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Abstract

Hydraulic fracturing is a technique used to stimulate the flow of oil/gas from tight
formations of subterranean rock. The pumping equipment used operates under harsh
environments; hence, has a short life expectancy. Tlsisakeh focuses on an investigation

of corrosive wear issues associated with hydraulic fracturing pump components with a view

of finding costeffective solutions to combat these problems.

A recirculating slurry impingement rig was used to test the mateuatier corrosive wear
conditions. To comprehend the various wear mechanisms roiogu during testing a
recentlydeveloped in-house volumetric analysis technique was employed, which
combined electrochemical monitoring tests and 3D surface profiling. Alneypetitive
impact slurry rig was developed to mimic thepetitive impact metaimetal wear occurring

on valves and seats used in the hydraulic fracturing pump.

The enhanced volumetric analysis technicared information from segmented specimens
provided a means of unravelling the complex deterioration processes that occur in the
different regions of a submerged jet specimen. Rest examinations of specimens using
light-optical and scanning el#on microscopy was also undertaken to yield information on

mechanisms of degradation.

Ashydraulic fracturing equipment is likely to have to operate in a range of water salinities,
the effect of salinity onthe currently used fluid endi.e. pump casingjnaterial (UNS
G43400) as well as alternative material opsavas investigatedIncreasing salinity from
0.05%NacCl to 10%NaCl was found to have a marginal increase in material loss for the
stainless steel alloys, whereas, there was a significant increase for the low alloy steel.
Sacrificial anode cathodic proteoti was also observed to be beneficial in reducing the

material loss for the low alloy steel in the corrosive wear conditions.

The effect of nitriding Stellite 6 weld claddingasmssessed as a hardfacing and/or repair
option for hydraulic fracturing pumpomponents. The nitriding process was found to be
detrimental to the corrosion resistance of the Stellite 6 weld claddings; however, the
volumetric analysis technique demonstrated that the nitriding process was capable of

improving their mechanical erosiomsistance.



Additively manufactured alloys were also assessed as alternative materials and/or a repair
technique for hydraulic fracturing pump components. The additive manufactured alloys
were compared to equivalent alloys which were conventionally mastufad. The
additively manufactured alloys were observed to have significantly better corrosion
resistance than the wrought alloys in static and flowing conditions. Under-lsxplidi
erosioncorrosion testing, the additive manufactured alloys and equivalerought alloys

performed similarly.

A wide range of materials (soft/ductile to hard/brittle) were assessed under repetitive
impact with slurry conditions. The results from the novel testing apparatus indicated that
there was an optimum material hardne$sr repetitive impact wear resistance. Hence,
suggesting that hardness is required to resist plastic deformation and toughness is required

to resist brittle failures.
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Chapter 1: Introduction

1.1Introduction

Hydraulic fracturing is a technique used to produce fractures in subterranean rock
formations which stimulate the flow of natural gas and/or oil from tight formations.
Hydraulic fracturing wells are drilled humdis to thousands of metres vertically
underground and typically extend thousands of metres horizontally. The fractures in the
rock (which can extend to several hundreds of metres from the wellbore) are created by
pumping large amounts of pressurised flido the wellbore and the rock formation. The
fluid, used to open and enlarge the fractures, consists of water, proppant and chemicals
(acids, gelling agents, inhibitgestc.). The proppant (sand particles or ceratmadis) is used

to hold open the fraatres to increase the conductivity of the gasd/or oil [1.1].

Once the injectin process is complete, the internal pressure of the rock formation causes

the fluid to surface through the wellbore. The returned fluid is often referred to as
GFt 260l O01¢ 2NJ GLINPRdzOSR 4+ GSNE | yR dzadz ff @&
occurrirg materials such as brines, hydrocarbons, metats. Traditionally, the flowback

water was stored in tanks before edfte treatment, disposal or recycling; however, it is

now common for the flowback water to be treated at the hydraulic fracturing sitd a

reused for the injected fluiil.2].

Typicallyequipment(such as Fige 1.1)used to pump the hydraulic fracturing fluid into the

well is required to withstand high operating fluid pressures (up to 103MPa), high sand
loadings (up to 15,900 kg/hr) and have a capacity to pump up to 4320 litres per minute. The
hydraulic fractuing fluid composition varies between sites and also during operational
stages of the hydraulic fracturing process. The water which is used for the injected fluid
varies between sites as local water sources (freshwater or seawater) are used initially with
treated flowback water being used in later stages. The chemicals added to the fluid depend
upon the rock geology as well as the stage of the hydraulic fracturing process. Amongst the
chemicals commonly used are dilute acids (cleans out debris around ¢tkepesforations),

gelling agents (assist in keeping the proppant in suspension) and corrosion inHibiBjrs

Weir Group PLC & international engineering company that provides innovative solutions
and expert services to the oil and gas, minerals and power industries. Within their oil and

gas divisionthey design and manufacture positive displacement pumps and associated
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pumping equipment (such as valyewalve seats, plungers, choke valves, integral
connectors etc.) which are used in the hydraulic fracturing industry to transport the high
pressure fluids into the well. The extreme operating conditions during hydraulic fragturi
cause the positive displacement pumps and pumping equipment to experience a variety of
material degradation issues such as corrosjdd, 1.5] erosioncorrosion [1.6, 1.7]
cavitation [1.8, 1.9]and fatigue[1.6, 1.10] Figue 1.1 illustrates a Weir SPM hydraulic
fracturing pump (Destiny QWS 2800) with five cylinders, an inlet and two outlets. The fluid
end is the wetted section of the pump which experiences severe corrosion and erosion

corrosion.

Inlet —

Fluid end

Figure 11: WSPM Destiny QWS 2800 hydraulic fracturing pump (courtesy of WSPM)

Figure 1.2 demonstrates the extreme corrosive wear which is commonly seen in
engineering components, such as elbowsipework in the hydraulic fracturing industry.

The 90 elbow shows severe corrosion damage throughout the inner bore, with large, deep
pits occurring at the vicinity of the corner where the high pressure and turbulent fluid has
caused extreme erosieoorrosion damage. The positive displacement pump casing (also

referred to as the fluid end), also suffers significantly from erosmmosion damage.
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Figure 12: 9C° elbow which has suffered severely from erosiorrosion damage (courtesy
of WSPM)

The valve and valve seats locatedhiwn the positive displacement pumps also experience
corrosive wear from the hydraulic fracturing fluid (according to Figure 1.3). This is
problematic as the wear process is so severe that the valve and valve seats cannot endure a
full hydraulic fracturig cycle (the cycle involves various stages which include acid cleaning
of the well, slickwater (proppant free), oil/gas recovery and flushing of the well) and so

must be exchanged for new valves and seats in the fleld.].



Chapter 1: Introduction

Figure 13: Valve and valve seathich has experienced corrosive wear during the hydraulic
fracturing process

As the positive displacement pumps and associated equipment used in the hydraulic
fracturing industry experience severe erosioorrosion, there was a requirement to
characterise these material degradation processes. To mitigate these deterioration
mechanisms it was clear that alternative materials and/or surface engineering treatments
(heat treatments, diffusion processes, weld claddjngsc.) were necessary to be
substituted forthe currently used materials or manufacturing processes. Attempts to
improve performance by design/material selection strategies, particularly of valve seats,
have been impeded by a lack of detailed comprehension of the complex deterioration
processes oagring during operation. Therefore, there is a need to examine and
understand the fundamental mechanisms of the degradation processes occurring in the

hydraulic fracturing pumping equipment.
The objective of this research work was to:

1. Understand the degraation processes which are occurring in the Weir Group PLC
hydraulic fracturing pumping equipment.
2. Assess the effect of altering the water source (freshwater to bringje corrosive

wear behaviour of the materials.
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3. Assess the potential benefit of applgicathodic protection (impressed current and
sacrificial anode/coating) to extend the life of the hydraulic fracturing pumping
equipment.

4. Assess alternative materials, surface engineering treatments and alternative
manufacturing methods to develop a matariselection solution to assist with

improving the life span of components.

The work reported in this thesis enhances the stat¢hefart and innovation in the field of
erosioncorrosion by utilising an advanced volumetric analysis technique which has bee
developed irhouse at the Weir Advanced Research Centre (WARSEd at the University

of Strathclydd1.12]. The benefits of using this technique is the quantification of high angle
erosioncorrosion damage occurring in the direct impingement zone as well as corrosive
sliding abrasion wear during a 9npingement test. @thodic protection tests isolated the
mechanical deterioration mechanismshigh angle erosion and sliding abrasion damage.
The direct impingement zone and the outer area of test materials were electrically
insulated through a segmentation technique whialowed electrochemical monitoring
and, hence, quantification of the corrosion occurring in the two different flowing

environments.

Also, a novel repetitive impact testing machine was developed to enhance the
understanding of the wear mechanisms occurrargthe valve seat during operation. The
impact testing machine utilises a hydraulic machine with an impactor and a test coupon
GAOUK |y I1jdzS2dza &a2ftdziAz2y 6A0GK K@RNJIdz AO
impactor and test coupon. The contact pressibetween the impactor and test coupon, as

well as the frequency of the rig, mimics real life operating conditjarisl].

The work described herein, utilises the enhanced erosimmosion analysis technique and
novel repetitive impact test rig to assess the performance of currently usanals as

well as alternative materials, surface engineering treatments and manufacturing methods.

An outline of the thesis is as follows. Chapter 2 involves a brief overview of the hydraulic
fracturing process and a detailed description of the fundamaénof erosiorcorrosion and
repetitive impact wear phenomena. Chapter 3 describes thetpsg test and postest

methodologies used in this study.

T NJ
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Chapter 4 involves an assessment of alternative materials for positive displacement pump
casings (referredto herein as fluid ends). The advanced erogiorrosion analysis

technique is used to assess the currently used fluid end material, low alloy steel, with three
different stainless steel grades austenitic, martensitic and Superduplex grades. Due to

differing local water sources (in the field) and the use of treated flowback water which can

be used in the hydraulic fracturing fluid composition, the effect of water salinity was also
evaluated. The potential application of cathodic protection (both impedssurrent and

sacrificial anode/coating) for the low alloy steel was also assessed due the broad use of low
RdzNI oAfAdGesr t2¢ ltt2e aGSSt Ay GKS Ke&RNI dzf A

cheaper alternative to stainless steels.

Chapter 5describes the wear mechanisms found on a valve seat used in a typical hydraulic
fracturing pump and discusses the development and validation of a repetitive impact wear
test machine which mimics the conditions found on the valve seat. Chapter 6 expleres th
assessment of Stellite 6 weld claddings as an alternative surface engineering treatment for
hydraulic fracturing pumping components such as valve seats. Single and double layer weld
claddings as well as gas nitrided specimens of both were evaluated araf@oncorrosion

and repetitive impact conditions.

Chapter 7 demonstrates the relative performance of four additive manufactured materials
along with their equivalent wrought counterparts under sdiglid erosioncorrosion
conditions. The additive maracturing process is attractive as it could improve material
development for specific components vulnerable to wear and could also lead to enhanced
repair techniques. This chapter assesses the corrosind repetitive impactwear
performance of four diffeent metallic alloys. The final chapter contains a discussion of the
durability and overall potential of the various surface engineering strategies examined in

the project followed by concluding remarks and future work.

As the thesis discusses a wide varief materials, surface engineering treatments and
manufacturing processes, the chapters involving material assessment include a literature
review, experimental results, detailed discussion with remarks on the relevance of the work

for industrial design ashmaterial selection, concluding remarks and chapter references.
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Chapter 2: Overview of hydraulic fracturing and corrosive wear

2.1 Introduction

This chapter presents an overview of the hydraulic fracturing process as well as the
chemical composition of the fracturing fluid and the possible types of proppants used
during operation. The fundamental theories of corrosion, erogiorrosion and repetitive

impact wear will also be discussed.

