
2.875 Q&T G2 Timken 1500 0il 1500 830 3.4 434 46.8 13.2 37 50.2 12 38.6 50.6
2.875 Q&T G3 Timken 1500 il 1500 830 1.6 478 494 8.4 11.2 49.6 4.8 44 48.8
2.875 Q&T H1l Timken 1500 0il 1500 750 2.2 444 49.6 6.4 44.6 51 11.6 40.2 51.8
2.875 Q&T H2 Timken 1500 il 1500 730 34 49.8 53.2 9.8 42.6 524 9.6 44.6 54.2
2.875 Q&T H3 Timken 1500 0il 1500 750 4.4 47.8 52.2 2.4 43.6 52 13.8 40.4 54.2
2.875 Q&T 11 Timken 1550 il 1530 730 34 16.8 50.2 7.2 43.2 504 1.6 42.2 49.8
2.875 Q&T 12 Timken 1550 0il 1550 750 4.8 42.6 47.4 4 45.8 49.8 10.8 41 51.8
2.875 Q&T n Timken 1600 il 1600 7390 2.8 16.8 49.6 6 44,2 50.2 5.8 44.4 50.2
2.875 Q&T 12 Timken 1600 0il 1600 730 3.8 47 50.8 5.6 45 50.6 8.8 40.8 49.6
All results converted frordnoop Hardness tdRC, except Quench conditmHV0.3 Kg
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Tableb-24: 3.375inchmicro hardness results

i 10% 10% Mid . i Mid i
i . i . ) Quench| Temper | 10% Diameter | . ) Mid radius Dark ) Centre | Centre | Centre Light
Barsize | Condition 1} Material Heat°F  |Cool medium Diameter|Diameter| radius radius
°F °F Ave delta i Ave . Ave delta| Dark Ave Ave
Dark Ave |Light Ave |Ave delta Light Ave
3.375 Air cool ACL Timken 1800 Air na na 9.4 28.8 38.2 6 35 41 20 39.2 59.2
3.375 Air cool AC2 Timken 1700 Air na na 84 31 394 14.2 33.2 47.4 18.4 37.8 56.2
3.375 Quench 1500 Timken 1500 ail 1500 na 103 525 628 139 380 519 215 333 548
3.375 Quench 1515 Timken 1515 oil 1515 na 57 565 622 143 482 625 243 396 639
3.375 Quench 1550 Timken 1550 il 15350 na 263 442 705 250 360 610 199 358 357
3.375 Quench 1585 Timken 1585 Qil 1585 na 197 515 712 245 462 707 322 404 720
3.375 Quench 1600 Timken 1600 ail 1600 na 128 522 650 176 480 656 253 360 619
3.375 Q&T 11 Timken 1500 Qil 1500 790 3.8 41.8 17.6 8.6 39.6 48.2 11 39 a0
3.375 Q&T 12 Timken 1500 ail 1500 730 8 a1 52 7.2 43.6 50.8 13.8 38.2 52
3.375 Q&T n Timken 1600 ail 1600 730 4.6 43.4 48 8.2 40.4 48.6 11.6 39.2 50.8
3.375 Q&T 12 Timken 1600 ail 1600 790 6.6 41.4 45 10 40.2 50.2 16.2 34.6 50.8
3.375 Q&T K1 Timken 1550 aqil 1550 790 6.2 42.6 43.8 9.8 38.8 48.6 15.2 35 50.2
3.375 Q&T K2 Timken 1550 oil 1550 790 2.6 44.8 47.4 4.2 43.6 47.8 10 37.8 47.8
3.375 Q&T K3 Timken 1550 il 15350 750 3.8 45.4 19,2 3.4 45.2 48.6 8.8 41.6 50.4
3.375 Q&T K4 Timken 1550 Qil 1530 830 3.0 41.6 47,2 11.2 37.2 434 11.2 39 50.2
3.375 Q&T K5 Timken 1550 ail 1550 830 3 45.2 48.2 5.2 42.6 47.8 12.6 36.4 43
3.375 Q&T K6 Timken 1550 ail 1550 750 0.8 49 49.83 9 42.2 51.2 8.4 40 48.4
3.375 Q&T L1 Timken 1515 ail 1515 815 2.4 45.2 43.6 7.8 41.6 45.4 9.8 404 50.2
3.375 Q&T L2 Timken 1515 aqil 1515 815 2 44.8 46.8 6.2 41 47.2 10.6 37.8 484
3.375 Q&T L3 Timken 1515 oil 1515 765 6.8 44.6 514 14.8 36.4 51.2 8.8 41.2 50
3.375 Q&T L4 Timken 1515 oil 1515 765 5 44.4 49.4 7.6 42.6 50.2 12.8 39 518
3.375 Q&T M1 Timken 1585 il 1585 815 3.8 11 16.8 10 40,2 0.2 14.6 37 51.6
3.375 Q&T M2 Timken 1585 Qil 1585 765 2.4 L] 19.4 3 44.8 49.8 13.6 38.2 518
3.375 Q&T M3 Timken 1585 ail 1585 815 1.4 42 43.4 4.2 41 45.2 9.6 37.6 47.2
3.375 Q&T Ma Timken 1585 ail 1585 765 9.6 41 50.6 10.6 39.6 50.2 12.6 38 50.6
3.375 Q&T N1 Timken 1570 aqil 1570 750 5.8 44.6 50.4 5.8 45.8 51.6 15.2 384 53.6
3.375 Q&T N2 Timken 1570 qil 1570 750 9.8 41 50.8 8.8 40.8 45.6 13.4 37.8 51.2

All results converted from Knoop HardnessIRC,

except Quench conditmHV0.3 Kg
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Table5-25; 4.00-inch Micro Hardness Results

) 10 % 10% Mid i i Mid .
i . ) o i Quench| Temper | 10% Diameter | . . Mid radius Dark i Centre | Centre | Centre Light
Barsize | Condition ID Material Heat°F  |Cool medium Diameter|Diameter| radius radius
F °F Ave delta ) Ave ) Ave delta| Dark Ave Ave
Dark Ave |Light Ave |Ave delta Light Ave
4 Air cool AC1 Timken 1800 Air na na 1.2 37.6 36.4 11 34 45 22.8 34.8 276
4 Quench 1515 Timken 1515 ail 1515 na 282 432 714 282 390 672 225 362 587
4 Quench 1550 Timken 1550 il 1550 na 222 379 601 268 392 660 255 344 599
4 Quench 1585 Timken 1585 il 1585 na 152 529 631 124 211 635 220 396 616
4 Q&T o1 Timken 1550 oil 1550 790 8.2 40.6 48.8 10.2 38.2 48.4 11 39.8 20.8
4 Q&T P1 Timken 1585 ail 1585 830 6.2 38.2 44.4 9.8 374 47.2 13 35.6 43.6
4 Q&T a1 Timken 1515 il 1515 750 1.6 42.6 50.2 9.8 41.6 514 15 374 524
4 Q&T R1 Timken 1550 ail 1530 830 3.2 41.6 44.8 10.8 38 48.8 13.4 36.8 a0.2
4 Q&T 51 Timken 1515 il 1515 830 6.2 39 45.2 114 38.2 49.6 12 376 49.6
4 Q&T T1 Timken 1585 il 1585 750 2.8 43.4 49.2 10 42.2 52.2 144 358 a0.2
4 Q&T U1 Timken 1550 ail 1550 730 4.2 394 43.6 8.4 41 49.4 11 384 49.4

All results converted from Knoop HardneskiRC,

except Quench conditmHV0.3 Kg
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5.3.9.3 Micro Hardness Assessmenfnalysis Summary

The analysis from the DoE has established there is a hardness delta between the
distinct phasegband /matrix) within the microstructure. It is also apparent that the
delta changes across the respective bar sectional thickness, which is greatly
influencedby different heat treatment conditions.

Whenconsidemgall the bar size results together (2.878.0 inches), in both the Air
Cooled & Quench / Tempered conditiors) increasinghardnessdelta trend exists

from the surface location to the coreseeFigure5-54. This is further clarified when
studyingthe resultant values for the indidual bar sizes themselveseferenceFigure

5-55, which confirms that by increasing the respective bar size lthednessdelta

increases from the surface to core.

Boxplot of 10% Dia Ave delta, Mid r Ave delta, Centre Ave delta

10% Diz Ave delta Mid r Ave delta Cantre Ave delta

Air cool

Q&T
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Figure5-54: Box plotHardnes®elta values for the 3 bar sizelir cool ersusQ & T

Gonditions
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Boxplot of 10% Dia Ave delta, Mid r Ave delta, Centre Ave delta
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Figure5-55: Box plot ofHardnes®Pelta for thelndividual Bar Sizes

To establish the effect of actual sectional thickness againstdlaltant hardness
delta, the values recorded at each respective distance were plotted for the Quench /
Temper conditions. The purpose of tlajgproach was to consider each of the 3 bars

as one, and to determine the effect over the complete distance (ammpged) from

the surface to the coreReference-igure5-56 & Table5-26.

Table5-26: Distances where thelardnes®Pelta wasneasured forEach Babia.

Location 2.875" 3.375" 4.000"
10% thickness 0.2875 inches 0.337 inches 0.4 inches
Mid-radius 0.72 inches 0.84 inches 1.0 inches
Core / center 1.44 inches 1.68 inches 2.0 inches
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Represents the banding defta overa set
distance fromthe surfacetothe core

Figure5-56: Diagram of3 Bars Compounded Together for Analysis Purp{isased
on Table &26)

Byrepresentingthe results as one bar, @nables a betteunderstanding of howthe

the delta(hardness difference between the matrix & bgmal the fully heat treated
condition (Quench / Temper) is increasing from the surface to the core. This verifies
that a change in bar diameter, will have a direct influence on the resulting hardness

delta between the matrix and bandReference~igure5-57.
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Figure5-57: Boxplot of theHardnes®Delta \ersusdistance for all 3 bar sizes
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In addition to evaluatinghte Quench / Temper process as one combirnegzt
treatment condition; the results have been assessed on an individual basis, with the
effects of each respective operation being considered. This has been completed by
comparing the Quench & Temper heat treant temperatures against the resultant
hardnessdelta achieved across the total bar sectional thickneBeferenceTable

5-26, Figure5-58, andFigure5-59.

Boxplot of Banding delta
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Figure5-58: Hardness DeltaarsusSectional Thickness 8pecifictQuench
Temperatures
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Boxplot of Banding delta
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Figure5-59: Hardness DeltaersusSectional Thickness §becific Tempering
temperatures

The boxplot of the gench results Figure5-58, demonstrates that the Austenitie /
Quenchtemperature has an effect in terms of the hardness delta within the
microstructure. Within each sectional thickness point, the hardreksl$ta various
depending of the Quench temperature selected. Also, the results have shown that a
Quench temperature of 1550°F produces the lowest delta value for all respective bar
sizes.
A similar effect is also applicetfor the €mper boxplot eferenceFigures-59, where
a shift in hardness within the microstructure exists with a a®rn process
temperature. Thee@mpering temperature effect is not the same fach bar size, as
the lowest HRC delta was experienced at different respective values.

X 790°F @ 2.8Hmnch diameter

X 750°F & 815°F @ 3.31ch diameter

X 730°F @ 44nch diameter
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5.3.9.3.1Matrix versusBand

The micro hardness assessment has clearly establishea tthelta does exist across

the respective bar sectional thickness. However, it is key to understand what phase
within the microstructure is changing to create the hardness difference, and whether
this is influenced by diffent heat treatment operations.

The results from the DoE, detailed withTables 523 to 5-25 have been summarized
within Table 527. These are the average delta values for each heat treatment
condition, and the average values for each respective microstructural phase-(dark

matrix / light - band) within the bar crossection.

Table5-27: Summary of Averagdardnes®elta for each Heat Treatment condition

Barsize condition  10% dark 10% light | Barsize condition mid rad dark mid rad light Barsize  condition  coredark core light
2.875  Aircool 34.3 47 2.875 Air cool 34.2 54.1 2.875 Air cool 331 59.9
3.375  Aircool 29.9 38.8 3.375 Air cool 4.1 44.2 3.375 Air cool 38.5 577

4 Air cool 37.6 36.4 4 Air cool 34 45 4 Air cool 34.8 57.6

Barsize condition  10% dark 10% light | Barsize condition mid rad dark mid rad light Barsize condition  core dark core light
2875  Quench 614 62.9 2.875 Quench 65.8 62.6 2.875 Quench 53.2 64.3

Barsize condition  10% dark 10% light | Barsize condition mid rad dark mid rad light Barsize condition  core dark core light
2.875 Q&T 46.5 454 2.875 Q&T 439 50.1 2875 Q&T 42.1 511
3.375 Q&T 43.6 48.7 3.375 Q&T 414 45.2 3.375 Q&T 38.3 50.3

4 Q&T 40.7 46.6 4 Q&T 38.5 49.6 4 Q&T 37.3 50.2

The resultglearly showthat across thdhree heat treatment conditions, the matrix

is the key phase, which is changing. Thimarily apparent with the Quencland
Temper results, which show a uniform band hardness across the 3 measured
locations (10%, midadius & core) e.g. 2.87549.4, 50.1 & 51.1 HRC respectively.
However,the matrix for the same locations, yield values of 46.5, 43.9 & BHRG
seeTable 527.

This is alsesshown inFigure 5-60, which presentsthe hardness trend for each
microstructural zongmatrix / band) across all the bars at a set distance from the
surface. The resultant boxplots at the Quench / Temper conditions display a hardness
decline within the material matrix, as the bar thickness is increased. On the other
hand the band values are considered more consistent across the section; with an

approximate straight line exhibited throughout the median valusseFigure5-60.
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The loxplots inFigure5-60, also reiterate the delta trend shown kigure5-57, with

an increase in resultant values over the sectional thickness, which is due to the
differences of the hardness values between the matrix and band phases.