2.2 Hydraulic fracturing process

Hydraulic facturing is a well stimulation technique which uses highly pressurised fluid with
suspended solid particles to fracture rocks. The process involves injecting a high pressure
fluid (discussed further in Chapter22l) into the wellbore to establish fissugén the rock

formation which then allows the natural gas and petroleum to flow freely.

¢KS TN OGdzNAyYy3d LINROSaa OFy 6S GNI OSR ol 0]

comprehended until Floyd Farris conducted ard@pth study into hydraulic fracturm
which related well performance with treatment pressui@sl]. As further wells have been
discovered and with developments in technology, hydraulic fracturing is now being used
extensively and it has been reported that 95% of new wells drilled in the USA are

hydradically fractured2.2].

Before the hydraulic fracturing procedure can commence, it is necessary to drill down to
the underground well. The oil and gas reservoirs can be generalfg3®Bm (6068500ft)
underground depending on the location of the Wé2.3]. Initially the drilling occurs
vertically where several steel casings of different diameters are inserted within the well into
depths of 91305m (3001000ft) [2.4]. Cement is pumped down the drilled hole and
solidifies between gaps in the steel casings. This is conducted to stop contamination of
groundwater and aquifers which are located close to the surface. The procedure is
continued with smaller diameter casings being used each time. Once the drill is located
152m (500 fee) above the oil and gas reservoir, the horizontal drilling begins. Thexe is
initial radius of curvature as the drilling is rotated through a 90° angle. The horizontal
drilling can occur up to 1 mile (depending on location) from the well head site. Once the
horizontal drilling process has been completed, the drilling tool iedxétwn from the well

and the cementing operation is conductgti4].
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Before the hydraulic fracturing process ocgua perforating gun is lowered down the bore.
An electrical current triggers the gun which perforates small holes through the cemented
steel casing which is located at the reservoir. These small holes will then allow the high

pressure fluid to enter théormation[2.5].

The hydraulic fracturing process differs slighfor various sites due to the particular
condition of the rock formation. However, the general procedure is similar for the majority
of operations. The composition of the fluid used also differs depending on location as not
all additives are required angroportions can alter depending on the depth, thickness and

other characteristics of the formatioj2.4].

The fist stage of the hydraulic fracturing operation involves pumping several thousand
gallons of water combined with dilute hydrochloric acid. This serves to remove cement
debris in the bore and dissolves carbonates to allow for opening of fractures near tbe bo

[2.4].

¢KS ySEG &adr3as ra OrtftSR GKS aLF R adl 3se
which is proppat free. The slickwater solution contains chemicals (described in chapter
2.2.1) which reduce the pressure required to pump the water into the bore. This assists
with the opening of the formation fissures which provides easier placement of the

proppant.

The next stage may consist of several stihges of the fluid combined with proppant
pumped into the wellbore. The proppant is used to keep open the fractures and can even
enhance the existing fissures. The oil and/or gas can then be recovered. The proppant
which is used can either be silica sand or ceramic balls. Several thousands of gallons of

water can be used in this stage. As much as 20% of the water can return to the surface

9 K

61y26y a aFt260l0160d ¢KAA aFf200skqOente o GS

fracturing stage$2.6].

¢KS FAYLFE adl3sS Aa OdofhsktSd a volunte Bt wardr Kukfigieht ta G | 3 S ¢

remove excess proppant from the wellbd7].

The pumping operation for each stage may take from 20 minutes up to 4 hfud

depending on the design and intent thfe hydraulic fracturing process. The fluid return for

12
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the first day or two after fracturing can produce63barrels per minute of flowback fluid,
before falling to 1000 barrels per day. By the end of the second or third week the

production decreases tofew hundred barrels per dgd@.4].

2.2.1 Hydraulic fracturing fluid chemical composition

The chemical compositioof the hydraulic fracturing fluid differs during the hydraulic
fracturing operation[2.4]. The fluid consists ofwo parts; an aqueous solution and
proppant (512% concentration). The aqueous solution is998% water which is typically
sourced locally to the hydraulic fracturing well site. The local source may be a surface river
or lake, underground water, seawater water produced with the oil and/or gas from the
well. The temperature of the source water will depend upon geographical location and
season. Therefore, a potential temperature range could be betwé&vb°C. The pH of

the solution is neutral, typicallof pH between B[2.8].

Evidently, the Total Dissolved Salts (TDShefagueous solution will vary depending upon

the source of the watej2.9]. Until recently, the main source of water has been fresh water

¢less than 1000 parts per million (ppm) TDS, has been used for both the drilling and
fracturing operation. This continues to be the preferred water source for the industry

[2.10]. However, water shortage problems in areas which are susceptible to droughts such

Texas, California and New Mexi¢®.10], as well as environmental issues and public

pressure has resulted in a growing impetus on thelz&d S 2 F NB G dzN)Yy SR aFf 2,
from the reservoir. However, there are many issues withiza A y 3 GKS aFft 260!l O
its constitution does not simply equate to the fluid which was used initially. Modification of

the fluid is highly likely during the hydraulic fracturing operation as it interacts with the
subsurface water and rock formatien This can often lead to instances where the

GFt 260 01¢ 6FGSNI O2y il Aya O2YLX Sarimand2 a A (A 2
calcium, as well as organic compounds) and can also yield extremely high TB&itetel

200,000ppm)[24]® | Sy O0Ss GKS aFt260F01¢ 6FGSNI A

Q)¢
c

(@]
O«

undesirable constituents and to reduce the TDS level. The pliopmofredza SR a ¥t 2 4

water can be up to 40% depending upon the hydraulic fracturing 2ié.

In some hydraulic fracturing sites in the Gulf of Mexico and Saudi Arabia, heavy brines have

been used for the hydraulic fracturing fluid. Therf@tions are typically high temperature
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and pressure, therefore, the high density fluid is used to assist with overcoming some of the

pumping capability challeng¢2.8].

Depending upon the hydraulic fracturing stage and operating environment, a concoction of
additives may be added to the hydraulic fracturing fli@d, 2.9] A list of these additives is

described below:

9 Dilute acid (hydrochloric or citric acidup to 0.3% concentration) is used in the
initial fracturing sequence. This cleans out cement and debris aroundditie
perforations to facilitate the subsequent slickwater solutions employed in the
fracturing formation. It is also occasionally used to reduce the fracture initiation
pressure. The acid is typically used up within a few centimetres of the initial
fracture entry point and yields calcium chloride, water and a small amount of
carbon dioxide.

9 Corrosion inhibitors (amines or amides with formic acid and methanol as well as
oxygen scavengers0.05% concentration) are used to suppress corrosion of the
carbon seel well casings and are only used when the dilute acid is added to the
fluid.

1 Gelling agents (guar gums0.5% concentration) are used in small amounts to
thicken the waterbased solution to assist with transporting the proppant.

9 Friction reducing agent§otassium chloride/polyacrylamideased compounds
0.05% concentratioryare used to reduce tubular friction and pressure required to
pump fluid into the well bore, thereby reducing pump horsepower output and air
SYAaarzya FNRY (KS\ Opda¥ LIESHE ¢ KOREY LR SiKIS 2GF

1 Crosdinking agents (boric acid or ethylene glycdd.0032% concentration) these
are used at the latter stage of the hydraulic fracturing process to cause the gelling
agent to break down into a less viscousidliso it can be removed from the
wellbore without transporting the proppant.

9 Biocides/disinfectants (bromide and phosphonilsed solutions- 0.001%
concentration) are used to prevent growth of bacteria which may deposit on fissure
walls and hence obstrtidluid flow. Microbes could potentially interact and reduce

the effectiveness of friction reducers and gelling agents by consuming them as a
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food source. The microbes may even promote corrosion by creating sour gas
(hydrogen sulphide) in the reservoir.

I <<ale inhibitors (carboxylic aclthse or acrylic acidase polymers¢ 0.023%
concentration) are used to control the precipitation of carbonate and sulphate
minerals, which may cause blockage in equipment or within the rock fissures which
would lead to a rduction in permeability.

1 Clay inhibitors (sodium/potassium chlorides or quaternary amines
tetramethylammonium chloride 500-2000ppm) are used when there are concerns
with swelling of clay constituents in the formation which would lead to obstructions
of the hydraulic fracturing fluid.

9 Iron control/stabilising agents (citric’/hydrochloric agjd@.004% concentration) are
used to inhibit the precipitation of iron compounds (such as iron oxide) in the

wellbore by keeping them soluble.

2.2.2 Proppants used

As discussed previously, the proppant has a significant role in the hydraulic fracturing
process as it ensures that the fissures remain open to allow the oil and/or gas to be
recovered. There are three proppant materials which are commonly used: natucal sili
sand, resin coated silica sand and ceramatisb Figure 2.1 shows the distribution of the
proppant materials with respect to their oil/gas recovery efficiency (termed conductivity),

mechanical strength and shape.

Highest EUR, Production, IRR 2 Highest Conductivity
i N
High strength Tier1 - High Conductivity
Uniform size and shape . Ceramic

Thermal resistant

Medium strength Tier2 - Medium Conductivity
Irregularsize and shape Resin Coated Sand
Low strength - 4 Tier3 - Low Conductivity
Irregularsize and shape ; Sand

Figure 21: Distribution of proppants in accordance with mechanical strength and oil/gas
flow/conductivity[2.11]
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There are various properties that the proppant must demonstrate in order for it to function
effectively and efficiently durigp the hydraulic fracturing operation. These characteristics
include shape, size, compressive strength, acid solubility and turbidity. Standards and
recommended practices (ISO 135P32.12] and APl RP (Recommended Practice) 19C

[2.13]) have been produced to ensure that used proppants meet specified requirements.

The shape and size are important as these determine the flow/conductivity of the oll
and/or gas being extracted from the formatioRigure 2.2). If the proppant is irregular in

shape and size then the flow rate of the oil and/or gas will be considerably lower when
compared to spherical proppants. The tight packing arrangement of the irregular shaped

proppant reduces the permeability tiie oil/gas.

Figure 22: Oil and gas conductivity with different proppant shape and[2iZe]

In order to control the range of shapes and sizes of the proppant, methods have been
developed to select preferential spherical shapes which will lead to greater conductivity.
One such method utilises the Krumbesitoss chart (Figure 2.3), produced by studying the
shape of sedimentary particlef2.15] This chart can be used to visually measure the

sphericity and roundness of the proppant.
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Figure 23: KrumbeinSloss chrt for measuring sphericity and roundng2sl15]

Both the 1SO 13502 and API RP 19C standards recommend blotih the sphericity and
roundness for proppants must be greater than 0.6 and for high strength proppants they

must both be greater than 0.7.

The compressive strength of the proppant is crucial as it is required to withstand high
stresses applied by thedcture attempting to close. These stresses can ex@&RdMPa
(10,000 psi. The compressive strength of the proppants is generally betwldet96.5MPa
(6,000-14,000psi)R.12]

A variety of chemicals are used during the hydraulic fracturing process, including acids,
which could potentially dissolve the proppant. &itved proppants would lead teduced
production rates, therefore, the proppant must not dissolvieem in contact with the acidic
solution. The APl RP 19C standard states that hydraulic fracturing and resin coated sand
should have a maximum acid solubility weight percentage of 2% for proppants larger or
equal to 30/50 mesh size and 3% for proppants snahan 30/50 mesh size. For ceramic

proppants the maximum acid solubility weight percentage i§Z.%3].

Turbidity is the cloudiness of a fluid caused by a large number of dissolved particles. This

can give an indication of the amount of clays present in a proppant. The preskdeg®in
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proppants has two detrimental effects. The clay can dissolve into the hydraulic fracturing
fluid which can obstruct leakage paths for the oil and natural gas. Also, clays present on the
surface of the proppant can create friction which redudes tonductivity of the oil and/or

gas. APl RP 19C recommends that the turbidity of the proppant should not exceed 250
Formazin Turbidity Units (FT[2)13].