In addition, the matrix is the phase, which is changing more in terms of resultant
hardness, ovethe different heat treatment conditions. This sown inthe 2.875

inch bar results, at the micadius position, where the matrix location yielded values
of 34.2, 65.8 & 43.9 across different conditions, compared to 54.1, 62.6 & &0.1 f
the band- seeTable 527.

Boxplot of Matrix Hardness vs Distance from surface (Q & T)
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Figure5-60: Boxplots of Matrix & Band HardnessrsusDistance from surface
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5.3.9.4 Heat Treatment Response

The DoE has established that thardnessdelta, and indeed the hardness of each
phase within the microstructure (Matrix / Band), is influenced by the type of heat
treatment process. This is summarized witRigure5-61, whichshowsthe influence

of changing the heat treatment conditions at the core location.

Line Plot of Mean( Centre Ave delta )
Bar size = 2.875

Bar size
{Inches)

25.0 4 —— 2,875
—— 3375
225 000

Mean of Centre Banding delta (HRC)
=
=
[9) ]

Air cool Q&T Quench
Condition

Figure5-61: Average Corélardnes®elta Hardness for 2.87Bch Bar All Heat
TreatmentConditions

The graphshown in Figure 5-61 exhibits a significant delta change within the
microstructure once the ntarial is quenched; andhen further after the bar is
subjected to the Quenchand Temper processThe effect of the hardness delta is
compounded by bar size, in addition to the subjected heat treatment operation. This
is confirmed within Figure5-62, which compares the resultant HRC deltatltaee
locations acrossachrespectivebar range (2.8754.0 inches).
The line plots referenced withirigure5-62, reiterate the point that in the Quenched
and Tempered condition, the hardness delincreases with bar diametereference
red dashed ling In addition, the delta has shown to increase from the surface to the
core, which verifies the data set presented witlriigure5-57.
The plots clearlgstablishthat the 2.875inch bar has had the greatest response to
the heat treatment conditions. This is shown by the significant hardness shift /
reduction at each respective location, specifically for the smallessizar(2.8758nch

purple arrow).
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The 3.375 & 44nch material have both responded to heat treatment; however,
when comparisons are made againgtet Air cooled (Normalized) & Q and
conditions, the shift change is reduced, especially with theradius position, which
exhibitsa minimal shift in hardnesdelta. In addition, the 3.375 & 4i@ch material
yield similar hardness delta reductions at both the madius and core locations

Reference-igure5-62.
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Line Plot of Ave Banding Delta v Bar size ( 10% THK location )
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Figure5-62: Hardnes®elta vs. Bar Size
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5.3.9.5 Hardness Delta Air Cooled

The results from the Air Cool heat treatment DoE, have confirmed thatdneéness
delta increases from the 10% surface thickness looatirough to the bar core. This
trend is applicable for all bar sizes, with the 2.8@&h material yielding the greatest
delta across the respective locationReference TablB-28.
The range of thédardnesglelta also varies with the bar size:

{ 2.875inch: 12.7-26.8 HRC

{ 3.375inch: 8.9-19.2 HRC

{ 4.0inch: 1.2-22.8 HRC
In addition, the results have confirmed that the 3.3a%d 4.0inch barsproduced a
similar resultant hardness delta at the respective madius & core positions
Reference @ble5-28.

Table5-28: Air Cool Average Hardness Delta feach Bar Size

5.3.9.6 Hardness Delta As Quenched

In the As-Quenched condition, the results have shown a similar trend with regards
the hardnessdelta across the respective bar sectional thickness, with near surface
values producing the lowest values, compared to the core, which exhibited the

highest difference between the matrix and adjacent bamkeference Tabls-29.

Table5-29: AsQuenched Average Hardness Delta feach Bar Size
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5.3.9.7 Hardness Delta Quenched & Tempered

The Quench / Tempered condition is very important in that it fully defines the
material properties for the application and serveavironment of the respective coil
spring. The results have been summarized within Tatdé & Figure5-63.

It is evident that the delta increases from the surfacethie core with a trend of
increasedHRCacross the evaluated bar siz@s875- 4.0 inches.

It is also apparent thabver the large number of heat treatment trials /inputs, the
average delta was greater than the currefiechnipFMC specificatiofM20905

E <u]E u BHRC. Ghis was the case for all locations, except theHiOkaess
value for 2.878nchbar, which achieved a delta of 2.9 HRC.

Table5-30: Q & T- Average Hardness Delta feach Bar Size

The graphs detailed withiRigure5-63 show that the hardness of the material in the
band is greater than that of the matrix in all cases. In each individual graph, the

position of the data point along the x axis is arbitrary getkby sample number.
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Figure5-63: GraphicaVMiew of the Q & Hardness Resulfsr the Band v Matrix All Bar Sizes
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5.3.9.8 Micro Hardness Assessment Summary

The micro hardness assessment has enabled a full understanding of the effects of
banding within the microstructurelThe DoE has clearly established that:

{ A hardness deh exists between the differentphases within the
microstructure (matrix / bands).

o It is apparent this delta will increase, from the surface location
through to the core, irrespective of the bar diameter.

{ In the fully heat-treated condition (Q & T), there is a clear trend that the
hardness delta will continue to increase through the sedaidhickness of the
material.

o This was demonstrated withiRigure5-57, where the results of the
three bars were combined as oneidch section; where the resultant
values increased from approximately 3 to 13 HRC ovenalradius.

{ There is one predominant phase, which is changing during the heat treatment
operations, and is thus responsible for creating the HRC delta.

o The DoE has established that the matrix is the phase, which is more
susceptibleto heat treatment response and regaht hardness
changes, compared to the band, which producesrenconsistent /
stable results.

{ The hardness delta within the microstructure is directly influenced by the
respective heat treatment process.

o Within all bar sizes, the hardness delta change@nvbxposed to the
Air Cooled (Normalized), A3uenched & Quench / Temper conditions.
This was demonstrated by the 2.8#&h bar core location, which
yielded results of 26.8 HRC, 11.1 HRC & 9.0 HRC when heat treated
through these respective conditions.

{ The Quenchand Temper condition, as an individual data set, has shown that
different Austenitizingand Tempering temperatures can affect the HRC delta

between the matrixandband.
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o This is apparent for each location across the material sectional
thickness Referencerigureb-58 and Figure5-59.

o All bars tested, regardless of thiadss yielded the lowest HRC delta at
an Austenitize temperature of 1550°F

{ Each bar size has an optimum Tempering temperature / range, which will
produce the lowest déh between the matrix and band.
{ The bar diameter has a major influence on the change ®HRC delta.

o Results have shown that the ZBinch bar responded to greatest
extentthan the other material sizes. This was due to the reduction in
the HRC delta exhibited by the smaller diameter bar, when exposed to
the various heat treatment conditionsReferencd-igure5-62.

{ The currentTechnipFMCM20905 material specificatiomequirements (HRC

08 }§ HRC) can only be consistently met at the 10% locébioB.875

inch bar only. All other 2.87ich locations & larger bar sizes (3.375 /-4.0
inch) failed to meet the mataal specification requirement.

0 Therefore, this material process control cannot be used to verify the

acceptance and design quality needed coil spring applications.

5.3.9.9 SEM EDAX analysis

The analysis completed within the miehardness assessment, has clearly
demonstrated that the coil spring material is not homogenous across the complete
bar crosssection. It has also shown that the matard the banded zones, exhibit
differences in resultant hardness, which can affect the material metallurgical
properties.

To understand why a hardness delta exists within each bar size, -dapth
evaluation was undertaken. This involved conduc®igM BAXanalysis across the
AISI 4161H material matrix & banded zones, in each of thetheaited conditions
specified within the DoE. In the same way the micrehardness evaluation;
measurements were taken dhree locations for each respective heat treatment
condition: 10%thickness, Mieradius, and Core; these locations are detaileBigure

5-53.
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Although the chemical compit®n of the AISI 4161H material consistsseen {)
elements reference Tables-31; the SEM EDAXdnalysis was set up to accurately
determine the respective values for Si, Cr, Bmd Mo only. This waslue to the
analysis reliability for the detection @arbon, Sufur and Phosphorousvhen using
EDAX for quantitative measurements. In addition siaelements are conventionally

analysed using more repeatable techniques.

Table5-31: Chemical compositional reqeiments of the AISI 4161H material

Theanalysis method in all cases involved takimg chemical composition along the
respective zongband / matrix)within the microstructure at the specified position
across the longitudial section of the analysed baExamples of the analysis and
respective results are demonstrated withifiigure 564 and Figure5-65.

To gain a better understandingf the chemical composition results for each
respective phase within the microstructure, it was decided to adopt an analytical
technique that would determine the effect of the variability exhibited between the
two microstructural phases (band / matrix) feach heat treatment condition. For
this purpose, the Ideal Diameter calculation per the requirements of ASTM[B&B5
was selected. ASTM A255 utilizes a compound calculation and different magiply
factors for each respective element percentage. Thethnd considers that each
element has a different influencing factor in terms of material hardenability (more /

less).
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Fgure5-64: SEM EDAX analysis for the 3-87¢h bar, which waguenched at
1500°Fandtempered at 790°F

Figure5-65. Example of SEM EDAKalysis Locations fohé Four (4) Conditions
Evaluated
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5.3.9.10SEM EDAXnalysis- Phase Hardenability Results

Per the requirements of ASTM A255, the cheah composition for each
microstructural phase was used to determine the respective Ideal Diameter value for
the zone analysed. The compound formula adopted by A255, takes each element
individually and applies a multiplying factor. This is dependent eretement and its
effect on throughthickness properties (hardenability); witome elements having a

greater effect than others Referencerigure5-66.

Figure5-66. Example of ASTM A255uliplying factors for individual elemen{56]

The calculation also takes into consideration tterbon values and respective
material grain size. Therefore, for the purposes & Bl determination, the C#om

the material CoC was utilize@long with a preaustenitic grain size of 7, "which is
assumed, since most steels with hardenability control are melted to a fine grain
practice' [56]. Figure 5-67 demonstrates an example of the formula used to
determine theDI for both the band and matrix, witkigure5-68 displaying and

extract fom the DoE result spread sheet.

Figure5-67: Example of Ideal Diameter calculation taken from ASTM A255

Figure5-68: Extract from the 3.37ch bar DI resultsAir Cool condition at the
mid-radius position

The results from the DI calculation are summarized witlaible 532, which lists the

resultant values for alldat treatment conditionsonducted within theDoE.
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Table5-32: DI results for all DoE test conditions
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To interpret the results in more detail, the respective values have been analgsed
individual heat treatment groups and as a combination of heat treatment conditions
for each respective bar type / siZEhe results have therefore been extrapolated from

Table 532 into a more meaningfudomparison, as depicted by Table8% & 534.

Table5-33: Average DValues for Bch Heat Treatment Condition V bazes

Table5-34: Average DValues foreach bar sizeersusall Heat Treatment Conditions
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The resultswithin Table 533 have clearly shown that the band and matrix have
different DI values.This is apparent for each heat treatment condition, and for each
bar size and respective position across the analysed sample, fowtradius & 10%
thickness).

The ageceived results, which represent the 3 bar sizes in the rbted datum
condition, have shown that thenicrostructuralband phase located at the caqre
exhibits the greatest DI value and resultant chemical composition. It is alsdlcdar
the band phaseDI reduces from the core through the middius position to the
surface location (10% thickngs$his trend is apparent for all bar sizes; with 2.875
inch exhibiting the greatest DI followed by the 3.375 and 4.0 respectigelgTale
5-33 and Figure5-69.

Figure5-69: Average DI for the BarRhasdn the AsReceived Condition

The matrix in the aseceived condition follows a similar trend to the band phase,
with the highest DI achieved with the 2.8i#ich bar. However, the resultant values
across the section for all bar types, is more consistent, especially the &8A300-

inch results seeTable5-33 andFigure5-70.
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Figure5-70: Average DI for the Matrix Phase in theReceivedCondition

Theresults have also deonstrated that the delta in Diior the band and matrix,
various considerably across the bar sectional thicknesthrak bar sizes follow the
same trend, with a large delta in chemical comion present at the coreThis is
followed by a major reduction in DI delta at the mrablius location; with no olittle
chemical compositional difference variance betwesachrespective phase at the
10% zone Reference Table-33 &Figureb-71.

Figure5-71. Average DDelta (Band Matrix) in the AsReceived Condition

These results clely demonstrate that in the ageceived condion, the band phase
is predominanty rich in chemistry compared to the adjacent matrix, which will vary

dependant on bar diameter and location across the respective section.
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The aircooled results presented within Table38 begin to show the effect ofdat
treating the datum aseceived material. Astated withinSection5.2.2 the ascooled
test methodology, representmormalising the material at the OEM hot coiling
temperature. The effect of this heat treatment step / proce&sdemonstrated within

Figure5-72and 573.

Figure5-72: Average DI for the Barféhasen the Ascooledcondition

Figure5-73: Average DI for thélatrix Phasan the Ascooledcondition

Theresults have shown thdike the asreceived condition, the DI for the band phase,
is highest at the core, which reduces over the remaining bar section frormadids
to the 10% thickness position. However, the chemical composition / DI is greatest

with the 4.0inch bar, reducing to the lowest values with the 2.88h material This
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is opposite to what was exhibited by the-aceived datum analysi§he2.875inch

bar core locationhas respondedo the greatest extentto the subsequent heat
treatment, by theobserved difference in Déduction from 37.22 to 16.87 incheSn

the otherhand,the 3.375and4.0-inch material DI for the banded zone has increased,
especially the corandmid-radius locations.

As for the matrix, in theiecooled condition, all bar sizes exhibamparable results
with minimal change across the analysed battises (core, mieradiusand core)-
reference Table 83 &Figureb-73.

The DI delta between the band and matrix phasesluces from the core to mid
radius location for the 2.8#hch material. However, the larger bars, exhibit a more
congstent chemical composition delta between tiwo phases, from the core to
mid-radius; prior to all three bars producing minimum differences at the 10%

thickness location referenceFigure5-74.

Figure5-74. Average DI Delta (Bandilatrix) in the Ascooledcondition

The asguenched results areepresentativeof a production environment; where
material is taken from the aeceived condition to the austenitizing temperature and
guenched in oilLike the previouy analysedascooled condition, the DI values are
greatest at the core band position, with the 4rch material exhibiting the greatest
chemical composition, and the 2.87&ch with the lowest valueln addition, the
respective DI band phase results reduce over the bar esesson from the core to

the near surface locationseeFigure 5-75and5-76.
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With regardgo the heat treatment response, the 2.87i6ch material has reacted to

the greatest extent with the band phase DI rethg from 37.22 to 9.74inches. This

Is a directresult ofthe quenching operation seeTable 533.

The matrix phase however, exhibited consistent values across the microstructure
cross section. This was apparent for all bar sizes, av#libtle increase in DI values
achieved for the 2.87inch materiad. As for the DI delta between thwo phases, the
lowest difference was achieved for-gaenchedtreatment compared to the dter
conditions- seeFigure5-77 & Table5.33.

Figure 5-75: Average DI for the BariRhasan the Asquenched condition

Figure5-76: Average DI for thMatrix Phasen the Asquenched condition

146



Figure5-77: Average DI Delta (BandWatrix) in the Asguenchedcondition

The final test condition analysed was the effect of the quesratitempering process

on the resulting microstructure. Thispresants thefinal conditionof the coil spring
components prior to operating within a subsea valire addition, the quencland
temper condition is the industry standard that all OEM's sujpalts 0.

Table 533 andFigure5-78, summarize the results of DI of the band phase across the
respective bars cross sectional thickness. Like theagled & asquenched values,
the ideal diameter reduces from the core to therface.The 2.878nch bar however,
has produced the lowest DI valuegth both the 3.375 & 4.9nch material exhibiting
almost identical results. #Afor the matrix, all bars follow a similar trend with a subtle
increase in DI values from the core to ttespective 10% location. The matrix across
all locations can be considered as uniform in terms of chemical composition, as the
maximum variance between any core position and 10% locationlv&&nches DI
(2.875 core 10% /6.55- 4.61) Figure5-79.
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Figure5-78: Average DI for the Barféhasean the Quenchedand Tempered
Gondition

Figure5-79: Average DI for the MatriRhasan the Quenchedand Tempered
Gondition

The phase delta, followed the same trend as the band only analysis results, with both
the 3.375 & 4.€inch material producingquivalent resultsYet agin the 2.875nch
bar exhibited the lowest ideal diameter delta between the band and matrix phases

across all crossectional positions seeFigure5-80.
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Figure5-80: Average DI Delta (BandWatrix) in theQuenched & Tempered
Gondition

5.3.9.11SEM EDAXralysisSummary

The SEM EDAX analysis study has enabled a better understanding of the effect of
microstructural variability exhibited a@ss the analysed bar range 0825 - 4.0
inches. This experimental approach has allowed the comparison of different heat
treatment conditions, and how their effect can influence the resulting chemical
composition within both the Bnd and matrix phases presemiiroughout the
microstructure. The ME has clearly established that:

{ The chemical composition in terms of individual elements and as an Ideal
Diameter (DI), varies across the bar from the core to the 10% thickness
location. Tls is applicable for the band phase and all heat treatment
conditions including the Aeceived material. In all castt®e microstructural
band phase at the core locatipaxhibits the richest chemistry angteatest
respective DI values. This is summaréd within Table 55, which
demonstrates an example of the respective chemical composkio DI

values achieved for the Quench & Temper conditions for the 3i3at bar.
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Table5-35: SEM EDAX analysis fioe 3.375inch bar (Quenched at 1500°F /
Tempered at 790°F

{ Overall the matrix has exhibited some to minimal change over the heat
treatment conditions, comparetb that experienced by the banded zones.
Based on theraw material chemistry and TechnipFMC requirements
(Reference Table -31), the AISI 4161H material should yield an Ideal
Diameter of approximately 6.25 inches (based on mean values). This is similar
to what was achieved under the Quench & Temper conditionesacall bar
sizes (average @&f.38- taken fromTable 533).

{ The Ideal Diameter delta between the two analysed phases (band & matrix)
is the greatest at the core, which subsequently reduces as you movedewa
the surface of the materialReference~igure5-81.

{ The heat treatment processes have shown to have a major influence on the
resultant ideal diameteand chemical composition of the analysed material.
The experinental approach has demonstrated that the-egeived material
in the hot rolled condition can change significantly when exposed to different
processes such as Air Cool (Normalize), Quench (Austenitize) and Quench &
Temper - ReferenceFigure5-81. This is however dependent on the bar
diameter:

o The analysis of thAs-receivedmaterialfound the smaller 2.87nch
bar to exhibit the greatest DI values across all locatidobpowed by

the 3.375 & 4.dnch respectively.
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o The Aircooled (Normalizinglreatment, has had the opposite effect
on the material to the datum Aseceived condition. This has resulted
in the 4.Ginch bar producing the highest DI values (band zone) which,
reduces by bar diameter to the lowest values experienced by the
2.875inch material. The 2.875 material within the banded zone has
reduced significantly especially at the core location, with the other 2
bar sizes increasing in DI across the core andraddis locations.

o The AsQuenchedorocess producedhe greatest effect in terms of
changing / reducing the resultant DI values, especially at the core
locations for each bar type. This was mainly apparent for the 2.875
inch bar, which reduced from 37.22 @74 within the respective
banded zone.

o The Quench & Temper treatment produced similar values for both the
band and matrix phases for the 3.375 & 4h@h bars. However, the
2.875inch material produced significantly low&]l results for the

band phase eross the complete cross section.

Figure5-81: Summary of DI valgefor all heat treatment conditions
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The SEM EDAX analysis has demonstrated that the datum material microstructural
properties in terms of chemical composition is influenced by the respective heat
treatment operation. It has also established that the 2.87&h material is more
responsive tcheat treatment in terms of resultant DI values, athét each process

has an influence on the mobility of the individual elements across the respective bar
crosssectional thickness. This is fundamental in the understanding on how the
microstructure respads at different locations when exposed to different heat
treatment temperatures and subsequently cooling conditionseDI of the band is

the phase that is changingpnsiderablywhen exposed to different heat treatment
conditions relative to the subtleifferencesfound with the matrix These key findings
demonstrate that the material is indeed not homogenous, but a duplex of different
levels of bandingand matrix, which can be changed / alteratrough different

thermal operationd conditions

5.3.9.12Microstructural Evaluation

The final stage of the material characterization and understanding, is the
microstructural assessment of the samples produced by the DoE, under the different
respectiveneat treatment conditionsBothChapters3 &5, have fully established that

the resultant microstructure of the AISI 4161H material is not homogenous, but one
of a duplex composition, withwo predomirmant phases throughout the cross
sectional thicknesgband & matrix) These phases exhibit differembetallurgical
properties in terms of hardness and chemical composition / Ideal Diameter; which
are greatly influenced by exposure to different tyoef thermal processing / heat
treatment.

Therefore there is a need to understanghat effect different caditions, bar sizes

and chemical composition variability have the resultant microstructures.

5.3.9.13Methodology

To complete this task, a standard methodology was taken to characterize the
microstructures observed.All samplesfrom the DoE were sectioned in th

longitudinal direction(see Figure5-53), and polished using standard metallurgical
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techniques to a mirror finish. They were thenbsequentlyetched usingNital (2%
solution of Nitric Acid & Methanol) to reveal the resultant microstructérestandard
field of view was also utilised for the analysis, wiither an X50 or X200
magnification selectedSee Figure-B2 which shows the metallurgical preparation

equipmentused.

Figure5-82. Metallurgical polished equipment used for sample preparation

To characterize the microstructure, in terms of the relationship between band &
matrix, several key features were measugeoss the migradius and core locations
of the DoE samplest a magnification of X50
x No of bands individualbandwidths/ minimumand maximum band width /
total band widthacross the field of view / % of bandsmatrix within the
microstructure.
For ths stage in the microstruatal analysis, all 3 heat treatmebnditions were
evaluated (Air Cool / As Quenched/ Quenched & Temperédnust be noted
however, that the 10% location was not analysed for this part of the evaluation
strategy, as the previss analysis (micrbardness & SEM EDAX) established
minimum differences in their resultant properties between the band & matrix
phases. Also, the bands at the 10% location were not as distinguishable, when
compared to the other analysed zondsigure5-83 showsa typicalquench and

temper microstructure exhibited for the 3.3#iBch bar material.
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Figure5-83: Example of Quendind Temper microstructure from the 3.37kch
material(Band- Single Phasé)(Matrix - Dual Phase)
The second stage of the analysis was to identify the microstructure within both the
band and matrix phases. Image analysis was addjoteithis purpose, specifically for
the evaluation of the matrix, which had been identified as exhibiting a dual phase
structure. This band however, contained a single phase, which did not necessitate the
need for image analysis.
The image analysis prograutilised for evaluation purposes the matrixwas Adobe
Photoshop CC 2017%his was considered thraost appropriateoption, as the system
featured a pbust phase contrast technolodlyat could differentiate between subtle
differences of the resultant eteed microstructure However, prior to selecting this
*Ce3 UU WZ}8}eZ}%[* % ]0]3] « A E }u% E &} v 08 E
(JE Ju P v oCele ~*u P] _*X }8Z % E}PE us A E ]v]3] oc

the level of repeatability wheniewingseveraldifferent images at the same settings.
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Adobe Photoshop produced the greatest level of reproducibility and was hence
selected.

Figure 5-84 demonstrates the program phase contrast threshold screen used to
obtain the optimum and standardise settingshich was used throughout the

analysis phase.

Figure5-84: Screenshot of the Phase Contrast Software

An example of the phase contrast system in operation is displayed vitgure 5
85, which exhibits the Quenched & Tempered matrix in the etched condition (left).
The image is the subjected to the phase contrast software, which depictswitngte

/ grey phase of the dual matrix (right).

Figure5-85: Example of the Phase Contrast Analysis Photomicrographs / Etched
Quenched and Tepered Matrix Viewed Under White Light (Left) & by Image
Analysis (Right
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5.3.9.14Microstructural EvaluationResults

The results of the microstructural evaluation have been presented in a table format,
which represent the effect of the different heat treatment atitions for theanalysed

individualbar sizesThese are detailed withifiables 536 to 538.

Table5-36: 2.875inch bar Microstructural Assessment Results
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The results detailed within Table3, have confirmed that under all heat treatment
conditions, the resultant microstructure has exhibited a dual phase, consisting of a
band & matrix. For analysis purposes, the percentafgEach phase at the michdius

and core have been quantified.

It is evident that in the A€ooled condition (Normalised), the number of bands within
the resultant microstructure are at their lowest, with values of 20 & 36% exhibited.
In addition, theratio of bands to matrix changesom the respective thickness
position across the bar, with the percentage of the band phase increasing from the
mid-radius to the core Reference Table-86. The dimensions of the band are also
affected in terms of the apparent width, with greater values iagkd at the core
compared to the mieradius position(average maximum core band width 254um

versusmid radiusmaximumwidth 98um) - seeFigure5-86.
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Figure5-86: Example of the 2.87mch BamMicrostructure in the AgCooled
Gondition (Left MidRadius / Right Coré&jlag x50

The phase distributiorchanges with regards the A3uenched heat treatment
operation with the band to matrix ratiotransformingto an averageof a 50:50
relationship, across all test locations and temperature ranges evaluatesk Table
5-36. The maximmon band size widths are also similar, with respective values of 392

& 435pum achieved at the midadius & coe locations- seeFigure5-87.

Figure5-87: Exampleof the 2.875Inch BaMicrostructurein the AsQuenched
Condition (Left MieRadius / Right Cor&jlag X50

As for e Quenchedand Temper condition, the phase distribution is different
compared to both the A€ooled & Afuenchedtreatments Thisan important
finding,ascoil springs are subjected to individual Quenchinbefnpering operations
during typical manufacturing by the OEM.

It is evident from the results that the equilibrium -&1enched phase distribution
(5050 band / matrix) changes to an increasethe matrix phase with a subsequent

reduction inthe apparentband percentage. This is the same for both the-naidius
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and core locations however, the matrix phase distribution is greatest at the core
position (average 67% corensusaverage 59% midadius)- seeTable 536, Figure

5-88, Figure5-89, andFigure5-90.

Figure5-88: 2.875inch Midradius position Band ersusMatrix distribution for all
heat treatment conditions

Figure5-89: 2.875inch Core position Band ersusMatrix distribution for all heat
treatment conditions
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Figure5-90: Example of the 2.87&ch BaMicrostructurein the Quenched&
TemperedCondition (LefMid-Radius / Right CoréjagX2®

Another key finding, which has been consistent throughout the testing phase of the
DoE, is that the heat treatment conditions have a major influence on the resultant
material propertiesFigure5-88 andFigure5-89 demonstrate that the distribution of

the band to the matrix changes significanly exposing the material to ffierent hot
working conditions.

In conjunction with differences exhibited for the @hd T band versus matrix
distribution, the image analysis study has established that the matrix and band
contain diffeent microstructures. The bands exhibit a fully martensitic structure,
with the matrix producing a mixture of botMartensite and a \wite grey phase,

identified asBainite - seeFigure5-91.

Figure5-91: Example of thédentified Microstructures in th€ & T Condition,Mag
X500
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The results shown within Table3®, have established that the matrix various in
terms of the amount ofesultart Bainite% acrgs the respective bar thickness; with
average values of 4.6%, 10.1% & 12.4% achieved for the respgg¥vemidradius
and core locations This thereforeinfluencesthe overall amount oftempered
Martensite produced across the bar and &ach QandT condition- seeTable 536.

To understand the effects on the amount ®artensite within the resultant
microstructure; comparison was made to the Ultimate Tensile Properties achieved
within Table 57 for the 2.875nch bar. The premise of th&udy was to determine
whether the results followed a specific trend and whether the microstructure could
influence the repective mechanical properties.

With reference toFigure5-92; an increase in thgroportion of Martensite equates

to a drect increase in resultant UTS.