2.2.3 Pumping equipment used in the hydraulic fracturing process
Reciprocating positive displacement pumps are utilised to pumgh pressure fluid to
hydraulically fracture a well. A schematic cross section diagram of a typical reciprocating

positive displacement pump is illustrated in Figure 2.4.

2 Valve seat
3 Conic spring
J 4 Spring retainer
5 Inlet duct
6 Outlet Duct
7 Pump case
8 Plunger

l?‘ Final Plungér pbsition ‘ Displacement e
[ (BDC) 180° crank rotation ,// Volume L:'

I 1 Valve

[~ I e 3
ey - IJ’J ¥ ‘ §
DT 5 SN )

Figure 24: Cross section schematic of a recipraugipositive displacement punfp.16]

A power source, such as an electric or diesel engine, is connected to a pinion gear which in
turn causes the bull gear to operate the crankshaft which causes the plunger (8) to operate
linearly within a cylinder located in the pump case (7), which is commeférred to as the

fluid end. As the plunger strokesitwards fluid is brought into the chamber by the inlet
duct (5) and discharged at a higher pressure out of a dischage Suction and discharge
valves (1) open and close which results in fluichgairawing and discharging out from the

chamber.

The pressure of the fluid within the hydraulic fracturing pump and associated equipment
can be betweerl1-83MPa (4,0002,000p9). The pumps operate betweenr5Hz and with
sand loadings up td5,900kg/hr 85,000 Ibs/hr). Pumps are designed to withstand a rod
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loading up tol.2MN @75,000Ibf) and have a capacity of pumping up4820 litres per
minute ©50gpm)[2.17].

2.3Fundamentals of ErosicCorrosion

As hydraulic fracturing pumps are used to transport high pressure corrosive fluids
containing solid particles, it is clear that these pumps and associated equipment experience
material degradation from erosieoorrosion processes. Erosionrrosion is defined as a
surface degradation mechanism that is caused by a flowing fluid, which may onwhay
contain solid particles. The erosigorrosion phenomena is complex as it is made up of
several degradation processes; mechanical wear (erosion), electrochemical damage
(corrosion) and the combined interaction of the two processes (synergy). Theonslaitd

for erosioncorrosion damage is defined by some researcheiff2.48¢2.20]

YOO O 6 Y6 YO Eq.2.1
Where, the total mass loss (TML) is equal to the mechanical damage (E), the
St SOGNROKSYAOIE O2NNR&aA2Y Ay aiGlraArAdO O2yRAGAZ
RFEYF3S FyR K Sed gofrosiandy tiieferdsiod gfdcess, O

For the purpose of this thesis, the erosioarrosion damage phenomena will be described

by Eq. 2.2, which is a simplified version of Eq. 2.1.

YOO O 6 Y Eq.2.2
In this second appro&> G KS / GSNXY A& Slda gl f.8¢asitis2 GKS
measured irsitu during testing and hence it is the total mass loss due to electrochemical
corrosion processes. The term S is defined as the synergy component and is equivalent to

thepn9 AYy 9l ® HOMOD

Although there are only three constituents which contribute to the total material loss in Eq.
2.2, each of these degradation mechanisms have several parameters and influential factors.
Hence, the subsequent sections will go into detada&ing each of the three processes

corrosion, erosion and synergy.
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2.4 Fundamentals of Corrosion

2.4.1 Background
In the most general form, corrosion is the degradation of a metal by a chemical or

electrochemical reaction with its environment. The mitjp of metals have a tendency to
corrode in aqueous environments as they are converted from an unstable state (alloy) to a
stable condition which represents the ore from which the metal had been extracted. The
tendency for a metal to corrode can be exsed as a thermodynamic property called free
energy. A spontaneous reaction is associated with a reduction on the free energy of the
system, hence, when a metal converts to corrosion product the change in free energy is
negative. The transformation of a natto corrosion product requires two electrochemical
reactions, anodic and cathodic. Examples (Egq2Z/Bfor both types of reactions are stated

below.
Anodic Oxidation O '0Q cQ Eq. 23

The surface on which chemical reduction occurs is called the cathode. The cathodic reaction
which occurs in aqueous solutions varies depending on the pH of the environment. In acidic

environments the following cathodic reactions may take place:

In the absence of oxygen: ¢O ¢Q © 0 Eq. 24
In the presence of oxygen: TO 0 OB 1Q ° 0L Eq. 25
OWater reduction reactiof ¢00 ¢Q ©°¢guO () Eqg. 26

In neutral or alkaline environments, where the pH is greater than 7, the most common
reaction is the oxygen reduction reaction whichnsumes dissolved oxygen to release

hydroxyl ions.
Oxygen reduction: 0 OB ¢O0 TQ 9100 Eq. 27

The level of dissolved oxygen in the aqueous solution greatly dictates this reaction. In well
aerated condions the dissolved oxygen content can be typically betwed®Epm which
is sufficient for the oxygen reduction reaction to occur at finite ratesspecially if the

water is nonquiescent. By combining Eqg. 2.3 and i results in Eq. 2.8.

'0Q 60’0 ©"0Q O Eq. 28
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The brown scale formed from this reaction is commonly known as rust (Fg(@MHich is
caused by the corrosion of iron in aqueous environments. Factors which influence corrosion
in aqueous skitions include oxygen content, pH, chloride content, Total Dissolved Solids

(TDS), temperature, flow velocity, organic compounds and biological orgaj@isthi

Figure 2.5 illustrates the process which occurs when iron corrodes in an aqueous
environment. The anodic oxidation and oxygen reduction reactions (Eq. 2.3 & 2.7) occur
simultaneously to produce hydroxyl and iron iowkich precipitate and form corrosion

product on the surface. Pits are formed on the surface as a result of dissolution of iron ions

from the surface of the material.

Water
droplet

Iron hydroxide forms

and precipitates The hydroxide oxidises

/ quickly to form rust \
\ N
OH"

Fe?* Fe™ oo

% &

Anodic action causes
pitting of the iron

Cathode action
reduces oxygen
from air, producing

hydroxide ions

Figure 25: Schematic diagram of iron corroding at the swad in an agueous environment

The mixed potential theory is a waktablished concept which states that when a metal is
exposed to an aqueous environment it will attain an electrode potentigl,, Bvhich is
determined by the anodic and cathodic reactooccurring at the surfad@.22]. This is the

potential that is observed when the electrode potential of a metal is measured with a
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reference eletrode. The mixed potential of a corroding metal alloy is greater (more

positive) than its equilibrium potential ,.E

When a metal is corroding freely in an aqueous solution it exhibits a mixed poteggial, E

at which the subsequent corrosion current dgty, Lo, can be used to determine the rate

at which the metal corrodes in that particular environment. This can be conducted by using

CIENIRIFéQa [l 2F St SO i ,NRafpéweriuktodl fot rioBitdBIFtBeNS = Y S

rates of corrosionfo SG I £ a® CI NI} Rl @ Q@ivepihnBg. 202 NJ ¢ SAIK(G f 2
0 JQ®

- Eq. 29
£ 00 q

a
where, m is the mass loss of the corroded metalsjgM is the molar mass of the metal
(g/mole),i is the current (A)t is the time (s)n is the number of electrons produced by the

anodic oxidéon reactionandFA & CI N} Rl 28 Qa Oz2vyadlyd o6dcpnn [k

2.4.2 Corrosion monitoring

Corrosion monitoring in aqueous solutions has been developed over several decades and a
variety of wellestablished techniques is widely used for corrosion research aactipe

[2.23] The advantages of using such techniques include the sensitivity to low corrosion
rates, short duration of experiments and good understanding of electrochemical th&ory.

brief description of some techniques will be highlighted in this section.

2.4.2.1 Potentiodynamic polarisation measurements

The corrosion current density,d, is established by an accelerated polarisation test which
procedure involves scanning, thfe material under study, the potential away from its free

corrosion potential, ., by way of a potentiostat and a three electrode cell (shown in

Figure 2.6). A reference electrode (Saturated Calomel Electrode or Silver/Silver chloride
electrode)isusB (2 YSI adz2NB GKS LR GSy A nfaterialOd@a & G KS
study) An auxiliary electrode which is inert (typically platinum) performs as an electrical
O2yySOGA2Y F2N) 6§KS OdzNNByld G2 Ft2¢ 0SGoSSy

electrode potential is shifted from k.
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Figure 26: Schematic diagram of a three electrode electrochemical celi; frRérence
electrode, Worlg working electrode, Aug auxiliary electrode

The procedure for polarddion involves shifting the potential of the working electrode in
the anodic direction (i.e. to a more positive potential thagJEor in the cathodic direction
(i.e. to a more negative potential than,B. The relationship between potential and curten

can then be plotted for both the anodic and cathodic reactions, as shown in Figure 2.7.
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Figure 27: Schematic diagram of determining,iby Tafel extrapolation method

The anodic and ¢hodic curves are plotted on aopential (E) against current (log i) graph.
The curves can then be extrapolated back g, B find the current density .. The Tafel

extrapolation method is commonly used to establish the corrosion rate of metals ily free
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corroding conditions. Wherhe potential is close toE, activation polarisation occurs. This

is due to a slow electrode reaction caused by the strong bonding forces of the atoms in the
metal resulting in a resistance in charge transfer. As the difference between the applied
potential and E,, increases the magnitude of the current also increases (as indicated in

Figure 2.7). Once the potential is significantly away fres (Eypically greater than 50mV)

the Tafel relationship (E-10) is applicable.

S o)
0 0 G T &~ Eq. 210

b, is known as the Tafel constary,is the anodic current density arig,, is the corrosion
current density which represents the current density equivalenth® equal forward and

reverse reactions under free corrosion conditions.

Another type of electrode polarisation is concentration polarisation. This phenomenon
occurs as the electrode reaction rate is affected by either the supply rate of reactants or the
removal rate of the electrode reaction. If the electrode is being anodically polarised,
corrosion product forms on the surface of the electrode which can result in a limit at which
the anodic reaction can occur. If the electrode is being cathodically pethrihe rate at

which the oxygen reduction reaction occurs increases until it reaches a limit due the
reduction in the amount of dissolved oxygen available for the reaction. Once these limiting
current densities have been reached the polarisation tendsgatals infinity. In reality, this

is not the case as another electrode reaction establishes itself at a more active potential.

]L
o
<

PR B. Activation
| \ polarization

Concentration
\ polarization
|

Log of current density (amp/cm?)

Figure 28: Concentration polarisation slows down the cathodic reaction
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Figure 2.8 illustrates thimitial activation polarisation regime with the decrease in potential,
before concentration polarisation occurs, which results in a slowing down of the cathodic

reactionrate.

2.4.3.2 Passivity

The definition of passivity is the ability of a metal to resisrrosion in a particular
environment by restricting the electrolyte to the surface of the metal by way of a thin
adherent, nonconductive film. This film is typically an oxide such as aluminium oxide
(ALGs) or chromium oxide (@Bs). A metal can be dimed as passive if it can substantially
resist corrosion in a certain environment while under marked anodic polarisation (such as
stainless steels) or if a metal resists corrosion in an environment even though it has a

thermodynamic tendency to react (du@s iron in inhibited pickling aciff.24].

Partial or complete breakdown of the passive film can be accomplished by many factors
such as temperature, content of dissolvexygen, film imperfections and mechanical
removal (scratching, bending, stretching, impacting partiaés). The effectiveness of the
passive film can be assessed through electrochemical monitoring techniques such as
potentiodynamic polarisation scan&n anodic polarisation scan is typically conducted from
E.orr tO significantly more positive potentials until the passive film is broken down (Figure
2.9).
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Figure 29: Anodic polarisation scan demonstrating breakdown poteiiEga) wherea
passive film has been partially or completely remde2b]
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This material would be deemed passive as the anodic current densities are extremely small
even when the potential is significantly greater thag,EOnce reaching the pential, E;

or Kk, often referred to as the breakdown or pitting potential, the material begins to
register high anodic currents. The breakdown of the passive film allows localised corrosion
to occur on the surface of the material. To assess the extérih® localised corrosion
damage, the scan can be continued untiliis reached and the scan is reversed (as

demonstrated in Figure 2.10).
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Figure 210: Hysteresis loop produced by reversing the anodic polarisation §gan.
breakdown potential, &, repassivation potentigR.26]

The difference between the, Bnd E,,, or the area of the hysteresis loop are used to assess
the likelihood of localised emsion occurring. If the loop area is significantly small or

negligible, then the material is less susceptible to localised corrosion.

2.4.3 Types of corrosion

2.4.3.1 Uniform Corrosion

As the name implies, uniform corrosion occurs evenly over the exbasetal surface.
Essentially all metals are subjected to this type of corrosion under specified conditions. For
example, the rusting of low alloy steels in atmospheric or agueous conditions or the
dissolution of stainless steels in acidic conditions. Gaherfor uniform corrosion, the
initial corrosion rate is greater than that of subsequent rates. This type of corrosion is
simpler to measure than localised corrosion and so life prediction of engineering

components and structures can be more straightfordkaMetals which have a corrosion
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rate of less than 0.15mml/year are said to have good corrosion resistance, those between
0.151.5mm/year are deemed to have satisfactory corrosion resistance and those greater

than 1.5mm/year are reckoned to have poor caian resistancé2.24].

2.4.3.2 Localised corrosion
Localised corrosion is more undesirable as it is more difficult to predict and so estimation of
the life of engineering comgnents and structures are typically more challenging. The

various types of localised corrosion are discussed below.

2.4.3.2.1 Pitting corrosion
tAGOGAY3a O2NNRaA2y NBadzZ Ga Ay avlff aLAdGaE
with small amount®f corrosion product formed over the cavity. The cavities are formed on

the surface of the metal. There are three main causes of pitting:

1 Localised corrosion or mechanical damage to the protective oxide film; such as
water chemistry (acidic solutions, saty or low concentrations of dissolved
oxygen) which causes the passive film to breakdown or become less stable. Surface
scratching or impacting particles can also breakdown the passive film.

1 Localised damage or poor application of a coating

T Nonmetallic inclusions and/or other nomniformities present in the metal
structure.

The mechanism for pitting in stainless steel is caused by anodic and cathodic sites forming
on the exposed surface on ferrous metals. The anodic reaction is due to iron dissolution
(Eq. 2.3), which supplies electrons to the nearby cathodic sites where they are discharged
by the oxygen reduction reaction (Eq. 2.7). Iron ions released by the anodic reaction then
react with hydroxyl ions to form corrosion product (Eg. 2.8) on the sarfdmve the pit.
Electrolyte enclosed in the pit becomes positively charged compared to the electrolyte out
with the pit. The positively charged electrolyte tends to attract negatively charged chloride

ions which increases the acidity of the electrolyteeda the following reaction
0@ a ¢O0 © "0 O 006 a Eq. 211

The increase in acidity of the electrolyte within the pit enhances the corrosion (Eq. 2.11).

Figure 2.11 illustrates the pitting corrosion mechanism in a stainless steel.
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Figure 211: Mechanism for corrosion pitting in stainless steels

To aid material selection in seawater systems (such as offshore oil and gas production,
power plants, desalination and petrochemical plants) the Pitting Resisté&guivalent
Number (PREN) is used for austenitic and duplex stainless steels. These values are
calculated from the chemical composition of the stainless steel and give an indication of the
steels resistance to pitting and crevice corrosion. The PREHN watube estimated by the

following empirical equatioff2.27].
0'YOO P61 o®zbP0£& p@bU Eq. 212

Chromium, molybdenum and nitrogemdrease the pitting resistance of austenitic and
duplex stainless steels. PREN values above 32 are considered to be corrosion resistant in

seawaterf2.24].

2.4.3.2.2 Crevice Gmsion

Crevice corrosion occurs when a stagnant or small quantity of electrolyte is shielded or
confined between metallic surfaces while the remainder of the metallic surface is exposed
to a large volume of electrolyte. Common applications where crevdcesion occurs are

washers, gaskets, fasteners, welded joints, rivets and seal interfaces between metal and
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rubber. The initiation of crevice corrosion is instigated by environmental factors such as
depletion of oxygen concentration, depletion of inhibita local drop in pH to a more

acidic solution and buildp of aggressive species such as chlorides.

Initially the oxygen content inside the crevice is similar to the content in the environment
out with the crevice. However, as oxygen diffusion to thevioe is restricted, the oxygen
content in the stagnant solution gradually diminishes by its consumption in the cathodic
reaction (Eqg. 2.7). Once the oxygen has been completely depleted, the cathodic reaction
slows down and the generation of hydroxyl ionsnthishes. The crevice now has an
excessive amount of positive metal ions, which in turn attracts negative ions (such as
chloride in saline solutions) to balance the anodic reaction. Inside the crevice, complex ions
of metal chlorides and water moleculesrin, which undergo further hydrolysis to form
corrosion product and generates hydrogen ions which reduces the pH in the crevice.
Stainless steels which depend upon oxygen to form a stable passive oxide film are
significantly affected by the depletion of ygen. The oxide film becomes extremely
unstable in the crevice and due to the increase of hydrogen and chloride ions within the
crevice, the acceleration of metal dissolution drastically increase. Figure 2.12 illustrates the

crevice corrosion mechanism fstainless steels.
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Figure 212: Crevice corrosion mechanism for stainless steels
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2.43.2.3Intergranular corrosion

Intergranular corrosion is a localised attack which occurs along or adjacent to the grain
boundaries while thegrains of the alloy are left mainly unaffected. Intergranular corrosion

is typically associated with chemical segregation such as enriched impurities or specific

phases that precipitate that have a tendency to form at grain boundaries.

When certain elemets are segregated or if a compound is formed in the boundary, the
preferential corrosion attack occurs on the grain boundary phase or on an adjacent region
which has been depleted of an essential element which typically enhances corrosion
resistance. Thisnakes the grain boundary anodic relative to the grain. The corrosion
typically follows a narrow path along the grain boundary. In severe circumstaatentire

grain may be dislodged due to the complete deterioration of the grain boundary.

For stainlesssteels, carbide precipitation occurs at the austenite grain boundaries as a
result of sensitisation due to exposure at temperatures between-94@0°C. Corrosion
occurs preferendlly at the carbidemetal matrix interface due to the depletion of
chromium n the solid solution near the grain boundaries. The depleted chromium zone
becomes less nable than the carbide precipitates in the grain boundary and passive grains.
Intergranular corrosion is also a prevalent issue with aluminium alibg8, 2.29] which is
mainly attributed to the interaction between intermetallic phases (located at grain
boundaries) and the metadl matrix. Figure 2.13 illustrates the mechanism which occurs

during intergranular corrosion.

Chromium depletion
region (anode)
Chromium carbide precipitation

Figure 213: Intergranular corrosion due to chromium depletion in the grain boundary as
chromium carbide precipitates form. Grainunalary becomes an anode while the grain
becomes a cathodg.30]
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2.43.3 Bimetallic/galvanic arrosion

Galvanic (bimetallic) corrosion occurs when two dissimilar metals are coupled (via a welded
joint, a bolt, electrical conductoetc.) in a corrosive electrolyte. The galvanic effect occurs
as one of the metals acts as the anode, while the otloés as a cathode. This occurs due to

the potential difference between the two different metals.

g Zn
OH 7n2* 7n? OH"
d
OH" OH-

H* H*

Figure 214: A galvanic coupling of zinc and iron in a corrosive aqueous solution, where the
zinc is the anode amsteelis the @thode

Figure 2.14 illustrates a galvanic couple between zinc and iron in an aqueous solution. The
zinc is acting as theet anode while thesteel acts as anet cathode. This type of galvanic
couple is commonly used as a sacrificial anode cathodic prote¢(8ee Chapter £5.3) in

engineering systems.

l'y20KSNJ eSS 2F 3Lt dryAO0 OStf 200dz2NB 6KSy
hydrodynamic zones (i.e. one zone may be considerably more turbulent than another). In
these regions, the material may V& different free corrosion potentials ) which then

results in a galvanic effect between the two different zones as one may be more
electronegative than another (i.e. one zone in which anodic reactions are accelerated and
another in which cathodic ections are accelerated). This galvanic interaction between the

two different zones could potentially lead to enhanced material removal. This has been
observed during testing in this experimental study and will be discussed further in Chapter

7.5.2.

2.43.4 Flowinduced corrosion
In many engineering systems, the fluid which interacts with the surface of the component is

often flowing. The term used to define this type of corrosion is fioduced corrosion,
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which predominately enhances the electrochemicahctions occurring at the surface of
the exposed metal. There are three main causes which increase the corrosive effect of the
fluid: replenishment of oxygen, replenishment of aggressive ions and removal of protective

layers. Each of these causes will ligcdssed in turn.

For metals, which rely on oxygen to form a passive oxide film to protect them from
corrosion (such as stainless steels), replenishment of oxygen is essential. However, the flow
(dependant on velocity) may rupture the passive film and leeagpose the surface to the
corrosive media. For active materials, the flow may continuously remove or prevent
corrosion product forming on the surface. Hence, the exposed metal will be able to interact
with the electrolyte with a constant supply of diseed oxygen. Figure 2.15 illustrates a
schematic diagram of the oxygen reduction reaction in both static and flowing conditions.

The diagram indicates the increase in current from static to flowing conditions.

E

Flowing

Static

Oxygen Reduction

Figure 215: Sclematic representation of polarisation curves for oxygen reduction in static
and flowing conditions

Increases in corrosion rates in flowing conditions can also be attributed to the
replenishment of aggressive ions such as chlorides, sulphides or hydrogaaidin
conditions. The protective oxide film will be removed if solid particles are introduced into
the flow, as they will induce mechanical damage which will enhance the corrosion. This
type of damage can occur through cavitation or impingement attaak iaroften referred

to as erosiorcorrosion.

32



Chapter 2: Overview of hydraulic fracturing and corrosive wear

2.4.4 Corrosion control, prevention and protection

Most metals will corrode naturally unless humans intervene and attempt to suppress or
slow down the corrosion process. There are numerous methods which capgied to
control and prevent corrosion such as designing of engineering components and systems,
material selection, controlling the corrosive environment, coating application and the
application of electrochemical protection methodg.31, 2.32] Corrosion testing,

monitoring, supervision and ipgction are also essential in controlling corrosion.

2.4.4.1 Material selection

The role of material selection is a vital part in the design stages as a method of corrosion
control. Although corrosion resistanaedertain applications may be important,i$ not the

only parameter which may be considered. Other parameters include mechanical properties
(such as fracture toughness, yield strength, tensile strength, elastic moaduitu ease of

manufacture, aesthetics, material availability and most imt@otly of all, overall cost.

A typical representation of relative material corrosion resistance in ambient temperature,
low velocity, aerated seawater is illustrated in Figure 2.16. The line break between the

copper and low alloy steel represents a laigerease in corrosion rate.