Figure5-92: 2.875inch bar- UTS v % Martensii@ the Core Location

It is also apparent that different heat treatment conditiom$luence the amount of
Martensite exhibited within the microstructure. The boxplots presented within
Figures 83 and 594 represent the %Mrtensite achieved for the respdve DoE
guench & temper temperatures for the 2.84Bch bar. These results clearly identify
that the greatest amount oMartensite was achieved at a quench temperature of

1600F and tempering range of 750.
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Figure5-93: 2.875inch bar Boxplot of %Martensite at the DoE Quench
Temperatures

Figure5-94: 2.875inch bar Boxplot of %Martensite at the DOEmper
Temperatures

The results for the 375inch bar results are detailed within Table33. They have
confirmed that the AgCooled (Normalised) condition produces the lowest number of
bands within the microstructure. This is the same as the 2i8€b results, which
also exhibited this trendjn addition to having larger band widths at the core
compared to the mieradius (Core 285um maximum width, compared to the mid

radius maximum of 118ungeeFigure5-95.
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The phase distribution changes with regards theQM@nched heat treatment
operation; with the band to matrix ratio transforming to a more homogenous
percentage distribution (Band to Matrix: mrddius 53% / 47% Core 47% / 53%).
These results also demstrate that the core location exhibits a higher percentage of
matrix phase along with a greater maximum band width when compared to the mid

radius position seeFigure5-96.

Table5-37: 3.375inch bar Microstructural Assessment Results
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Figure5-95: Exampleof the 3.375Inch BamMicrostructurein the AsCooled
Condition (Left MieRadius / Right Cor&jlag X50

Figure5-96: Example of the 3.37kch Bar Microstructure in thAsQuenched
Condition (Left MieRadius / Right Cor&jlag X50
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As for the Quenchednd Temper condition, the phase distribution is different
compared to both the A€ooled & AfQuenched treatmentsLike the 2.875nch
results, the neaequilibrium AsQuenched phase distribution changes to an increase
in the matrix phase with a subsequentdigction in the apparent band percentage.
This is the same for both the mrddius and core locations however, the matrix phase
distribution is greatest at the core position (averagé®core v average 59% mid
radius)- seeTable 537, Figure5-97, Figure5-98, andFigure5-99.

Again, it is apparent thahe phasedistributionchanges in respective the exposure

to different heat treatment conditions. This demonstrated withirFigure5-97 and
Figureb-98.

Figure5-97: 3.375InchMid-radius position- Band ersusMatrix distribution for all
heat treatment conditions
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Figure5-98: 3.375Inch Corgoosition- Band ersusMatrix distribution for all heat
treatment conditions

Figure5-99: Example othe 3.375Inch Bar Microstructurén the Quenched &
TemperedCondition (LefMid-Radius / Right Core) Mag X5

The microstructure of both phases (bamadd matrix) were confirmed to be that
exhibited by the 2.878nch material in the quench & tempered conditiiartensite

- Band / Bainite & MartensiteMatrix), referenceFigure5-100.

Image analysis also established that the matrix phase contained different levels of
Bainite throughout the bar crossection, with values of 3.8%, 5.9% & 8.9% achieved
at the respective 10%, michdius & core locations. These values wsubsequently
used to determine the total % dflartensite for each Q & T heat treatment conditjon

reference Table 87, Figure5-100through Figure5-103.
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Figure5-100: Example of thédentified Microstructurein the Q & TCondition
(Martensite Band / Bainite & Martensite Matrik)ag X500

Like the values achieved for the 2.8ingh material, both the ¥4 & %T locations for
the 3.375inch bar exhibited a trend where an increase in UTS was achieved with an
increase in the amount of Martensiteigure5-101also identifies thathe amount of
Martensite is greater at the midadius position, which resulta higher resultant UTS
values.
Another key point for consideration is the gradient of gezterplot curves changes
from the midradius to core position, which indicates that the sectional thickness
influences the tensile properties. This is further backed up when comparison is made
to Figure 5-92 (2.875inch), which exhibits a step gradient for the smaller bar

diameter.
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Figure5-101: 3.375inch bar- UTS ersus% Martensite at the Midadius {Top) &
Core Bottom) locations

As for the effect of different heat treatment conditions, the 3.3iAgh bar is also
influenced by different quencland tempering temperatures. An optimum % of
Martensite was achieved at the respective quench temperature of 235B5°Hor

the midradius position and 15151585°F for the core locationsee Figure5-102
This ties in with the optimum target properties / recommendeperating window
established within Table-%3. The same however, can be said with regards the

resultant values achieved at the different tempering temperatures, WithTable 5
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13 statingan optimum conditionwas achievedat 750- 830°F for the midadius &
750- 778°F for the core location&igure5-103highlights that these respective values

are consistent with one and other.

Figure5-102 Boxplots of %Martensite at the DoE Quench Temperatureg-(Mid-
RadiusBottom- Core
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Figure5-103 Boxplots of %Martensite at the DoE Temper Temperatuf€sp-
Mid-Radius) / Bottom - Core
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The final set of results arer the 4.0inch baranalysiswhich aredetailed within
Table 538 and summarised withirFigure5-105and Figure5-106. Like the previous
bar sizes, a state of phase equilibrium was achieved in #ygiasched condition for
both the midradius and core locations. This subtly changed with the quench &
temper operation, with a averagencreaseof 6% in relation to th amount of matrix
present withn the resultant microstructure (50%As Qienched v 56% @nd T
condition).

The microstructure of both the band and the matpRaseswere the same as that
exhibited by he 2.875 & 3.378nch material, with in an increase in the amount of
Bainite present across theespectivematrix locations of the bar (10%, mrddius &

core)- Reference Table-38 & Figure5-104.

Figure5-104: Example of the identified microstructuresthe Q & T conditiorleft
Martensite Band / right Martensite & Bainite Matrix) Mag X500
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Table5-38: 4.0-inch bar Microstructural Assessment Results
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Figure5-105: 4.0-InchMid-radius position Band ersusMatrix distribution for all
heat treatment conditions

Figure5-106: 4.0-Inch Coregoosition- Band ersusMatrix distribution for all heat
treatment conditions

Like the other materials analysed, the amount of Martensite present within the
overall microstructure hata direct influence on the resultant UTS properties

Reference-igure5-107.
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Figure5-107: 4.0inch bar- UTS ersus% Martensite at the Midgadius(Top & Core
(Bottom) locations

In addition, both the quench and tempering temperatures had a direct influence on

the proportion of Martensite within the microstructure referenceFigure5-108and

Figure5-109.
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Figure5-108 Boxplots of %Martensite at the DoE Quench Temperatufésp-
Mid-radius) / Bottom - Core)
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Figure5-109: Boxplots of %Martensite at the DoE Temper Temperatufésp-
Mid-radius) / Bottom - Core

5.3.9.15Microstructural Evaluation Summary
The microstructural evaluation has determined that theat treatment operations
have a direct influence on the resultant microstructure in terms of phase distribution
(band v matrix) In summary Reference-igure5-110:

x TheAir Cooling (Normalize) operation produces a phase distribution where

the % band is at its lowest within the resultant microstructure.
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X This ratio of band to matrix changes to a more homogeraissibution (50:
50) when the material is subjected to the Quenching operation

x The subsequent Quench & Temper treatmesdcreases the amount of
banding within the microstructure, with an increase in matrix phase

produced.

Figure5-110: AveragePhase DistributionBandversusMatrix) for all Bar Sizes
Combined, When Exposed to Differdi¢at TreatmenConditions

The evaluation has also enabled a detailed understanding of the microstructure in
the finished Quench and Tempered condition, which is paramount in the
understanding of a codlpring for subsea applications.

x The band phase within all bar sizes has been identified as having a fully
Martensitic microstructure, with the matrix exhibiting a mixture lbbth
Martensiteand Bainite.

X Martensite is the predominant phase within the matrix, with different levels
of Bainite found across the bar cressction. The percentage of Bainite within
the matrix increases from the surface to the core location.

X The amounof Martensite within the microstructure has a direct influence on
the resultant UTS properties. Amcrease irfoMartensite corresponds to an
increase irthe resultantmaterial strength.

x The amount of Martensitavithin the resultant microstructurés afected by
changing the Quencand Tempering temperatures.
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6.1 Introductory Remarks

This chaptempresentsa detailed examinationof the experiment& and academic
research, togive a fullerunderstanding of the AISI 416H material in terms of both
mechanicaland metallurgical properties whesubjectto different heat treatment
conditions. In addition, consideation is givenas to why the material is not
homogenous and why there are differerscen resultant properties across the 3 bar
sizes.Thisis thereafter broughttogether to enable aetter understanding of the

material limitations and functionality of the coil spring for subsea applications.

6.2 AISI 4161H Material

Researchinitially identified that the raw material used for coil spring manufactige
subjected to the continuous castingqeess, which inherently produces centre line
segregation within the billet during the solidification process [6he level of
segregation is dependent orhé arbon content and alloying elements within the
bulk material, with hypeeutectoid steels such as AISI 4161H being more susceptible
This isbecausethe diffusion coefficients of the materi@lementsare "higher in
ferrite than in austenite” [6], whichresults in micro segregation fdrigh carbon
steels.Furthermore, thdevel of segregatiors influenced by the hot rolling process,
where the material is reduced from the billet form to the required bar diameter. This
process breaks up the @sst structire to a finegrained material and disperses the
segregation throughout [7]. However, this is dependent on the level of hot work in
terms of forging reduction ratidD'Errico et al [17] stated that "the ultimate quality

of steel products is determined frothe steelmaking technological cycles and cagtin
process technologies employed"

From the outset, this suggests that the raw material used for coil spring manufacture
will indeed have some form of variability, even before the bar is further processed
(hot coiled & heat treated) to form a coil spring. This phenenon was initially

substantiated with the early work conducted with@mapter 3, which identified the
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effect of hot working two 2.87fnch bars at the respective forgings reduction ratios
of 5.3:1and 21.1:1. The levels of micro segregation, identified as microstructural
banding was significantly different in terms of microstructuamd resultant
mechanical propertiesseeFigure 37.

D'Errico et al [17&4nd Penha et al [18] confirmed that the hot working process used
to form the respective material, will align the segregation to form elongated bands,
and that during mechanical deformation "dendritic miesegregation strung out into
stringers parallel to thelominant flow direction” [18]Krauss [29Further verified
these findings by concluding that "hot rolling aligimderdendritic variations in
chemistry in bands parallel to the rolling direction producing alternating regions of
high and low concentratiag of various solute elementsin addition, Krauss [29]
identified that the level of banding was very much dependent on the hot working
processes and the diffusion coefficients of the elements within the material

D'Errico et al [17&nd Penha et al [18teveloped this theory further by confirming
that the degree of banding is influenced by several key factors, such as alloying

elements, cooling rates, austenitization temperatueexl prior austenite grain size.

The literature has clearly establish#dtht continuous cast material will be prone to
centreline segregation, which when hot rolled can manifest into elongated zohes
bands These bands can exhibit both low and high concentrations of the individual
elements stated within the bulk chemistry. Thvill however be dependent on the
element and its respective diffusion coefficient, which can influence the mobility of
the elements and reaction witbarbon during heat treatment operations.

Because of the chemical composition differences, each bandhaie its own
transformation temperaturs, which will result in an independent CCT curveefach
respective zone [18]

These findings align with the results found within tB®E evaluation presented
within Chapter 5 TheAlSI 4161H materidlas been confined as having dualphase

/ duplex type microstructure, containing elongated baratsd a matrix in the As

Received,Air Cooled (Normalised)AsQuencled and Quenched & Tempered
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condition. Also, the bands and matrix contain different chemical compositigitis
variability evident between thetwo phases and between the different heat
treatment conditions. This therefore warrantsiainderstanding on the effect of
Diffusionand TransformationTemperatures during the subsequent heat treatment

operations.

6.2.1 Elemental Material Diffusion

The effect of diffusion was studig¢d determine why the DoE results withthapter

5, produced different levels of elemental composition (expressed as Ideal Diameter),
across the AISI 4161H material.

Arrheniug[62], establishd that the level of diffusivity of an element would increase
with temperature, and that thenstantaneous level of diffusioocould be calculated

from Equation6-1:

7|§A
&L &4A(%l
Equation6-1

where: D is the instantaneous diffusivityp 3 the diffusion coefficient, Q is the

activation energy, R is the gas constant, and T is the instantaneous temperature.

To collate the level of diffusivity with regards the DoE results, 3 elements were
selected for analysis; these were Cr, BmdMo. The respective diffusion coefficient
and activation energy for the elements were selected fréferences [31] & [32],
alongwith the gas constant. The methodologynployed was one that determined
both the instantaneousand cumulative diffusion during the hold / soak tinfer the
austenitisation temperature. This is paramount, as during standard manufacture the
bars used for cb spring manufacture, are held at this temperature prior to
guenching.Therefore,time and temperature will have a direct influence on the
amount of diffusion experienced by each elemdniaddition,consideratiormust be
made to the differences experiead at the surface and the core of the material.
During the DoE experimental phaseyeralsample bars were subjected to real time

temperature measurement at these respective locatiesgure 51.
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Therefore the aimof this study was t@stablishthe amount of cumulative diffusion
for the three selected elements, and to determine whether the amount of diffusion
would vary between the surface and the core locations.

Forresearchpurposesthe mid-sized bar (3.37mch) was selected for analysihich

produced the time / temperature chadetailed within Figure 4.

Figure6-1: Time / Temperature chart for the 3.34Bch bar held at 1500°F

To determine the diffusivity values, aBxcel spreadsheet was setup using the
diffusion formula, activation energgnd gas constant for the respective elements.
The calculation took the temperature at a given point to determine the instantaneous
diffusion values and then subsequently the levetomulative diffusion (area under

the curve)- ReferenceTable 61.
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Table6-1 Extract from Diffusion Calculation Spreadshigdi] [32]

The results from the diffusion study have demonstrated thatheatement has a
different level of cumulative diffusivity over the set temperature hold point. This is
shownwithin Figures & and6-3, which have established that at the bar core location
at a hold temperature of 1500°F, Mo experiences the greatest lefveliffusion,
which is subsequently followed by Cr and Mn.