Ti Stainless 70/30 70/30 Al Al-brass Admirality Cu Low Alloy
Steel Ni/Cu  Cu/Ni brass steel

Increasing Corrosion Rate /\h

>

Figure 216: Schematic diagram illustrating the relative corrosion resistance of metals in
aerated, low velocity seawater in ambient temperatures

The materials are categorised in two main groupgise with poor corrosion resistance in
any aqueous environment, namely carbon, unalloyed and low alloy steels; and those with
relatively superior corrosion resistance which form protective passive films. However,
careful deliberation must be utilised whegelecting materials for specific operating

conditions as to avoid the onset of localised corrosion.
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2.4.4.2 Coatings

Protective coatings have been used for centuries as a method of corrosion prevention for
materials. Applied coatings to metals couldesfh form of sacrificial protection, act as an
inhibitor or crudely prevent the corrosive environment from contacting with the metal.
Obviously for the latter to function, the coating must be impermeable to the corrosive
environment, contain no cracks orefiects to expose the metal and resistant to any
mechanical damage. Table 2.1 demonstrates the most common types of coatings in four

different categories.

Table 21: Types of protective coatings and coating methods

Metallic Coatirgs Inorganic Coatings Organic Coatings | Composite Coatingy
Hot-dipping (e.g. Anodising Conventional Paints| Glass/ Flake Paint
galvanising) Cement (e.g. vinyl, acrylic) Sprayed Cermets
Cladding (welded or Phosphating Epoxies
hot rolled) Thermal Spraying | Chloronated Rubber
Electrodepositing Polymer Linings
Diffusion Bitumen
Thermal Spraying

2.4.4.3 Cathodic Protection

The application of cathodic protection is one of the most important corrosion control
methods. Cathodic protection is achieved by applyingekectric current, which essentially
reduces the corrosion rate of the metal to zero. There are two types of cathodic protection:
Impressed Current Cathodic Protection (ICCP) or Sacrificial Anode Cathodic Protection
(SACPIR.24].

The external current supplied by either cathodic protection method, polarises the entire
surface of the material which is being protected. Therefore, cathodic reactions become the
more dominant reactin, while the anodic reaction is suppressed. Cathodic protection can

be used to overcome both uniform and localised corrosion.

Impressed Current Cathodic Protection (ICCP) requires a DC source or an AC source with a

rectifier along with an auxiliary electde which can be either inert or expendable. Both the
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metal component and the auxiliary electrode must be exposed to the electrolyte for the
cathodic protection to function. Cathodic reactions occur at the surface of the component

which is being protectedwhile the anodic reactions occur at the auxiliary electrode (which
0502YSa GKS y2RS Ay (KS St SOGNRBOKSYAOFE OS¢t
if the applied electrode potential is significantly more negative than the required electrode
potential for cathodic protection. This is of course wasteful of energy, but it can also lead to
hydrogen embrittlement of some high strength alloys. The main advantage of ICCP is that it

allows greater control over applying currents in the system.

Another opton for applying cathodic protection, is using a metallic alloy which is more
active than that of the metal alloy which is required to be protected, this produces a
galvanic cell. Therefore, the current is supplied by the auxiliary electrode which is
commaly called a sacrificial anode. Common materials used as sacrificial anodes are zinc
based alloys, aluminiurbased alloys and magnesidpased alloys. The advantages of using
sacrificial anodes are that there is no requirement for a power supply, heedecing the

capital cost for power consumption and the sacrificial anodes are easier to install into the
system. The main disadvantages of using sacrificial anodes are that they may need to be
replaced periodically during scheduled maintenance and the galvanrent available is

dependent upon the sacrificial anode area.

2.5 Fundamentals of Erosion

Erosion can be defined as the physical removal of material by way of mechanical processes.
Dry erosion refers to material removal by solid particles in an airflohereas, aqueous
erosion occurswhen material is removed by an aqueous fluid with or without solid
particles. In this section, ductile and brittle material erosion models are discussed as well as

the key parameters which influence the erosion process.

2.5.1Erosion mechanisms for ductile materials
There has been a vast amount of studies investigating the erosion mechanisms for ductile

materials[2.33¢2.39] Although there has been much debate, the general acceptance is
that there are three main types of mechanisms: ploughing, type 1 cutting and type 2 cutting
(Figure 2.17)2.34, 2.35, 2.38]The shape denoted (&) Figure2.17is defined as ploughing
deformation caused by a spherical particle impacting at an angle of 30°. The formed lip

represents only 125% of the total crater volume, the rest of the displaced material form
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less highly strained ridges around the sideshef crater. The shape denoted (ln) Figure
2.17is termed Type 1 cutting. This caused by a square particle impacting the surface at
30° with a rake angle (shown in Figure 2.18)3a8°. The rake angle is defined as the angle
between the perpendiculato the target surface and the leading edge of the impacting
particle. The material is displaced forward into a large lip at the particle exit. This lip is
obviously vulnerable to subsequent impacting particles. The final shape denoted (c) is
referred to asType 2 cutting. At an impact angle of 30° and a rake angle between 9 and

17°, the particle rotates backwards which results in all the material being renj@vasl.

(a)

(b}

@ —

Figure 217: Typical shapes of impact craters: (a) ploughieformation of a sphere, (b)
Type 1 cutting, (c) Type 2 cuttifiy38]
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Figure 218: Impact angle and rake angle defion [2.38]
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Hutchings[2.38] proposed that the variation in erosive behaviour due to the rake angle is
the reason why previous erosion modgposed by Finnie [2.33] and Bitter [2.34, 2.35]

struggled to accurately predict erosive damage of ductile materials at 90°.

Bellman Jr. and Levy proposedslightly modifiedconcept for the erosion mechanism of
ductile materialg2.39]. Like Hutchings they also described three distinct types of craters:
indentation, ploughing and smear (cutting). Thegstulated that the type of craters
irrespective of the impact angle and that the rotational component of the patrticle is the
effective impingement angle. At low angles, smear crates found as the velocity of
particle is significantly greater thanehrotational tendency of the particle. At intermediate
impingement angles the ploughing crater (this is a combination of smearing and
indentation) was found to be dominant. At high impingement angles, the indentation crater

is dominant.

Continual impactingf the particles causes a roughiag of the surface, this attributedto

plastic deformation caused by the large localised stresses in the area of the impacting
particles. Metal platelets locally attaetl to the crater rim are forgegxtruded. Some of

the kinetic energy from the particles is converted into thermal energy, which heats the
surface around the crater. This hot works the surface which results in a heated surface
zone. This enhances the formation of the platelets. At a depth below the sutfacmetal
temperature decreases and plastic deformation caused by the impacting particles causes

work hardening.

Impact craters and platelets eventually cover the entire test surface. As the particles no
longer have a fresh surface to impact, a steadydase in smeatype craters with platelets

begin to form and erosion damage which is measureable commences. The particle easily
penetrates through the softened layer, however, encounters resistance from the work
hardened layer[2.39]. This enhances the fomtion of platelets as metal extrusion
increases in the softened zone. The increase in platelets increases the erosion as they are
easily removed by impacting particles. Once tlevelopment of the soft and hardened
zones iscompleted, the erosion rate beowes a steady state mechanism of indentation,
smearing platelet formation and extension and removal of platelets by several impact

events.
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2.5.2 Erosion mechanism for brittle materials

The erosion mechanisms for brittle materials are more widely accefdttle materials

are removed mainly as a result of crack formation and propagation. This was first proposed
by Finnie who suggested that H#an stresses, which occduring solid particlsimpacting

on the brittle material surface, would lead to cradji2.33]. These cracks radiate frothe

point of impact in both lateral and radial diréehs. Cracking also occurs subface and
these eventuallyjoin with surface cracks. Subsequenipacts of solid particles lead to
material removal and also additional crackif®y37] A typical crater shape of a brittle

material is shown in Figure 2.19.

-—— e - ——

Figure 219: Typical brittle material crater shag2.40]

2.5.3 Influential parameters of erosion

According to HutchingR.41] and Clar2.42], there are three maimgroups of infuential
factors which contribute toerosion damage that can be categorisetlow parameters,
particle properties and target material properties. The influential parameters of erosion are
given in Table 2.2. Some of these parameters will be discussedrtimrerfudetail in

subsequent sections.

Table 22: The three main groups of factors which influence erogati, 2.42]

Flow parameters Particle properties Target material properties
Velocity Size Hardness
Impingement angle Shape Toughness
Viscosity Hardness Microstructure
Rebounding particles Concentration Work hardening effect
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2.5.3.1 Effect of Velocity

Several studies have considered the effect of particle velocity on the erosion pf@céss
2.38, 2.422.44] They have all shown that the erosion of the material is linearly

proportional to the velocity, as shown in Figure 2.20.
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Figure 220: Effect of particle velocity on erosionadfluctile materia[2.33]

The power exponent of the velocity term has been found to be betwe@b2epending

on the test conditions and whether the material is ductile or brittle.

2.5.3.2Effect of impingement angle

The influence of impingement angle has also been widely studied in the literg2l8%;
2.38, 2.452.47] The erosion phenomena for ductile and brittle materials at differing
impingement angles can be seanFigure 2.21. Ductile materials tend to hdlie greatest
erosion at approximately 20° due to their susceptibility to the cuttingoactf abrasive
particles, whereasbrittle materials have greatest erosion at high angles of impingement,
although the highest rates of erosion of brittle materials are lower than those of ductile

materials [2.46]
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Figure 221: Effect of impingement angle on erosion for ductile (dashed line) and brittle
materials (solid ling)2.46]

2.5.3.3 Effect of particle concentration

The erosion rate of materialis generally found to reduce as the sand concentration is
increased. This is attributed to the turbulent flow conditions near the surface where
particles are rebounding from theurface which help to protect the eroding surface. As the
concentration increases, more particles will be rebounding from the surface which will
increase the likelihood of collision between the solid particles. It has also been found that
this screening ééct is related with the angle of incidence of individual particles as they will

deviate from the impacted surfad@.48, 2.49]

Frosellet al. also reported that the erosion rate reduced as slurry concentration increased,
however, they also found that it was dependent on duration as the erosion rate was also
fAY1SR 6A0GK (GKS SNRAAZ2ZY LINBFAL SO tidnikdgSintoh y A G A |
| G! ¢ AKFILIS Fd GKS YAYAYdzY SNRaA2Yy NI GSo ¢
remainder of the tests (Figure 2.2[2)49].

40



Chapter 2: Overview of hydraulic fracturing and corrosive wear

Erosion Rate

- - -]

Test Duration/Erosion Depth

Figure 222: Change in erosion rateith test duration and erosion depf{&.49]

2.5.3.4 Effect of particle shape

Angular shaped particles have been found to cause greater erosion damage than spherical
shaped particles. The explanation for teesbservations is that spherical particles will
always impact the surface with negative rake angles; therefore, ploughing mdkelikely

mode of deformationWhereas, an angular particle may impinge at a positive or negative
rake angle, therefore, isiable to produce both microutting and ploughing deformation.

The micrecutting mechanism leads to more material removal than the ploughing
mechanism. This is the case as ploughing only displaces the material and cause it to form
lips which are subsequég removed by particles, microutting causes the material to be

instantly removed2.38, 2.5@2.52]

2.5.3.5Effect of @rticle size

The effect of particle size on erosion rate is more complicated than the other parameters.
Some researchers have found that increasing the particle size will result in increased
erosion rates[2.51, 2.53] Whereas, others have found that it depends on the type of
particles which are being used as the erodent. Bahadur et al. reported that increasing the
size of SiC and /& particles caused an initial increase in erosiates before it became
constant. However, increasing the patrticle size of, #dticles was found to decrease the

erosion rate[2.54].
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The complex relationship between particle size and erosi@ was discussed by Clark et
al. who found that although generally there was a decrease in erosion rate with decreasing
particle size, a change in particle size produced a significant change in slurry flow conditions

and particle motior{2.52].

The complex relationship between particle size and erosion s further evident in
work conducted by Neville et gR2.55] on high chromium ast irons. A change in patrticle
size was found to alter the relative performance of the three white cast irons and austenitic

stainless steel.

2.5.3.6The relationship between the target material and particle properties

Many researchers have attempted ttevelop relationships between material properties

(such as hardness, elastic modulus and microstructure) and abrasive particle properties to
RSTAYS (GKS GFNHSG YIFGSNRAFEtQa SNRarAz2y NBaradgl

A simple correlation between the hardness of the material aneiitsion resistance has

not been found in the literature. Under impingement slurry test conditions (3.5%NacCl,
17m/s, 90 impingement), Neville et al. found that a superaustenitic stainless steel, UNS
S31254 (335HV), exhibited the poorest erosionrosion resistance than a Superduplex
stainless steel (318HV) and another superaustenitic stainless steel, UNS S32654 (337HV)
[2.56] Similarly, Giourntas et al. did not find any correlation between material hardness
and erosion resistancein impingement slurry conditions (3.5%NaCl, 24m/s,° 90
impingement) [2.57]. A Superduplex, UNS S32760 (257HV), demonstrated a superior
erosion resistance than a precipitation hardened martensitic stainless steel, UNS S17400
(358HV). Brownlie et al. also found no obvious linkage with target material hardness in 90°
impingement slurry conditions (3.5%NacCl, 18m/s). An austenitic stainless steel, UNS S31600
(200HV), exhibited better erosiecorrosion resistance than a martensitic stainless steel,
UNS S42000 (280HV and 480HV) and a Stellite 6 weld cladding, UNS R3DIGUY 2468].

It should be noted that in these experimental conditions, material loss is also affected by

corrosion effects.

However, there has been reasonable correlation found between abrasion resistance and
material hardness. Llewellyat al. utilised a Coriolis test to assess the abrasion resistance of

a variety of high chromium cast irorf2.59]. There was a general trend of improved
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abrasion resistance with increasing material hardness. A similar trend was found by
Stevenson et al., who demonstrated, by a dry erosidnwjigh blast furnace sinter, that

improved abrasion resistance is related to increased material hard2e&Qj.

Another theory has suggested that the ratio of hardness (H) and elastic modulus (E) has a
stronger linkage with wear (impact, erosion, abrasion, sliding) resistance. Matthews and
Leyland proposed that this parameter was capableefining the amount of deformation

that could be absorbed elastically by a metal (i.e. the limit of deformation without material
yield and hence resistance to wear]2.61]. Further work by Cassac et al. found that a
CrAIN coated T6AHYV sample had increased resistance to dry sliding wear acgdpto a
nitrided Ti6AF4V alloy due its greater®HE? ratio. However, this parameter also appears to

be inconsistent in predicting wear resistance as other studies by Leyland and Matthews
[2.62]and Batista et a[2.63]have found.

A more consistent relationship exists between the hardness of the target material and the
hardness of the abrasive particle. Shipway andcHiuigs first proposed this theory as a
ratio between the hardness of brittle materials and abrasive particle hardness to model
damage observed in an air blast erosion[Bd4]. It was found that if the abrasive particle
was harder than the target material, then an indentatiowluced fracture mechanism
occurred. However, when the particle was softer than the target material, then a less
erosive chipping mechanism wanduced. A similar correlation has also been found for
ductile material. Desale et al. found that when the ductile material was softer than the
abrasive particle then large craters were formed due to plastic deformation. Whereas,
when the ductile matedl was harder than the abrasive particles, the particle penetration
was smaller and small cracks were formed on the surface which lead to a smaller material

loss[2.65].

2.6 Synergy
As described earlier in Chapter 2.2, synergy is not a separate degradation process but is
actually a combined effect of corrosion and erosiottedieration mechanisms. In EG.2,

the synergy term is a reft of corrosion processes thanhances the mechanical damage.

An alternative methodhat has beenusedby investigators studyingliding wear (pin on

disk) involves a mechanistic approach which distinguishes between two degnadation
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contributions:corrosion occurring in sliding conditioasad mechanical removal of material
(mechanical wear)2.66, 2.67] For the mechanistic approach, the total wear voluloss
(W) is equal to the sum of the metal loss due to electrochengoatosion(Veher) and the

materialloss due to mechanical wear{(4) as stated in EQ.13.
W W ® Eq.2.13

V.hemiS the sum of the corrosion in the passive andpdessivated regions and is quantified
by insitu corrosion measurements. However, this approach is limited as thg, V
proportion of the wear cannot be determined experimentally, hence, the interastion
between corrosion and mechanical weare not consideredDue to this limitation, tts

mechanistic approach was not used in this study.

Another issue with quantifying synergy, is thia can only be calculated, it cannot be
measured directly. In order to quantify the material damage associated with synergy, the
overall material loss, pure mechanical and pure electrochemical damage must be
measured. In order to measure the pure meclahi damage, three different test
conditions have been used by researcherdistilled water[2.68¢2.70], alkaline solution
[2.71], cathodic protection [2.56, 2.72, 2.73] Electrochemical techniques such as
potentiodynamic polarisatiof2.56, 2.72]and AC impedencg2.70, 2.74] are used to
measure the irsitu carosion rates of test materials. Experimental error in these test
measurementsinevitably leads to some uncertainty in the quantification of the synergy

mechanism.

The synergy process is dependent upon the specific details of the ero@imsion system

such as the material which is experiencing the erosiorrosion phenomena. Work by
Aminul Islam et al. found that an API7® pipeline steel suffered severely from synergy
[2.75, 2.76] The work hardened layer which had formed on the steel was removed by
corrosion which exposed a stress free surface which was more vulnerable to mechanical

damage, resling in an increase of material loss.

Similarly, Wood et al. found that an austenitic stainless steel (UNS S31600) underwent a
phase transformation (from austenite to martensite) as a result of work hardening effects

by the sand particles. However, the ohardened surface was more vulnerable to
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corrosion attack which in turn reduced the work hardening effect, &rethce increased the

erosioncorrosion rate[2.68].

The influence of microstructure on synergy effectaswlso shown by Jones and Llewellyn
[2.77] Tests conducted in a slurry pot rig demonstrated that a hypereutectic high
chromium white casiron with a complex microstructure (duplex stainless steel matrix with
distributed carbides) had significantly greater material loss due to synergy than a single
phase austenitic stainless steel (UNS S31603). This is likely to be attributed to theonorrosi
occurring at the carbidenatrix interface in the white cast iron. However, the total material

loss for the hypereutectic white cast iron was less than that of the austenitic stainless steel.

Synergy damage can also be a significant proportion of theafiverosioncorrosion
damage for wear resistant materials and superalloys. Work by Neville and Hodgkés
reported that the proportion of synergy damage of a Superduplex stainless steel (UNS
S32760) was 12%. However, for Stellite 6 (UNS AMS5387) and Inconel @&5I{0625)

there was a significant proportional increase in synergy damage, 22% and 24% respectively.
This further shows the influence of complex multiphase microstructure in altering the

damage mechanisms proportionally.

2.7 Repetitive impact wear

Percusive (repetitive) impacting wear is described as repetitive solid body impacts, where
the contacting surfaces are wearifig)79]. There are two types of repeated impacts, when
there is a tangential or rotational element which results in sliding or rolling then this is
referred to as compound impact. When there is no rotational or tangential element then

this is normal impact.

This is a major issue for valve and seats used in the positive displacement hydraulic
fracturing pumps. The impact energy on the valve seat is created due to the closure of the
valve body. As the valve body is abruptly stopped bydbat, the kinetic energy of the
valve is instantaneously converted into impact energy. Therefore, the langdic energy

of the valveleadsto a quick deterioration rate of the valve and seat, hence, shortening the

life of both the valve and seat.

During repetitive impact with sliding wear, different wear zones have been found occurring

beneath the surfac§.80]. This is indicated in Figue23.
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Figure 223: Zones found beneath the surface of a material experiencing repetitive impacts
and sliding weaf2.80]

The subsurface zones are formed on both impacting bodies and occur rapidly within a few
hundred impactg42.81]. The white layer is formed due to adhesion,ahanical transfer of
material and diffusion. It is a combination of material from both impacting bodies. This
layer is extremely thin (a few micrometres) and could possibly be removed by abrasive
wear. The region directly beneath the white layer is an nmiediate deformation zone,
which consists of plastically deformed base material. The severity of deformation ranges
from zero (located at the interface between base material and intermediate zone) to a
maximum which is located between the intermediate za@mal the compound white layer.

The base material is undisturbed as it is furthest from the impact contact area. These zones
move closer to the surface as the coefficient of friction is increased. This is reported to be
caused by a reduction of plastic stran the subsurface in lubricated conditiofs82). The
hardness of both the surface and subsurface (deformation zone) have been found to
increase during repetitive impact tests as the material is being cold wok&3]. For

brittle materials, the subsurface zones differ slightly (Figure 2.24). The white top layer is still
present; however, the deformation zone does not form. This is attributed to brittle

materials being more vulnerable to cracking and spalling.
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Figure 224: Subsurface zones present in ductile (L) and brittle (R) materials under repetitive
impact condition$2.80]

Material removal due to repetitive impact occurs by various forms of mechanisms

depending on the size of impact eneff@84] The mechanisms are:

0 Oxidative wear

U Adhesion

U Abrasion

U Surface fatigue

U Plastic deformation
The probability of these mechanisms is determined upon the stresses and sliding conditions
which are occurring. During low stress conditions, it is possible for oxide films to stay intact
and reduce the metal to metal contact wear as oxide films havéchting effect. This is
the mildest wear regime. Adhesion and abrasion result in more severe wear regimes during
impact. Adhesion is a result of material being transferred between the impacting bodies
and abrasion occurs due to solid particles (suchamsl)scontacting with the surface. This
typically leads to increasing surface roughness. Surface fatigue is more severe and leads to
crack nucleation and delamination or spalling of the surfi@85] Fatigue and cracking is
most likely to occur in the white compound layer. The impactingefordl also lead to
plastic deformation which increases with increasing impacting energy. The likelihood of
each material loss mechanism with increasing impacting energy is indicated in Figure 2.25
[2.85]
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Figure 225: Material loss mechanisms evolution with increasing impact en®p]
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3.1 Introduction

This chapter will discuss the matesahvestigated and the experimental methods used
during this study. The chapter has been divided into three main sectionstegire
methodology, erosioftorrosion and repetitive impact testing proceduresvesll as post

test analysis techniques.

3.2 Pretest methodology

3.2.1Test material sources

A variety of materials were assessed during the course of this sBaiye of the selected
materials were chosen specifically by the industrial sponsors due to thechanical
properties (yield strength, etc.) while other materials were chosen by the author for better
appreciation of fundamental wear mechanism&ble 3.1 is a list of materials and the

corresponding chapters in which their test results are presented

Table 31: List of tested materials and their corresponding chapters

Material Corresponding chapter(s)
Stainless steelUNS S31600 (rolled bar) Chaptes4,5,6,7

Low alloy steel UNS G43400 (rolled bar) Chapter 4

Stainlessteel- UNS S15500 (forged) Chapter 4,7

Stainless steelUNS S32760 (rolled bar) Chaptes4 & 5
Sacrificial anode zinc alloy (rolled bar) Chapter 4
Carburised UNS G86200 (rolled bar) Chapter 5
Induction hardened UNS G52986 (rolled bar Chapter 5
Quench & Tempered UNS G52986 (rolled ba Chapter 5
Induction hardened UNS G41400 (rolled bar Chapter 5
Nitrided 905M39 steel (rolled bar) Chapter 5
Stainless steelUNS S42000 (rolled bar) Chapter 5
HVOF W@ONi (commercially sprayed) Chapter 5
Stairless steel UNS S44003 (rolled bar) Chapter 5
Stainless steelUNS S44004 (rolled bar) Chapter 5
27%Cr cast iron (cast engineering componer Chapter 5
37%Cr cast iron (cast engineering componer Chapter 5
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Stellite 6 (UNS R30006) weld claddings (KW Chapter 6
process)
Nitrided Stellite 6 (UNS R30006) weld claddin Chanbter 6
(HWTIG process) P
Titanium 6AKYV alloy- UNS R56400 (rolled bar
.. Chapter 7
additive manufactured)
Inconel 718 alloy UNS NO7718 (rolled bar &
additive manufactured) Chapter7
Stainless steelUNS S31600 (additive
Chapter 7
manufactured)
Stainless steelUNS S15500 (additive
Chapter 7
manufactured)

Most of the test materials were in the form of commercially available rolled bars which
were sectioned into 17mm thick cydrical samples with a diameter of 38mm. The UNS
G86200, UNS G41400 and UNS G52986 test samples were then heat treated by commercial
vendors with the following heat treatment procedures shown in Table Btz 905M39

steel was gas nitrided in a furnace lwidmmonia gas at 520°C for 72 hours.