X Mo = 3.25E12/ Cr = 5.48H4 / Mn = 2.31H4

With regards the amount of cumulative diffusivity at the core versus the surface; the
results have shown there is a fundamental difference betweerséhtwo locations.
This finding is the same ftMo, Cr & Mnwhere the levels of diffusion are less at the
core location. The resultant diffusion plots demonstrate that the level of diffusion is
temperature dependant, since the core takes longer than the surface to reach the
respective hold temperature, which ressilin a lag in time before diffusion takes
place. This results in a reduction in diffusion for the same amount of imklat the

respective austeniting temperature- see Figures-@ through 66.
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Figure6-2: Cumulative Diffusioraph forMo, Cr& Mn at 1500F3.375-Inch BayCore Location
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Figure6-3: Cumulative DiffusioGraph for Cr & Mrat 1500F 3.375-Inch BayCore LocatioiMo Removed for Clarity)
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Figure6-4: Core v Surface MBumulativeDiffusion
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Figure6-5: Core v Surface @Qumulative Diffusion
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Figure6-6: Core v Surface Mn Cumulative Diffusion
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The stug has also confirmed that to obtain the equivalent level of diffusion for each
element across te complete DoE bar range, an increase in hold / dwell time at
temperature is required. This is demonstrated within Figuig which demonstrates
the time taken to achieve the known level of diffusion e.g. (Cr XZH©ver the

three respective bar sizes.

Figure6-7: Bar size ersustime to achieve equivalent levels of elemental diffusion

The results of the diffusion research ties in with both that Krauss [29] and that
detailed within the experimental DoE. Krauss [29] established that micro segregation
can be reduced / influenced by holding the material for long durations at high
temperatures. However, this is dependent on the mobility and composition of the
given element [29].

The calculated cumulative diffusion values for Mo, Cr & Mn are diffgfeigures 6

2 & 6-3), with Mo exhibiting the greatest level of diffusi@md mobility within the
material. Thereforewhen considemg the results achieved for the 3.34Bch bar
material at 1500°F, and phing the elemental percentages from the SEM EDAX
analysis, the chemical composition changes from the surface to thets@meFigures

6-8to 6-10.
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Figure6-8: Elemental % for Mo acrofise various bar locations

Figure6-9: Elemental % for Cr across the various bar locations

Figure6-10: Elemental % for Mn across the various bar locations
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Figures 6-8 to 6-10, establishthat the amount of elemental segregation evident
within the band phase, reduces by the greatest extom the core tothe surface
with Mo. Both CandMn reduce over the crossection but the gradient of the line is
less. Imddition,the elemental% for Mo, GndMn within matrix increases, from the
core to the surface. Thisdicatesthat more diffusion is takinglacebetween the
bandandmatrixat the surface locationwhichconfirmsthe analysigpresentedwithin
Figures & to 6-6. (Cumulativediffusion is greatest at the surface compared to the
core).

It is evident from the research and experimental results that sggtion in terms of
banding will be present within theaw material, from the continuousasting [6] and
hot reduction rolling [7] processes. However, the dispersion of the key alloying
elements such as Mo, @ndMn, in terms of micresegregation is dependent on the
diffusion coefficients and cumulative mobility of threspectiveelement. This in
conjunction with lower diffusion at the core compared to the surface, helps
understand the different levels of chemiaamposition experienced across the bar
crosssection, and why different heat treatment conditions (tirmad temperature)
influence the elemental percentageshieved at different locations within the AISI

4161H material.
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6.2.2 Chemical Composition an@iransbrmation Temperature

The results have clearshownthat the asreceived material in conjunction with the
three different heat treatment conditions, contain chemical composition variability
between the banded and matrix zonels.hasalsobeenestablishedhat response to

heat treatment is dependent on time at temperature, cooling medium, geometry and
crosssectional thicknes®f the bar However, the chemical composition of the
material plays a crucial part in the resultant microstructure and mechanical
properties, especiallin relation to the TTT diagrancurve [8] Literature has shown

that different elements have a direct influence on the critical transformation
temperatures such as the A1 & A3. Austenite stabilizing elements such as Mn & Ni
decreasehe Al, with Ferrite stabilizing elements, such as Cr, Si Mo & W increasing
the Al [9]. HoweverTTT curves do not consider the effect of different cooling rates,
as theyare specific to phase transformations at constant temperatures [8]. The CCT
curve / dagram howeverhas shown to be the best representation of a material
resultant microstructure, as it considers the effect of different chemical compositions
and cooling rates for a given materiadeeFigure 49.

Kirkaldy et al [23] [24] [25] determinetthat the transformation temperatures and
respective phases can be determined through the development of experiment and
correlation of empiical formula to create a full CCTTTTmodel. Others such as
Steven / Haynes [26Ind Andrews [27] developed formud for key transformation
zones such aBainiteand Martensite start temperaturesTherefore it is paramount

to understand how the chemical composition variability and individual elemental
percentage has on theitical phase transformatiotemperaturesand resultant TTT

| CCT curves.

Almost all alloying elements will influence the transformation temperatures and
transformation times to varyingffect. However, the AISI 4161H material h&sur

main elemens that were considered (Mn, Si, Mo & Cr) alonthwai constant carbon
content of 0.58%. The equations used to obtain the Ausisation start & finish

temperatures (Acl & Ac3), wefiest derived by Andrews [27].
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Acl(°C) = 72316.9Ni + 29.1Si + 6.38V0.7Mn + 16.9Cr + 290 As
Equation6-2

Ac3(°C)=910117O0 = 0 aX®ZNi+ 31.5Mo + 104V + 13.1\B0Mn + 11Cr + 20Gu
700P- 400Al- 120Ast 400Ti

Equation6-3

In a similar fashionthe Martensitic Start temperature was also derived from
equations defined by AndrewR7]. However, due to lack of scientific data, an
accurate equation to define the Martensite finish temperature has not yet been
derived.Literature [27] hasuggested thathe temperature can be estimated as a
function of the Martensite start temperature, whidhis analysis methodologyas
taken. The Martensitic temperatures were therefore defiraesd
Ms(°C) =532 811 > 1iXdDv > i6X6E] > tWKb E > iiXi"]
Equation6-4
Mf (°F) = Ms (°F)387
Equation6-5

Finally, the Bainitéemperatures were also calculated. Equations derived by Steven
andHaynes [26tan accuratsl predict the Bainite start temperature for low carbon
steel, with a similar approach taken to define tBainite finish tenperature as with
Martensite.
Bs (°C) = 830270Ct90Mn t 37Ni t 70Cr t 83Mo
Equation6-6
Bf (°C) = Bs120
Equation6-7

Likethe diffusion set of results,X¥€el spreadsheets were utilized to determine the
key transformation tempeatures, which were calculatetbr the band and matrix
zones across the 3 bar sizes. An example oMBdxcel model used is demonstrated

within Figure6-11.
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Figure6-11: Extract from Transformation chart for the-Pexceived 2.875nch bar

The firstset of analyse taken, was that of the agceived material; as this is the
datum state prior to any subsequent heat treatmeit understand the effect of the
chemical composition the results were presentiadyraphical format.

The trend established from the resuk$igures 6-12 to 6-15, is that chemically rich
bands, compared to the matrix, have the greatest impact on the sfi@mation
temperatures seen. Regarding the austation temperatures, Acl & Ac3, the bands
with greater chemical content have a higher aussation temperature compared to
the matrix. It can also be noted that moving from the core to the outer radiukeof
bar also corresponds with a decrease in ausEion temperature of the bands,
while the matrix temperature remains approximately constafitis isa result ofthe
reduced chemical composition in the bands at the surface compared to the core.
It isalso apparent thathe austenite transformation temperaturdsr the 2.875inch
bar are congstently higherthan that of the 3.375 & 4dinch bars Thisrelates tothe

Ideal Diameter valugpresented within Figure-89 - 2.875inch.
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Figure6-12: Chemical composition effect on the Acl transformation temperature

Figure6-13: Chemical composition effect on the Ac3 transformation temperature

Figure6-14: Chemical composition effect on the Bs transformation temperature

194



Figure6-15: Chemicatomposition effect on the Ms transformation temperature

Both the Ms and Bstransformation temperatures follow similar trends, with the rich
chemical compositional bands loweritigese respective values. This effect reduces
as you move from the core to the surface. The values at the surface are more
consistent with a minimum delta in temperature between the two phasesyever,

the lower chemical composition values result in anréase in the Msand Bs
temperature- seeFigures 614 and 615.

To aid in understanding how elemental chemical compositionaffects the
transformation temperaturesgraphs plotting thepercentagecontent of the main
alloyingelements(Mn, Si, Mo & Cnyvere created. The pincipleof this study, was to
takethe standard raw material mill analysis and initially estaltlighrespective Acl,
Ac3, Bs & Mgemperatures using the formula created by Steven / Haynes g
Andrews [27]. Once calculated, the effedt individual elementsvasstudied by first
changing selected element percentagezeerg, while keeping all other elements as a
constant- seeTable 62. The value of the respective element was then changed to
see what affect this would have on the kegnsformation temperaturesTable 62
demonstrates an extract from the excel spreadsheet that establishes the
temperature change for a given element % increése the key transformation

temperatures The example shown is for Si.
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Table6-2: Extract from Excel ModelEffect of Si% on the Critical Transformation
Temperatures

The first element scrutinized was th@anganese content throughout the bar section
Manganese is an austenite former and its composition in the bar will influence the
Acl and Ac3 temperatures. Manganese encourages the formation of the austenite at
lower temperatures due to it having a simiBEQrystal structure [33]. This improves

its solubility in the austenite, and hence a reduction in the Acl and Ac3 temperatures
occurs with an increase in the respective Manfigure6-16.

The addition of Mn @ the steel also results in a reduction in the Ms and Bs
temperatures. Mn does not ably form carbides and, therefore, delayseptectoid

ferrite, Pearlitic and bainitic reactions [33].
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Figure6-16: Effect on the Transformation Temperatures (% differencepPitferent
Mn% Contents

Theresults have shown that in the Aeceived condition themanganese content
across thebar crosssection varies Figure6-17. Higher percentages of manganese
are located at the core, which steadily decreases to the outer surface, with the band
phase always richer in chemistry compared to the matrix. The higher Mn content at
the cae will therefore result in lower Ms and Bs temperatures compared to the
surface. This could be problematic when cooling directly through bainitic region of
the CCT curve, as the core will cool slower compared to the surface, which could
result in the formation of a ferritic or pearlitic microstructure (carbon & alloy content

specific).
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Figure6-17: Mn ChemicaComposition Distributiotmhroughoutthe AsReceived
Material

The second element scrutinized wié® silicon content throughout the bar section.
Silicon is a ferrite stabilizer, due to it being found in solid solution within the ferrite
because of tBCrystal structure. This structure also effects théudity of carbon

in austenite;the lowering of this solubility creates an increase in the amount of
carbon in solution increasing the amount of carbides in the J&&l The decrease

in carbon solubility thereforeresults in an increase in the start and finish
temperature for austeite transformation, which can be seenTiable 62 andFigure
6-18.

Another effect of the low carbon solubility is a decsean the Ms temperature, which

is a resulbf more carbon being in solution, resulting in the growth of both ferrite or

pearlite regiong33].
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Figure6-18: Effect on the Transformation Temperatures (% differencepftierent
SPb Contents

Thesilicon content across the bar radiustate various bar ges has been plotted in
Figure6-19. Likemanganese, the bars core contains the highest silicon content, while
the band always remained richer in chemistry compared to the matrix.

Higher silicon content at the core will therefore result in lower Martensstart

temperaures compared to the surfac

Figure6-19: Si Chemicalomposition Distributiontiroughoutthe AsReceived
Material
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Thethird individual element examined was Milolybdenum, likesilicon, is a ferrite
stabilizerdue to itsBCGstructure. This structure increases the elements solubility in
ferrite phase,which increases the austenizationtemperature [33]. This is depicted
within Figure6-20.

Unlike dlicon, molybdenum is a strong carbide formevhich will not only effect the
magnitude of the transformation temperatures, but also the microstructure of the
material. As molybdenurhas a high affinity to form carbides, its ability to remove
carbon from the ferrite is greater, resulting in a reduced rate of carbon diffusion,
hence a lowering of the transformation temperatures Mfrtenste, Bainite and

Pearlite [33].

Figure6-20: Effect on the Transformation Temperatures (% differencepftierent
Mo Contents%

Depicted by an isothermal transformation diagrahe effect of adding molybdenum
would not only reduce the martensite afminite transformation temperatures, but
also the coolig time to form these structures, which would subsequently move the
curve to the right Figure6-21). Therefore,the appearance of theespective curve
changes frona smoothlineto a graph whereéwo distinctive peaks are visibié-igure

6-21.

200



Figure6-21: Isothermal transformation (a) Carbon steel & steel alloyed with-non
carbide forming elements; (b) carbon steel and steel alloyed with carbide forming
elements [33]

Themolybdenum content exhibited across the respgetbar crossection, has seen

the greatest variation of any of the elements investigatedeFigure6-22. Like the

other elements investigated, the core locationntains the highest content of Mo,

with the band always remaining richer in chemistry compared to the matrix.

Molybdenum is also the only element to show a noticeable difference in content
SA v & ]I «U A]8Z 8Z iX060f_ &E Z AlgROB-FigitdP Z 3

6-22. This difference is rteceable, especially when analysitige overall Ac3 and Bs

transformation temperature$or 2.875inch materialwithin Figure6-20.