Table 32: Heat treatment processes for the surface engineered steels

Material Heat treatment process
1. 930°C at 1%C content for 24 hour
Carburised UNS 2. 850°C at 0.8%C content for 1 hou
G86200 3. Oil guenched
4. Tempered at 165 for 2 hours
UNS G41400 1. 85C°C for 15 seconds
induction 2. Water quenched
hardened 3. Tempered at 18%C for 2 hours
UNS G52986 1. 870C°C for 25 seconds
induction 2. Water quenched
hardened 3. Tempered at 16%C for 4 hours
UNS G52986 1. 870C°C for 2 hours
quenclred and 2. Oil guenched
tempered 3. Tempered at 16%C for 4 hours
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A forged block of UNS S15500 was used as the source for test material. A Maxiem abrasive
waterjet 1515 cutting machine was used to produce 38mm diameter cylindrical bars which
were then sectioned to 17mm thick test samples. The white cast irons (27%Cr and 37%Cr)
specimens were also machined by alectrodischarge machinéEDM) from an industrial
quality frame plate liner insert. The final dimensions of the samples were 38mnetiam

with a thickness of 17mm.

The Stellite 6 (UNS R30006) weld claddings were produced using a Hot Wire Tungsten Inert
Gas (HWTIG) welding technique. The substrate used for the welding technique was a plate
of UNS G43400 low alloy steel. A single layetniin depth) and a double layer (3.1mm
depth) of the HWTIG Stellite 6 weld cladding were manufactured for comparison purposes.
Following cladding, the test samples were manufactured by EDM (38mm diameter, 17mm
thick) from the HWTIG Stellite 6 weld claddddtps. 10 samples of both single and double
layer Stellite 6 weld claddings received the same nitriding heat treatment as the 905M39

steelin order to achieve a surface hardened layer

The HVOF W@ONi cermet coating was sprayed onto cylindrical sampledh® S31600
substrate. The spray coatings were deposited by an external supplier in accordance with

appropriate industrial standards.

The additive manufactured (AM) test samples (UNS S31600, UNS S15500, UNS R56400 and
UNS NO7718) were produced by the powthed fusion process (PBF). Each of the additive
manufactured samples was required to be heat treated after the PBF process. The heat

treatments for each of the materials are shown in Table 3.3.

Table 33; Heat treatments of thedditive manufactured materials

Material Heat treatment
UNS S31600 870°C for 60 minutes followed by a fast co
below 70C
UNS S15500 545°C for 240 minutes followed by a fast
cool below 70C
UNS R56400 800°C for 240 minutes followed by a fast
cool below70°C
UNS NO7718 980°C for 60 minutes followed by a fast co
below 70C
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3.2.2Test samples surface preparation

The samples were surface prepared prior to testing in order to remove any scratches or
other defects which may have occurred during the sampkchining process. This also
ensured that each test sample had the same surface finish before testing. The surface
preparation procedure involved a grinding process with 500, 800 and 1200 SiC grit papers
which produced a surface finish of O3W Ra. The anples which were heat treated
(carburising, nitriding, induction hardening and quench and tempering) were tested as

received (0.90.2um Ra) in order to assess their industrially relevant surface finishes.

3.2.3Preparation for metallurgical examination

The microstructure of each test material was examined by using standard metallurgical
examination techniques. The first step in the process was to mechanically section the
samples by a Struers Discoteétnabrasive cutting machine. The samples were then hot
mounted in Bakelite by a Struers PromtoPrd€s mounting machine and finally the
samples were ground to 1200 grit paper and then polished on a Struers R@bpollum
diamond paste. After polishing, the samples were etched with an appropriate etching agent
(Table 3.4) to highlight their microstructure before examination under an Olympts1GX

light optical microscope.

Table 34: Etching agents used for the materials

Material Etching agent

UNS G43400, carburised UNS G86200

UNSG52986 (Induction hardening and 204 Nital
guench & tempered), UNS G41400, nitridg
905M39

UNS S31600 (rolled bar and AM),

UNS S15500 (rolled bar and AM), UNS 10% oxalic acid (Electrolytic 1V DC)
S37260, 37% cast iron

UNS S42000, UNS S44003, UNS S440

27%Cr cast iron YEEfAYy3IQa NBI

UNS R30006 (weld cladding and lost wa

adz2NI 1 YAQa NBI
cast)

UNS R56400 (rolled bar and AM),
UNS NO7718 (rolled bar and AM)
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3.2.4Material characterisation

3.2.4.1Energydispersive Xay Spectrosquy (EDS)

A high resolution Hitachi-&/00 Scanning Electron Microscope (SEM) with an accelerating
voltage of 20kV was utilised for ptest and posttest microstructure images as well as
Energydispersive Xay Spectroscopy (EDS) analysis. The EDS ermBleatiquantitative
comparison of the chemical composition for the AM materials with their rolled bar

counterparts.

3.2.4.2Xray Diffraction (XRD)

A Bruker AX®8 Advance equipped with Davinciray diffractometer (XRD) and Gdobel
mirror optics was utilise to identify metallic and ceramic phases of the nitrided and-non
nitrided Stellite 6 weld claddings as well as the additive manufactured alloys. A Cu tube was
used with a two theta range from 20° to 100°, a step size of 0.05° and a step time of 1s at
40kVand 40mA.

3.2.5Hardnessneasurements

A calibrated Vickers hardness testing machine with a 5kgf load was used to obtain macro
hardness measurements of the testing surfaces for the materials. A minimum of 5
measurements were taken and the average value used as the macrbardness of the
materials testing surface. A Mitutoyo MMKL micrehardness testing machine with a 200gf
load was used to determine the mict@ardness profiles for the gas nitrided and Ron

nitrided Stellite 6 weld claddings.

3.2.6Surface roughness measurements

A Mitutoyo SurfTest machine was used to conduct the surface roughness measurements in
accordance with BS EN ISO 4P88]. The standard recommends that the stylus pin move

at a minimum distance of 4mm for accurate nseeements. The measurements conditions

that were used during the surface roughness measurements are shown in Table 3.5.

Table 35: Surface roughness measurement conditions

Measurement length 5mm
Stylus pin speed 0.5m/s

Measurenent range 800um
Number of points 5,000
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3.2.7Sand characterisation

As silica sand is the most commonly used proppant in the hydraulic fracturing industry, it
was decided that this type of proppant would be used for testing instead of resin coated
silicasand or ceramic proppants. The hydraulic fracturing silica sand possesses a hardness
of 7 mohs, which is equivalent to approximately 1,160HV. The hydraulic fracturing silica
sand is also required to be within a certain size and shape according to 1IS®21[32)

and API RP 19@3.3]. In order to assess the shape of the hydraulic fracturing silica sand,
images of the sand particles were taken on the OlympubGght optical microscope at

x50 magification (Figure 3.1). Image J, a scientific multidimensional software programme,
was used to measure the area (A) and perimeter (P) of the sand particles. These values

could then be used to calculate the circularity factor (CF) of the sand particle3. {Eq

™ 0 Eqg. 31

Figure 31: Hydraulic fracturing sand used in erosimrrosion testing

100 untested hydraulic fracturing sand particles were analysed using this technique to
assess the average shapetbé particles and if they meet the expected shape standards.

Figure 3.2 demonstrates the amount of sand particles found to have CF values below 0.8,
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between 0.8 and 0.9 and above 0.9. A schematic demonstrating the defined CF shapes of
particles ranging dtm 0.50.95 is also shown in Figure 3.2. Both ISO and API standards state

that high strength proppants must have a CF value above 0.7, there was only 1 patrticle

which was below 0.8 (CF valu@.76), therefore, this batch of hydraulic fracturing sand met

the standards criteria.

70 64
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Figure 32: Circularity factors for 100 untested hydraulic fracturing particles

To measure the size of the sand patrticles, a sand size distribution (Figure 3.3) was attained
through a sand sieving prose The sand was sieved through mesh sizes qin@,160Qum,
500um, 41Qum, 325um, 25Qum and 18@m.
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Figure 33: Average sand size distribution of the hydraulic fracturing silica sand

3.3 Erosioncorrosion testing procedures
3.3.1 Testing protocol

Before testing, the surface preparation procedure described in 3.2.2 was conducted. After
the grinding process, the samples were cleaned in methanol to remove any debris and
dried with pressurised air. The test samples were then weighea Sartorius Entris mass
balance. The mass balance was calibrated to an accuracy of +0.1mg. A minimum of five
measurements per sample were taken before and after each test in order to assess the
scatter in measured readings. A scatter of less than 0.betgeen the measurements was

deemed acceptable.

The erosiorcorrosion impingement tests were conducted in a closed loop submerged jet
impingement rig, demonstrated in Figure 3.4. The vessel was filled with 33L-béated

(40°C) water which avoided angmperature changes occurring during the experiments.
Sodium chloride (NaCl) was dissolved into the-lpated water, the amount of dissolved
sodium chloride differed between the test phases described in each of the chapters. In the
study described in chaer 4, three NaCl concentrations were used; 0.05% (fresh water),
3.5% (sea water) and 10%. Whereas, the experiments described in chapters 6 and 7, were
conducted with 3.5% NaCl only. A Hanna HI 9033 rarige conductivity meter was used

to measure the conductivity of each aqueous solution to ensure the salinity was kept
constant for each experiment (2mS for 0.05% NaCl, 50mS for 3.5% NaCl and 62mS for 10%

NaCl).In order to conduct electrochemical monitoring (Chapter 3.3.4) and Impressed
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Current Cathodic fi@tection (3.3.5), a Gill AC potentiostat and a three electrode cell

(auxiliary electrode, reference electrode and working electrode) was used.

o

Potentiostat

Figure 34: Schematic diagram of the submerged jet impingement test rig with
electrochemical monitoring equipment @auxiliary electrode, Rreference electrode and
S¢ working electrode)

The studies forming the basis of chapters 4, 6 and 7, eragiomsion tests were
conducted at an impingement angle of 90For the 90 impingenent tests, the test
coupons were placed in the centre of the Perspex specimen holder (Figure 3.5) inside a
40mm diameter extruded hole with 15mm thicknes®r the study described in chapter 4,

a sacrificial anode was used to provide cathodic protectidre $acrificial anode was
located in an extruded hole (40mm diameter, 15mm thick) adjacent to the test coupon
(Figure 3.6)An electricalconnection wire was soldered to the basetbé sacrificial anode
specimens and then the specimen was encapsulatedpioxeresin. Electrical contact
between the sacrificial anode specimen and the tgsécimen was achieved via a wire in
contact with the base ofhe test specimen. This arrangement facilitated measurement of
the galvanic potential of the electrically couglspecimensvhichwas measured using an

Ag/AgCl reference electrode

For all tests, a 5mm thick diskas used to ensure that a 5mm offset distance between the
nozzle and test coupon was kept constant. The specimen holder was then connected to the

slurry pt impingement rig and the test coupon was submerged in the aqueous solution.
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Once the pump was turned on, the hydraulic fracturing sand particles were loaded
gradually into the aqueous solution within the first few seconds of the experiment. The test
durations for all slurry jet impingement experiments was 1 hour. After testing, the test
coupon was cleaned with methanol and dried with pressurised air before being weighed.
Once the test was completed, the impingement rig was drained and cleaned. New slurry
(aqueous solution and sand) was used for each experiment. For each experimental phase,
to ensure consistency during tests, a UNS S31600 stainless steel was used to calibrate the
rig and was used as a reference material due to its generally good corresistance in

various environments.