The average molybdenum contefitnatrix & band)decreased from 0.915% at the

core to 0.2% at the surface, resulting in thdecreaseof the Ac3 temperature

(decreasing from 3.95% to 1.12% across the).bEmne bainite temperature is also

dramatically altered, from a 13.69% decrease in temperature to a 3.89% decrease at

the surface. It therefore can be deduced thablybdenum plays a vital role in the

determination of theaustenitsation and bainite transformation temperatures.
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Figure6-22: Mo ChemicaComposition Distributioniroughoutthe AsReceived
Material

The final element reviewed was the effect of chromium content throughout the bar
section.Chromium as an alloying element in steét,similar tomolybdenum, being

a ferrite stabilizer with a BCC structure. Again, this structure increases its isplabil
ferrite, which lowers the solubility in austenitejncreasing the austenization
temperatures aseen inFigure6-24.

Chromium is also a carbide former, but with a lower affinity to carbon than
molybdenum[33]. However, through the same processes as descrézsedler within

this section formolybdenum martensite and bainite starting temperatures will be
lowered. The addition of chromium also forms a twin pedthin the isothermal
transformation diagranseeFigure6-21.

The chromium content across the bsection,contains the highest conterdt the
core location while the band always remained richer in chemistry coragdao the
matrix. For the 2.878nchbar there is a noticeable increase in chromium content at
the core, while the3.375and 4.0-inch material exhibited similar % contentsee
Figure6-23. This effectof chromium is noticeable, especially when analysing the
overall effect of Acl, MandBs transformation temperatures iRigure6-24, where
considerable temperature lmanges are exhibited with increases in respective

elemental values.
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Figure6-23: Cr ChemicaComposition Distributioniroughoutthe AsReceived
Material

Figure6-24: Effect on the Transformation Temperatures (% differencepftierent
C% Contents

From analysg the effects of the various elements othme transformation
temperatures;maximum and minimum temperature range&re plotted, using the
worst-case element d@ from the as received bardRReferencelable 63.

Valueswhich donot form part of the calculation for that respective transformation

temperature, are noted as N/A within the table.
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Table6-3: CalculatedMax / Min Transformation Temperaturdsr the AsReceived
Material with different elemental weight %

From Table 63, one of the most important temperatures is th&ustengation
completion temperature, Ac3. At th temperature, all the ferrite has transformed
into austenite and any carbides present have been dissolved into the crystal. During
the investigation, theaustenizationtemperatures were 1500°F(815°C),1515°F
(824°C), 1550°F (843°C%70°H854°C)1585°F(863°C) 1600°H871°C)Examining
the 150°Fand 1515°F hold temperatures, it is apparent that these may not be high
enough to convert all the ferrite to austeniteé the worst case chemical composition
is to be takenThis could result in small area$ ferritic material owing to the high
alloy content. However, the scale of this will be mininsaicethe hold period is much
greater than the worst casaustenistion start temperature Acl.

Table 63 also highlights the large range in which bainite transformation could start
with varying chemical composition. With the maximgtart temperature of 83.1°C
and a minimum of317.42C the difference betweethese two is approximately
226°C. From approximatg that the bainite finish temperature is 120°C below the
start temperature it is entirely possible for incomplete transformation to occur, or
for the overcooling of the steel leading to the formation of martensite.

To fully understandhe effect of the clemical composition variability and to validate
the theory developed within this section, the work $&unders et al was examined
[34 - 38]. Theresearch considerethe development of a model that could provide
both TTT & CCT diagrafos alloy steelsThiswas accomplishethroughthe creation

of empirical formula [34].
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This provided an opportunity to determine the effect of the combined chemical
compositions of high alloyed zones (bands) and that of the lower alloyed matrix in
terms of their respective TTdiagram.

To produce an actual TTT diagram for these respective phases, an excel model was
created using the formulas presented within this section for Acl, Ac3, Bs. Bf, Ms &
Mf. These provided the key transformation temperatures for the model however
the formulapresented bySaunders etlgrovidedthe informationrequired to make

the respective shape of the curve [34]

Equation6-8
where [34]:

X «=transformation of ferrite

X o= transformation of pearlite

X s = transformation of bainite

X 4 d undercooling below the transformation temperature of ferrite, pearlite
& bainite [34]

x  =volume fraction integral [34]

An extract of theExcel model, which sesthe specifiedformula is detded within
Table 64. However, prior to inputting the respective elemental analysis for the band
and matrix phases, the model was first validated agathst work conducted by
Saunders etldor a given chemical composition (0.7% C, 0.35% Mn, 0.1693.34%
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Ni, 0.96% Cr & 0.06% Md-igure6-25 demonstrates that the model created is

equivalent to that developed within the researched literat(igd].

Table6-4 Extract from Excel Mod¢hat Createtshe Researched TTT Curve

Figure6-25: TTT Model ValidatiorAcademic Papeiop [34] VExceModel
(Bottom)
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Although the model was fully validated against the work conducteSdaynder<t al

[34]; it must be noted that the quench rates specified on thexis of figures &5, 6-
26and 627U &E }ud C ii Qs isihaséd @B the calculations specified within
the respective authors published literature, which does not contain aection
factor for the TTT curve time axis.

The model was then usdd evaluate the TTT curves for tBe375inch material for
both the band and matrix phases at the core location.

This analysis wasonductedto establishthe influence of the chemical agposition

of each respective zone and how it would affect the transformation temperatures
and resultant TTT curve.

Figure6-26 represents the matrixwhich exhibits dow alloy composition of t0.58%

Mn t0.78% Sit0.24% Crt0.68%6 Mo t0% with Figure6-27 displaying the results

of an increase ichemistryto C t 0.58%, Mnt1.31%,Sit0.46% Crt1.0”6 Mo t
0.76%.

Theanalysis hagstablished that@n increase in the percentage alloyingelements

will result in a significant change in the shape and orientation of the respective TTT
curve, which subsequently mos# the right. This is irtonjunction with changes to
the key transformation temperatureswvhichalignswith the assessed literaire [33]
(Figure 4-14), and the detailed analysis of the individual elements and their
compound effects presented within this chaptesee Figure6-12 through Figure
6-15.

In summaryan increase in chemical composition has increasedelaive Acland

Ac3 temperatures,along with a reduction in the Bsand Ms transformation
temperature. This information is key for heat treatment operations, especially when
heating up to the austenitising temperature artden rapid cooling during the
guenching procesdDifferent TTT curves must therefore be considered for each zone
| phase across the bar, as theespective position and associated transformation
temperature will dictate the resultant microstructure and mechanical properties

seeFigure4-9.
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Figure6-26:. TTTCuwe for 3.375Inch BartCoreMatrix Location
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Figure6-27: TTTCuwe for 3.375Inch BarCoreBand Location
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6.2.3 Material and Heat Treatment Response

It is clear from the research and experimental study that the AISI 4161H material
existsas a duplex form of a matrix / band distribution. These two phases can be
considered as separate materials, with different chemical compositibias react in

an unique wayvhen subjected to changes in heat treatment conditions.

The research has showhdt the chemical compositioeffectsthe respective TTT
curve for a given zone within the bar, by changing the isothermal transformation
temperatures, and the positioning of the respective curve (Pearlite nose / Bainite
chin) - seeFigure6-25. Thiskey attribute incombination of different cooling rates
across the bafcore to surface)will determine the resultant microstructuref the
material.

But prior to this one needs to also consider the relative diffusivity of the elements
within each zone and their respective position across the bar. The study has
established that certain elements are more mobile than othensd the level of
diffusion is both temperaturand time dependent.

Therefore, the distribution of thédband and%matrix and the respective chemical
composition of eaclphase will define the resultant properties based on the cross
section of the material and exposure to different heat treatment cowdisi(time &
temperature).

The effect on the chemical composition of the different zones can be clearly seen
within the resultant microstructure achieved withichapter 5. Thebanded zones
produaed a fully martensitic phase and the matrix exhibiting a bomation bainite &
martensitein the fully treated quench & tempered conditiofhis isbecause theich
chemical zone (bands) move the respective TTT curve to the right allowing the full
transformation from austenite to martensite during th&ibsequent genching
operation Figure6-27) [28]. The matrix on the other hand ekits a low alloy
composition Figure6-26), which will pull the TTT curve to the left, which results in a
CCT curve that crosses the bainite chin prior gassing throughthe Ms

transformationline, producing the mixed phasehibited by the matrix.
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However, different heat treatment conditions (time & temperature), effect the
mobility of the elements within the material. Cumulative diffusion rates are higher at
the surface compared to the core, therefore the chemical delta composition
variability at he surface will be less comparedttmat at the centre of the material
During theaustenitisingstage, the surface will enable greater levels of diffusion
between the band and the matrix, salting in lower chemical compositional
differences, and similamicrostructures. Whereas the core exhibits shorter times
where diffusion occurs, which results in the banded zones retaining more of its high
elemental chemistry creating a bigger delta between itself and the adjacent matrix
(Figure5-71).

The microstructure in the quenched and tempered condition and the chemical
composition delta between the two phaséand & matrix)s the governing factor in

the resultant propertis of the AISI 4161H material. Not only that, different heat
treatment conditions have a major impact on these key attributes, which affect the
mechanical properties of the material. The results established that the UTS of the
material is directly related a@ the amount of resultant martensitewithin the
microstructure- seeFigure6-28. However, there are othdactors that influence the
UTS, such as treustenitising émperature & chemical compositional delta between
the band and the matrix.

This is demonstrated by the 2.87ach Q & T core exampl€ifure6-28), where the
highest% of martensite was achieved aiguench temperature of 1600°Rowever,

the greatest UTS was achieved at 1550°F. This is because the ideal diameter delta at
the 1550°Fwas significantly differentseeFigure6-29.

The impact ofthe delta between ideal diameter of band and matrix on tensile
strength issignificant, in that a reduction in DI delta increasestsile strength of

the material This can be explained/lbonsidering the 1500°F result, which shows the
effect of having the lowest % martensite and highest band/matrix delta. Whéheas
1550°F has theptimum condition of the lowest DI delta arahtest / consistent
boxplotin terms of% martensitewithin the microstructure- see Figure6-28 and

Figure6-29
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Figure6-28: 2.875inch bar- effect of % martensite & Quench temperature on UTS
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Figure6-29: 2.875inch bar- effect of DI deltaon UTSTop & quench temperatus
of DI delta Bottom)

In a comparable waythe tempering temperature has an influence on the %
martensiteand chemical compositional delta. The box plot of temper temperature
against %nartensitedemonstratesthat as the tempering temperature is increased

from 790°F to 8305khe amount of %nartensite in the sample decreaseReference

Figure6-30.
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Figure6-30: 2.875inch bar- effect of %Martensite & Temper temperature on UTS
(Top and Middleg - effect of Tempering temperature on DI delfdottom)
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This decrease in ¥artensite at 830°F leads #reduction in tensi strength of the
materialwhentempered at this respective temperaturd-igure6-30.

The 750°fand 790°Rreatments providea similar amount of % Martensite however
the variation in tensile strength is greater #0°Fthan that of 79C0°F. The increased
variation is due to the increased delta in ideal diameter between band and matrix.
Therefore, the optimum conditions for the example selected (2-Bich diameter-

core location) is 1550°F Quenahd 790°F Temper, which clarifies and substantiates
the graphsandresuts presented within Chapter 5Figures 5-17 to 520, Figures 5-

27 to 528andTable5-13.

These findings arsignificant and help explaithe reasons why the AISI 4161H
material is not homogenous throughout its sectional thickness and why different heat
treatment conditions change the metallurgical properties.

D'Erico & Penha et al [17] [18], confirmed that the degree of banding is influenced
by the type and amount of alloying elements; with Krauss [29] highlighting the effect
of elemental diffusion, and Kirkaldy et al [23] [22b] demonstrating the effect of
chemical composition on the key transformation temperatures of the material.
However to date,the literature has not established thextent of material variability
and the influences observed on the metallurgiaabl mechanical properties within

bar materialused for coil spring manufacture.

The experimentalwork undertaken hereinhas established that a set of optimum
conditions can be set in terms of heat treatment temperatures to achieve the
engineering desired properties. That is, if the material has the capability in meeting
the desired design intent.

The bar material in the fly heat-treated condition, exhibits differences across its
thickness, with greater mechanical properties achieved at the YiT-radids
compared to the YT core location. This trend is furtherifieel, when the bar
diameter is increased from 2.87ch to 4.0-inches, where the mechanical
properties reduce to values out with the TechnipFMC requirements. However, the
trends and results found, can be used to set limitations of the material, which is not

currently known by industrywhere homogeneity is presurdehroughout.
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The tensile results aligmell with the surface hardness values achieved, especially in
the quenchedandtempered condition where the smaller bar diameter experienced
the greatest surfacandthroughthickness hardness valuesrapared to the thicker
materials[9]. As for the througkthickness results, they highlighted the effect of the
different heat treatment operations on the resultant valyesith the As-Cooled
(normalised conditions producing lowesvalues, followed by the @ench and

Temperresults,andfinally the AsQuenched whichachievedhe highest values

The effect of heat treatment was further verified through the detailed assesswfent

the matrix and band, in terms of the resultant delta of the two phases exhibite
during both micro hardness and chemical composition (Ideal Diameter) assessment.
This clearly established that the hardness delta between the 2 phases increased from
the surface location to the core, irrespective of bar diametesee Figure 5-57.
However, the deltachanged when exposed to different heat treatment operations,
with the Air Cooled (Normalised) condition yielding values of 26.8 HRC, andtite Q

T process achieving typical values of 11.1 HRC (h8FXore location).

The work also establishetlat there was ongoredominant phase that was changing
more compared to the other, which was the matrix. During the heat treatniwaits,

the matrix wa the phase that changed in terms of resultant hardness, thus creating
the delta betweenthe microstructuralbands. This aligns with the microstructural
results, where the matrix phase the Q & T condition change$hepercentage of

the Bainite phase witin the matrix increases from the surface to the core, thus
reducing the amount of martensite. This would therefore create a hardness delta
between the rich chemical composition band, which contains elements such as Mo &
Cr (Carbide formers) that producehard martensite phase and the now depleted
adjacent matrix. The effect of the delta would therefore reduce, as movement is
made towards the surface where a more uniform chemical compositional balance is

present between the matrix and band phases.
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The heatreatment processebave shown to have a major influence on the resultant
ideal diameterand chemical composition of the analysed material. The experimental
approach has demonstrated that thesAeceived material in the hot rolled condition
can change sigficantly when exposed to different presses such as Air Cool
(Normalise), Quench (Austeniisand Quench & Tempsdt has also confirmed that
the banded zones are rich in chemistry, which @ore prone to change (reduce in
alloy content) during subsegnt heat treatment operations. However, this
dependentof the diffusion coefficient and the time at temperature of the respective

element and location within the bar.

In summary, the experimental arliderature research has established that the AlSI
4161H material will contain centre line segregation from the raw material Mill and
continuous casting process. This will subsequently be dispersed during the hot
working processwhich will re-alignthe segregation as elongated bands parallel to
the rollingdirection. The aseceived material will not be homogenous, but in fact a
duplex form, containing two phases across the full thickness of the bar.

Both phases shall contain different chemical compositionkijch will result in
different relative elementaliffusion rates across the material thickness. Wik

have a direct influence of the critical transformation temperatures and respective TTT
/ CCT curve during subsgent heat treatment operations, which is responsible for
the resultant metallurgicalrad mechanical propertiesf the material

The study has established that the properties vary across the respective bar thickness
however; tre variability can be altered and influenced by exposing the AISI 4161H

material to diffeent heat treatmentconditions.
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7.1 Effects onMaterial Variability on theCoil Spring Functionality

From the experimental study and the results presented,irhgortantto understand
what effect aheterogeneousnaterial will have on the operatioof a functional coil
spring It is alsoessential to understand the forces that act on the current desig
terms of stress distribution in a homogenous state and as hybrid material that
consists of metallurgical variability across its respective tlasknro examine the
impact on the component, two design approaches are considered:

x Classi@nalytical

{ Hnite HementAnalysis

7.1.1 Classicahnalysis

Helical compression sprisgon the macroscopic scaleprovide an axial load
proportional to the mechanicaleflection fromthe free height. This is until the spring

o] Z ]PZS ]« & Z X &}E o} }]o Z 0] 0 *%E]VvPes ~9
curvature effects have traditionally been neglected during practical spring design

[39]. Assuming homogeness, isotropic material properties; the stress distribution

across the bar diameter of a helical compression spring under axial loading reaches a

u Alupu § 8Z E[e Jve] ] us & ~/ «XdZ u AJupu «Z2 &
is approximately given bthe formula depicted below40], where K is the Wahl

correction factor, F is the axial load, D is the coil diameter and d is the bar diameter

Equation7-1

On closer inspection of theoiledbar, there are several components of stress induced
which superimpose to provide the sprisgload during axial deflection These
components aredetailed within Figure7-1 and defined byCase et a[41]. Only

circular cross sections are consideradhis analysis.
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Figure7-1: LoadingActions at aSection of Helical Spririg1]

Assuming the ends of the spring dree to rotate (for example, in a subsea linear

actuator where compression springs are typically mounted on a thrust bearing), the
components of stress are reduced to four (4). Using approximate thi@®jy the

remaining components of stress can be descri J]v § GEue }( SZ A] o >} ZV

barradiue ZE[U Vv 8SZ %o|seeFigwe7e2. Zr|
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Figure7-2: Helical Spring subject to Axial Load 'P' with Ends Free to Rotate;
Approximate Loading Components

An exactclose (JEUU v 0CS] 0 *}ouS]}v 8} §Z +SE ¢+ ]*SE] us]
of helical spring was proposed by Ancker and Goodier [43][4!3. This derivation
assumes uniform circular cross section, and equal loading conditions on every cross
section along the bar length. The resulting formulae facilitates the calculation of the
components of stress at any point across the thickness of ahsfcing. The solution
is in the form of an iterative series.v | E v '}} ] E[+ @REAZSH]are
still considered current, fitting measured data more closely than the original
equations proposed by Waf5].
W.G. Jiangt al[46] conductedFEAon a variety of helical spring designs. Using a 2D
ZSZ]v *0] [ u sz} 8$§Z C S EBu]v SZ +SE sedhickngsg] ps]}v
and compared the results with those predicted by Ancker and Goodigs. Jiang et
al[46] established &orrelationbetween FEA anahalytical solutions whethe pitch

vPo Zr[ v 8Z @& 3]} & ] X Congldered.TKe Fesul{s &f te
stress distribution of thdhomogenouscoil slice sectiosare detailed withinFigure

7-3[46]. This is a visual displaythe level of resultant stress distribution in relation
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to an axial force bring applied ovéour (4) separate scenarios relationship of
changing the bar dmeter (d) with the mean coil diameter (D) and the respective

pitch angle ().

r A i£ r A Ti£

d/D =
0.05

d/D =
0.35

Figure7-3: Represatative Stress Distribution through thdelical Spring Cross
Section [46]ID Shown on Left

Whilst no data has been collectetd quantify the variation of the elastic or shear
moduli with heat treatment conditions and bar diameter; it follows thé the
material strength changes as a function of radius, themw#iahe elastic properties.
Assuming that the elastic properties reduce towards the centre of the bar, and that
the coiled spring is required to resist the same loading as an equivalent homogeneous
material, thenthe material in thecorewill respond with a lower stress fdne same
strain. t follows that the stress distribution through the cross section will tend to
increase towards the OD and decrease towardsddetre.
To make an approximate analytical model to determine the effect of changing
mechanical properties, the followirgimplifying assumptions are made:

{ The torsional moment is the only component of stress considered in the

analysis.

{ The Shear Modulus (G) of the material varies linearly as a function of radius
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In a helical springht torsional moment is given by:

(&
6L_t

Equation7-2
where F is the spring axialdd and D is the coil diameter, as depicted witRigure

7-4

Figure7-4: Free Body Diagram Showing Torsional Resistance to Axial Load at an
Arbitrary Section of the Coil Spring

For the remainder of this analysis, the bar is considered a straight section under a
pure shear torque of magnitude FD/2Through the bar cross sectigthe modulus of
rigidity (Shear Modulus)G, is assumed to vary linearlyafunction of radial distance

l)éég@E )vias
N

3.
) L pa:E )Vaéé@

Equation7-3

where G is the shear Modulus; a is the radial distance from bar cenieit€s and
G-core are constants representing the shear modulus at the bar surface and core; r is
the radial distance when a=surface.

Using a methodimilar tothat devised by Gere and Timosherkd], the Torque

induced in the bar is in equilibrium, and may be split into a sum of individual

torques (dT) resisted by small circumferential elemergseFigure7-5.
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Figure7-5: Circumferentiaklement resisting torsion [47]

@& #NATgacd ARANIBDA=BPNAOO
@& tééaam=a= 4ai
@& tei=*t@ =
Equation7-4

wzZ & d ]Je §Z S}E<«u & *]°S C 8§z ]E pu( & v8] o o 1
stress induced; a is the radial distance to the element from bar centras dae
element radial 'width'.
dZ <Z & *SE& ¢+ ¢ ]Jv H 3} 8}JE-]}viv EZ o uvs ]e P]/
iL=)a
Equation7-5

WZ & }]* 8Z vVvPo }( 8A]*8 % @& pv]3 usd8 & ~Z Jvel u s (

static loading.} can be determined for a given loading condition uskmgineer's

simpletorsion formula:

Equation7-6

Using the definition of G:

L =F!)aég@5)v4aé€a:E )1 25GR
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Equation7-7

Therefore, the shear stress induced varied in a quadratic fashion with radial distance,
rather than linear, as would be the case for a homogeneous material. Using the
E 0 3]}veZ]% dATcs "1 0 ¢o} Ber deterrhingd PtiiEs summing the

torques resisted by the circumferential elements.

)éég@g)%ééga

@& teF N

= E )y2a»C=2@=

@ & téaF!)ééngE )%éélg’:s@ E)vaag @6

AN 1, AL é é
ts@& téam)aeggﬁ)/Aaagi L @E)yaas =~ Q¢
4 4

)aecok )viaa

o N N
6Ltean N &E)%aé‘@q

e .. V. .
6L I\Fal_w')éé(;(zg )viaagE ) via sl

Equation7-8

where T ishe total torque resisted by the shatft.

It is noted thatfi Gouter = Gcore = G then the expression becomes:
Giaaa L—f Na)
Equation7-9
Since—6 Nrepresents the polar moment of area, J, the expression once again

describes engineer's torsigheory.

To summarize, if the bar must support the same torsional loading, the elastic stress
response through the bar diameter with varying mechanical properties takes the
form shown inFigure 7-6. This assumes th&hearModulus varies linearly as a

function of radial distance.
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Figure7-6: Comparison of Stress Distribution between a homogeneous and
heterogeneous bar in pure teron

Where the increase in maximum shear can be plotted against the fracti@hedr

Modulus in he Core, to that on the surfacdReference-igure7-7.

Figure7-7: Increase in Maximum Stress due to Changing Mechanical Properties
through the Bar Diameter

Within this evaluationno accounhas beenmade for plastic deformation at the most
highly stress point in the cofipring Out with the pre-setting operation, helical
springs are generally designed to operate within the elastic range.

To simplify the problem the loading conditions other theorsion were neglected
Therefore,to account for the changing yield strength, and hence the plastic strain
induced during deflectiora comprehensivd-EA studgletailing the repercussions of

the research published hereihas beerperformed seeSection7.1.2
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7.1.2 Finite Element Analysisf Coil Springs

FEAwas conducted to determine whadffect the different mechanical properties
would have on the functiondli of an operational coil springrhisapproachfits in
well with researclpresented within this thesjsas typically FEA is only conducted on
a material that is considered to have homogenous properties throughout its
complete crosssectional thickness.
To investigate the effect®f a material, which haghrough thicknessvariability in
terms of mechanicandmetallurgical propertieghree FEA models wereonsidered
for a coil spring

x Hybrid bar(Condition1, 2 and 3) - where three regions across the bsgction

have different mechanical property conditionable7-2.

Thepurpose of the hybrid bar was to baaenodelon the mechanical properties of
the YT core results of the 3 bars combined in the final Quearah Tempered
condition. This mindset was to try and create one material type with known
mechanical properties at set distances from the surface. By using Bediffsets of
conditions, this would simulate the changes exhibited by a hybiittl bar having

concentricpropertieswithin one material type ReferenceFigure7-8.

Figure7-8: Hybrid bar created frorthree (3)different material types
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X 4 -inch Homogenous bafCondition 3 - material properties are consistent
throughout the material thicknessTable7-2.
Thepurpose of modelling thbomogenousar, was tocreate a simulatiobasel on
the current set up that industry utilisier FEA analysis. This would act as a datum and
be based on uniform mechanical properties throughout thesssection of the coll
spring- Referencerigure7-9.
x Optimised bar Condition3 & 3b) - where the material has two different
regions across the bar thickness at %2 & Table7-2.
The purpose othe optimised bar model, was to base aimulationon the actual
values achieved for the 4iich material in the fullyheattreated condition -

Referencd-igure7-9.

Figure7-9: Homogenous bar (uniform properties) left & Optimised bar (2 different
properties) right

The dimensions of the model were lgasonthe TechnipFMC 4-thch coil spring
design BQ], whichare summarized withiffable7-1 & Figure7-10.
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Table7-1: DimensiondJtilized for the FEAnalysis

Parameter in mm
Mean diameter of coil 21.125 536.6
Wire Diameter 4 101.6
Free Length 52.647 1337.2
Pitch 9.346174 237.4
Applieddisplacement
Load step Description (compressive)
in mm
1 Compress tgreloadlength 10.15 257.73
2 COTVPOrrTj:S E{;{Eum 19.28 489.79

Figure7-10: Drawing view of key dimensions

The finite element model represesithe free length of the spring plus o#wlf
inactive coil. Compression of the spring was modelled by a longitudinal displacement
applied evenly across the diameter of this inactive coil, representing the design
working stroke of the spring. The other enfithe spring was fixed in all degrees of
freedom EFigure7-11). The commercial FEA softwa#&SY37.1 Workbenchwas

used for the analysis

The model wasthen meshed usinghigherorder (20noded) hexahedral brick
elements throughoutANSY 8lement Solid186). A mesh density was chosen to give
32 elements around the circumference and an aspect ratio less than three along the
length of the sprindFigure7-11). This mesh density was checked and found to give

a converged result.
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Figure7-11: (Left) SpringDisplacement / Load Cditions (Right) Finit€Element
Mesh

Prior to conducting the FEA analysis, True stress strain curves were generated using
the data detailed withifTable7-2 The values specified withifable7-2. are the actual
mechanical properties exhibiteduring the tensile test DoE for the 3 bar sizes in the
Quenchand Tempered conditin. Also, the elastic modulus (Young's modulus)
generated from the physical testing wancluded within the data set.
Elastieplastic stressstrain curves were then generatéFigure7-12) from the data in
Table7-2. using the method specified in ASME 2ZIIAnnex 3.053], which fits a
power-law curve through the specified yield strength and ultimate strength (UTS).
The elastic modulus was taken as 207 GPa in each case. Perfectly plastic behaviour
was assumed from #hend of the generated curve up to a true strain of 0.2.
These material curves wetben applied to specified regions dfe spring model
crosssection, which enabled the following three cases to be analysedTable7-2
& Figure7-12:

x Hybrid bar- Incorporates conditions 1,2 & 3

X Homogenous ba- Incorporates condition 3 only

x Optimised bar Incorporates condition 3 & 3b
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Table7-2: Mechancal Properties Taken for DoE &tinised for FEA

Condition Bar size Location | Boundary radial distance el UTS VD UTS True UTS
Stress Stress
in in mm PSI PSI MPa MPa MPa
1 2.875 1,T- Core 1.4375 36.5 183,900 216,800 1267.9 1494.8 1637
2 3.375 1,T- Core 1.6875 42.9 162,600 191,000 1121.1 1316.9 1440
3 4 %T- Core 2 50.8 148,600 187,500 1024.6 1292.8 1464
1, — id-
3b 4 /Ar;dli\ﬂf 0.5 12.7 160,000 196,700 1103.2 1356.2 1517

The results of the FEA have shown that the three models exhibit different behaviours.
It can be concluded that the composition of the coil (degree of varialaititgss its
sectional thickness) has a direct effect on the force response, stress distribution and

level of plastic strain exhibited.

Figure7-12: True stress strain curves generated for FEA from optinpsggerties
using ASME V48 Annex 3.053]

Figure7-13 shows the difference is reaction foreehievedonce the individual casl

are displacedaxially beyond 325mm The resultant graph clearly shows that the
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homogenous condition produces the lowest force, with the hybrid bar delivering a
higher KN value over the same level of spring displacement. This suggests that the

hybrid material is indeed stiffesxompared to tle other model / material types.

Figure7-13: AxialForce Exerted bthe Compressed Sprind hreeModels

To understand the difference in behaviour in more detail, #guivalent stress &
plastic strain at full compression were modelled for each mode of coil spseg
Figure7-14 andFigure7-15.

The FEA established that the stress distribution is different for all 3 conditions; with
the hybrid model exhibiting the highest levels of stress over a greater area of the coll

spring- seeFigure7-14 and Figure7-15.

HybridBar Homogenou®Bar OptimisedBar
Figure7-14: Equivalent stress (MPa) at full compressionall conditions
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Figure7-15:. Detailed view of the Hybrid baEquivalent stres@MPa) at full
compression

It canalsobe concludedthat there is a difference in the predicted strain and stress
distribution between the three models; notably, there is more plasticity in the
homogenous bar at full compression than in the other two modelsFigure7-16

andFigure7-17.
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HybridBar Homogenou®ar OptimisedBar
Figure7-16: Equivalent plastic strain at full compression

Figure7-17: Detailed view of the Hybrid baiEquivalent plastistrain at full
compression
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Figure7-18 shows the development of this plastic strain as the spring is compressed;
the cases begin to diverge after about 225 mm compression (i.e. as the "working
preload level" is approached] he esultsestablish that thehomogenous baexhibits

more plasticity.

Figure7-18: Equivalent plastic strain over the full spring displacement

Examination of the material data Figure7-18 shows that the material in condition

3, (used for the core of the hybrid and optimised bars but for the entirety of the
homogenous bar), has a notably lower yield strength than theeotconditions;
which explains the greater plastic strain in modelR2gure7-16.

It is suggested that this plasticity (permanent deformation) can be relatethéo
slightly lower reaction force calculated for that model.

The FEA has demonstrated that different heat treatment conditions, and the
consequent changes in mechanical properties over different regions of the bar, can
result in a measurable effect on timechanical behaviour of the spring. Specifically,
there is a change itihe longitudinal/ axialforce, which the actuator spring can exert

during its ability to function.
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7.1.3 Analysis Summary

The analysis has shown that thetresses acting on the coil springll change due to

the material variability exhibited throughout the bahickness As the material
strength changes as a function of radius, this will affect the elasit plastic
propertieswhenthe coil iscompressed axially

Thework establishedhat the AISI 4161H material will respond differently in relation
to the exhibited properties through its respective cresxtion. There is a marked
difference in a homogenous material to one that is considered a hybrid; with the
hybrid displaying greater copnessive loads at higher stress levels and reduced

plasticity over the operating coil spring displacement range.
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8.1 Introductory remarks

Themain objective of thiswork was to investigate the reasons why the AISI 4161H
material used for coil spring applications exhibited variability in terms of both
metallurgicaland mechanical properties. It was also to establish the effects of
various heat treatment operationand conditions, and the characterisation of the
resultantpropertiesincluding the impact on the coil spring design and functionality.
These key findingsiould enable engineers to work within the limitations of the
material for subsea applications. Theonclusions and recommendations are

summarised within this chapter.

8.2 Experimental Investigation Material

An extensive design of experiments study has established that the material used for
coil spring manufacture namely, AISI 4161H, is not homogenousghouitits cross
sectioral thickness.Instead the material (ranging between 2.8754.0 inches)
comprises of a duplex form, of both a banded zane matrix.

This materialcan therefore be considered as heterogeneous, with variability
exhibited from the arface to the core of the bar. The variability appears as two
separatezones (band & matrix), which contain differences in chemical compositio
and resultant microstructure, which have a direct influence on the metallurgiuzl
mechanical properties of thmaterial.

However, the variability across the bar section, changes from the surface to the core,
with a reduction in material strength, and an increase in the chemical composition
andhardness delta between the two phas@mnd & matrixexhibited.

The ariability within the coil spring can be alterbg subjecting the material through
different heat treatment operations (Air CoelNormalise / Quench / Quenchnd
Temper) and by processing the bar at different temperatuedtime.

The chemical composinal differences between the two respective zonessultin

concentric islands of different material, which respowrdntrarily due to their
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elemental content, which has a diredhfluence of the key transformation
temperaturesand respective TTT / CCT coee. This in conjunction with different
diffusion rates, produces a material withixed metallurgical properties.

Therefore, the AISI 4161H material does not follow the traditional homogenous
academic literature, where straight lines and linear comparisoqst for changes in
both Austeniti® (Quench)and Temper conditions. Instead the material will respond
under optimum conditions, which considers the duplex materand associated
variability.

This thesis has demonstrated that optimum conditions cannket through the
creation ofa heat treatment (Quench / Tempernodel, which characterisethe
material properties, and determirsghe limitations of each bar siz&hisis required

by engineersfor currentand future designs, that utikslow alloy steebar stock.
Appendix E, summarises the key effects of the material variability, which can be used

for engineering clarity when designing subsed spring components

8.3 Functionalitylnvestigation- Coil Spring

Based on the experimental evidence, it is agdrthat the mechanical properties
within the coil spring are not homogenous. To understand this effect, darmcept
models were analysed,dassia@analyticalmodel and a computational model.

Initially a mathematical derivation was performed to vary thlastic properties
through the cross section to simulate a heterogenous stress distribution.

The analytical model established that an increase in maximum stress would occur
when the shear modulus reduces towards the centre of the bar cross section. It also
established a theoretical stress distribution through the cross section of a
heterogenous bar, where the shear modulus varies linearly as a function of radius.
This distribution can be directly compared with a homogeneous bar by assuming the
same oveall torsional load is resisted.

However, b create a more representative model that quantifies the effect of
changing mechanical and metallurgical properties through the bar cross section, FEA

was employed. This model considered all components of stress abtioggh the
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compressed helix. The model was used to determine the induced axial load of the
coil, even as plastic deformation is considered through the strata of the coiled bar.
The FEA has demonstrated that different heat treatment conditions, and the
consequent changes in mechanical properties over different regions of the bar, can
result in a measurable effect on the mechanical behaviour of the spring. Specifically,
the axial force, which the actuator spring can exert during its ability to function.

Thee is a marked difference in a homogenous material to one that is considered a
hybrid three different sets of material properties across its section); with the hybrid
displaying greater compressive loads at higher stress levels and reduced plasticity

overthe operating coil spring displacement range.

8.4 Standards andndustry Recommendation

Thework conductedand presentedwithin this thesis has found that the governing
standards for coil spring manufacture (ASTM / BS EN) only consider the material in a
homogenous form, with uniform properties throughout. Thises not take into
consideration the material in the raw form artde effect different heat treatment
conditions have on its resultant properties. This is applicable for both metallurgical
and mechanical (FEA) standards.
In addition, industry standarddo not mandate adequate testing requirements that
can assess for theffects of material variability. Instead they prescribe minimum
metallurgicalassessment criteria, which does not consider the material strength and
through thickness properties.
It is recommended that
X A technical paperand or journalis created to makendustry aware of the
duplex type material, which is produced for coil spring manufacture
X The respective governance standards include tensile testing with set
minimum requirements. A test location of ¥%T should be mandated for this
purpose.
X Raw materialmills consider using Rotary Continual Casting machines, as these

will help disperse the centreline segregation produced during bar production.
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X Hot working / forging reduction ratio is set at a minimum of 10:1, as this will
disperse the segregation and reduchemical compositional variability
throughout the material cross section.

x All FEA modef®r coil spring applicatiorgonsidemodels withmateridsthat
have concentric propertiesfo accurately predict how the part will behave
under operational condiions.

x TechnipFMC remove the specification governance that limits a 5 HRC
hardness delta between the band & matrix phase at the surface location. This

requirement is not sustainable for bars with dimensions > 2.875 inches.

8.5 FRurther Work

Further research is needed at the raw material source, where the initial centreline
segregation manifests. A detailed study on thiferent typesof continuous casting
methodologywould be beneficial, as this would help determine the best technique
and imut parameter conditions that would reduce the chemical compositional
variability throughout the material.

Another aspect of workwould beto create a study on the effect of putting in a
reheating step after the continuous casting process. This wouldsadke effect of
heating the billet at various soaking temperatures and times, to encourage the
diffusionof the elemental segregation prior to hot rolling.

Finally, it would be worthwhile examining and analysing otmaterial types that
have less of aandency in forming segregation, such as a material with a lcardon
content. This is because the diffusion coefficients of many elements are higher in
ferrite than in austenite. Therefore, higher carbon steels such as AISI 4161H are

disadvantaged fromhe outset.
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2.875inch bar- Mag X50: Aseceived 10% location

2.875inch bar- Mag X50: Aseceivedmid-radiuslocation

2.875inch bar- Mag X50: Asgeceived core location
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2.875inch bar- Mag X50: Asooled 10% location

2.875inch bar- Mag X50: Asooledmid-radiuslocation

2.875inch bar- Mag X50: Asooled core location
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2.875inch bar- Mag X50: Aguenched 10% location

2.875inch bar- Mag X50: Aguenchedmid-radiuslocation

2.875inch bar- Mag X50: Aguenched core location
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2.875inch bar- Mag X50: Q & T 10% location

2.875inch bar- Mag X50:Q & Tmid-radiuslocation

2.875inch bar- Mag X50: Q & T core location
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3.375inch bar- Mag X50: Aseceived 10%ocation

3.375inch bar- Mag X50: Aseceivedmid-radiuslocation

3.375inch bar- Mag X50: Aseceived core location
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3.375inch bar- Mag X50: Asooled 10% location

3.375inch bar- Mag X50: Asooledmid-radiuslocation

3.375inch bar- Mag X50: Asooled core location
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3.375inch bar- Mag X50: Aguenched 10% location

3.375inch bar- Mag X50: Agjuenchedmid-radiuslocation

3.375inch bar- Mag X50: Aguenched core location
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3.375inch bar- Mag X50: Q & T 10% location

3.375inch bar- Mag X50:Q & Tmid-radiuslocation

3.375inchbar- Mag X50: Q & T core location
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4.0-inch bar- Mag X50: Aseceived 10% location

4.0-inch bar- Mag X50: Aseceivedmid-radiuslocation

4.0-inch bar- Mag X50: Asgeceived cordocation
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4.0-inch bar- Mag X50: Asooled 10% location

4.0-inch bar- Mag X50: Asooledmid-radiuslocation

4.0-inch bar- Mag X50: Asooled core location
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4.0-inch bar- Mag X50: Agjuenched 10% location

4.0-inch bar- Mag X50: Aguenchedmid-radiuslocation

4.0-inch bar- Mag X50: Agjuenched core location
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4.0-inch bar- Mag X50: Q & T 10% location

4.0-inch bar- Mag X50:Q & Tmid-radiuslocation

4.0-inch bar- Mag X50: Q & T core location
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Theoptimizedmodel takes account of all test data to generatgraphthat best representshe
complete data setThis leads taresidual value around theptimizedmodel, which isexpected
to be normallydistributed. Thefollowing residual plos represent how the experimentablue is

distributed around theoptimized model The Normal Probability Plotepresents how many

experimentalresults are within the required residualvalue. @nerally the probability plot is
centeredwith 50% of the test results havimther a positive or negative residual. THersus Fits
plot showsresiduals on the y axis and fitted values (@stied responses) on the x axisisitused
to detect nonlinearity, unequal error variances, and outliersthe Histogram shows the

frequency of each residuailue. TheVersus Order Charepresents the run order of the test

program which shows that test results were normally distribut@eund theoptimizedmodel.

1 The Pennsylvania State Universit8017) Aresiduals vs. fits pldOnline]. Available:
https://onlinecourses.science.psu.edu/stat501/node/36
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The above graph shows that 98% of test results will be within 10000psi of the value predicted by
optimizedmodel.
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The above graph shows that 98% of test results will be wit000 / +10000psi and 80% of
test results will be within +6000psi of the value predicted lmptimizedmodel

The above graph shows that 98% of test results will be witB®00/+7500psi othe value
predicted byoptimizedmodel.
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The above graph shows that 98% of test results will be withiB060psi of the value predicted
by optimizedmodel.

The above graph shows that 98% of tesuteswill be within +/1100Qsi ofthe value predicted
by optimizedmodel.
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Appendix D
Material Certificate of Conformity (CoC)



%0 % V [YE "HU% E ~ Yp v Z K]Jo ATi

AppendixD, Pagel of 1



Appendix E
Key Effects of Material Variability
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1)

2)

3)

Reducton in tensile strength.

Reduction in surface hardness

Increase in hardness delta between the band and matrix
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4) Increase in difference betwedadeal diameter of band and matrix due to increased

difference in chemistry between band and matrix

5) Reduction in e proportion of martensite formed within the structure.
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The heat treatmenparametess, which havea major impact on each testecbndition,as

indicated by standardised effect plots

1) Changen tempering temperature has major impact on tensile strength.

2) Changern tempering temperature has major impact on surface hardness.

3) Both quenching and tempering temperature have slight impact on delta in hardness
between the band and matrix however the impact of tempering temperature is slightly

higher than quenching temperature.
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4) Both quenching and tempering temperature have slightpact on delta in ideal
diameter and thus chemical composition between the band and matrix however the

impact of quenching temperature is slightly higher than tempering temperature.

5) Both quenching and tempering temperature have major impact on thgprton of

martensite formed within the structure.
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