Nozzle

\_ Test coupon

-
——

Specimen holder

Figure 35: 90° angle of impingement specimen holder with test coupon

-

A | Sacrificial gnqde

..

<

(\ Test coupon )

TN ——

.

“Specimen holder

Figure 36: Modified 90° angle of impingement specimen holder with test coupon and
sacrificial anode
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3.3.2Flow velocity and sand concentration measurements

The measurement of the flow velocity and sand concentration was conducted by filling the
impingement rig vessel with 33L of water and the same amount of sand loading as would
occur inan impingement experiment. The pump was switched on and after 15 minutes, a
plastic hose was placed underneath the exit of the submerged nozzle and the slurry was
collected in a 10L beaker for 20 seconds. The sand particles were collected in a 250um sieve
which was located between the hose and the beaker. The velocity of the jet was calculated

using Eqg. 3.2.

o — Eq. 32

Where, V is the flow velocity (m/s), Q (m3/s) is the flow rate per 20 seconds gaisdhe

radius of the nozel (m). The sieve was then placed in a-peated oven to remove the
moisture from the sand particles. The dried sand particles were then weighed with the
Satorius Entis mass balance. The sand concentration was then obtained through the flow
rate in mg/L. e velocity and sand concentration tests were conducted before and after
each experimental phase to ensure repeatability of the impingement test apparatus. It was
observed that there was no variation in flow velocity or sand concentration throughout the

testing programmes.

3.3.3Segmentation of the test samples

In order to determine the corrosion rates of the zone directly underneath the jet and the
adjacent region, the 38mm diameter test coupon was segmented into two separate
specimens. A 5mm diameter safapwith a surface area of 0.2émas removed from the

test coupon, this represented the direct impinged zone (DIZ). The remainder of the test
coupon had a surface area of 11&rand this represented the outer area (OA). The
segmentation process was condudtby a Maxiem abrasive waterjet 1515 cutting machine
which removed the 5mm diameter sample at the centre of the test coupon, shown in
Figure 3.7. A more elaborate form of segmentation has been developed by Adegbite et al.
[34], who have segmented the different zones of a welded sample within a specific
hydrodynamic zone in order to investigate galvarife@as between theparent material
(PM), Heat Affected ZonéHAZ and weld metal.
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Both sections (DIZ and OA) were connected to separate electrical wires via a spot welding
machine to form electrodes. Before the small specimen was placed back insidesthe t
coupon, a heat shrink tube of 0.8mm thickness was placed around the small specimen to
ensure that both sections were electrically insulated. The segmented sample was then
encapsulated in resin inside a 40mm diameter mould, which also aided as aroaalditi
insulating barrier between the DIZ and GAgure 38 demonstrates an Inconel 718 (UNS

NO07718) sample which has been segmented

Figure 38: Segmented sample encapsulated in epoxy resin
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3.3.4Potentiodynamic polarisation scans

Potentiodynamic polarisation scans were used to indirectly measure the corrosion rates of
the test specimens (both full and segmented) in stalowing (solid free) and isitu of the

slurry jet impingement tests. The potentiodynamic polarisation scans utilised the standard
three electrode cell (Ag/AgCl reference electrode, the working electrode (test coupon) and
a platinum auxiliary electroge with an ACM Instruments Gill AC electrochemical

potentiostat.

Before conducting the polarisation scans, the free corrosion potentigl) (BEas measured

15 minutes after the test coupon was immersed in the aqueous solution in order for it to
stabilise. Polarisation scasmwere conducted by shifting the initial electrode potential either

20mV more positive (cathodic) or 20mV more negative (anodic) than the free corrosion
potential, hence ensuring that the transition point would occur. Scans were therdena

300mV more negative (for cathodic scans) or 300mV more positive (for anodic scans) at a
sweep rate of 15mV/minThe chosen ranges were sufficient to evaluate corrosion current
measurements by way of Tafel extrapolatiorhe measured current densities veethen

dzZaSR G2 S@lFfdad S GKS aaz20AFdiSR Ylaa ft2aaSsSa
Law EqQ. 2.9

3.3.5Application of cathodic protection

Cathodic protection was applied by impressed current cathodic protection (ICCP) and
sacrificial anodeathodic protection (SACP). ICCP was applied using the three electrode cell
(Ag/AgCI reference electrode, working electrode (test coupon) and the platinum auxiliary
electrode) with an ACM Instruments Gill AC electrochemical potentiostat. Two methods
were ugd to apply the SACP, the first utilised a piece of commergiedigured zinc alloy
which was specifically designed for SACP and a commercially availablearzicle-

containing paint (Zinga).

ICCP was applied in the experimental studies described ptetsad4, 6 and 7 to assess the
erosion damage occurring during the slurry impingement tests. An electrode potential of
-800mV was selected as this was considered suitable to suppress anodic reactions occurring
at the test coupons surface. This was somed by back extrapolation of the anodic

polarisation scans of each material which demonstrated that the residual anodic current
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densities at-800mV were negligible. An example of the back extrapolation method is

shown in Figure 3.9.

-200 | T T
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Figure 39: Example of the back extrapolation technique used to determine the residual
current densities at800mV cathodic protection potential (mater@UNS S31600)

The SACP methods were only used in the experimental study described terchapo
establish if they could be used in erosioorrosion test conditions to cathodically protect a
low alloy UNS G43400 stedlhe Zinga coating was applied to the side of the 38mm
diameter test samplesshown in Figure 3.10. As the coating was am dhdes of the test
coupon, this reduced the effect of the coating being removed by the abrasive particles and

contributing to the overall material loss.
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Test Surface

Figure 310: UNS G43400 steel test coupon with Zinga coated side

The measured coupled electrode potential between the UNS G43400 and the sacrificial
anodes are given in Table 3.6. Both SACP methods were effective in achieving desire
electrode potentials to adequately provide cathodic protection to the UNS G43400 low

alloysteel.

Table 36: Measured coupled potentials between the UNS G43400 steel and sacrificial
anode/coating

Coupled material Coupled potential (mV)
UNS G43400 Zinc anode -1025
UNS G4340q Zinga coating -820

3.4 Repetitive impact testing procedures

A test rig was designed and manufactured in order to assess repetitive impact wear
between two material surfaces. The test rig was designed to test coupons of the same size
as the erosiorcorrosion testsamples. As the sizes of thepscimens were small, this
allowed materials to be tested quickly and inexpensively. This would assist with establishing

suitable material candidates for the valve seat (Chapter 5).

72



Chapter 3: Methodology

The test rig was designed to mimic the service conditions of the valve digaig
operation. Finite Elemenfnalysis (FBAlata was supplied by engineers from Weir Group
PLC. This information included the metaétal contact pressure, metahetal contact area,

metalmetal contact force and contact angle. These are indicatedliteT3.7.

Table 37: Valve seat operating parametef3.5]

Parameter Value
Metal-metal contact pressure 4.1x16N/m?
Metal-metal contact area 0.0044nt
Metal-metal contact force 1.8MN

Contact angle 40°

The high load required to replicate the force of the valve intipgcon the surface of the
valve seat was unrealistic to achieve in small scale laboratory testing. Therefore, a smaller
contact area and applied load was chosen for testing. Hence, thecioptessure between

the impacto and specimen would be the sameepsure as the valve applies to the seat.

The repetitive impact rig test parameters are shown in Table 3.8.

Table 38: Repetitive impact test rig parameters

Parameter Value
Impactorspecimen contact area 7.9 x10°m?
Impactorspecimen contact force 32kN

Impactorspecimen contact pressur{  4.1x16N/m?

A Zwick Roell 2061 hydraulic tensile testing machine was used for the repetitive impact
testing. This was capable of applying a compressive load up to 50kN; hence, it was capable
to produce the 32kN contact force required for testing. The valve operates at a frequency
of approximately 5Hz; hence, the hydraulic tensile testing machine operated at a frequen

of 5Hz. A custoamade impacto (Figure 3.11) is connected to the hydrauliodiée testing
machine. Tie material used for the impactavas carburised 8620 steel, which is the same

as the valve material.
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Figure 311: Custom made impactor for repetitive impact test rig

As there are also sand particlediish are crushed between the valve and seat during the
operation of the valve closing, it was also important to incorporate this aspect into the rig.
Therefore, a constant supply of hydraulic fractursend was fed between the impacto

and specimen to rdjrate the crushing of sand. The proppant was mixed with a cellulose
gel which was capable of holding the sand in suspension. The suspended sand was supplied
to the sample through a Verderflex peristaltic pump. The sand concentration of the rig was
54g/l. The specimen holder contained a guard with an inlet and outlet for the slurry. The

repetitive impact test set up is shown in Figure 3.12.
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Figure 312: Schematic of repetitive impact test rig

The operation of the test rig was dollows:

1 The infeed pump was switched on and supplied a constant flow of slurry with
suspended sand particles to the specimen.

1 Once there was a constant flow of slurry, the hydraulic piston was activated which
impacted with the specimen and crushes #and at a rate of 5Hz.

1 The used slurry was then drained through the drainage hole in the holder which is

fed through the second peristaltic pump.

3.5 Posttest analysis techniques

3.5.1Macro and micro examination of the tested surfaces

Macro-examinationimages were taken with a singlens reflex (SLR) camera of the post
test surfaces for both erosieoorrosion and repetitive impact testing to record the overall
surface damage. The test surfaces were also examined under an Olymghk ligKt
optical micoscope to assess the degradation processes which occur in the different wear

regions during erosiouorrosion testing.
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3.5.2Surface topography

An Alicona InfiniteFocus Optical Microscope was used to conduct thetggissurface
topography. The Alicongperates with an X, Y and Z coordinate system which enabled a 3D
aoly 27F GKS (S a,i.e. BeaebRirgclyaundgriehtiNthedntbindefent jet
(erosioncorrosion testing) and alsthe area underneath the impactqrepetitive impact
testing). A optical magnification of 5x and a vertical resolution of 800nm was used to scan
the test coupons. The error in the 3D scan was stated (by the manufacturefjas in

terms of surface texture antl0.02mnt in terms of volume loss.

The benefits of using thAlicona over a conventional stylus profilometer is that the surface

texture analysis tool can be used to conduct multiple line scans to establish the deepest
wear scar profile. The 3D scan could also be converted into a colour contour map (Figure
3.13) which enabled higher precision profile scans. The volume loss measurements
provided a further understanding of the degradation processes as it was used in developing
a gquantitative tool (Chapter 3.5.3). The volume loss was measured by constructing a
polygonaround the area of interest, the volume below the surface was then calculated to

yield the volume loss.

Figure 313: Example of the colour contour map created by Alicona to establish wear scar
depth and volume loss for tesbupons

76



Chapter 3: Methodology

To ensure the accuracy of the Alicona machine, a calibration test was conducted by
Giourntas[3.5] prior to the volumetric analysis of the test coupons. A test coupon with a
90um blind hole CNC machined from its aentwas used for calibration. Table 3.9 shows
the measured Alicona volume loss and the theoretical volume loss from mathematical

calculation of a cylinder. The error in the measurement was 7%.

Table 39: Volume loss measuremerfty the calibration sample

Measurement method | Volume of hole (mmnd)

Theoretical 1.76

Alicona 1.63

Another consideration was the error which may occur due to thickness loss outside of the
wear scar during testing due to sliding abrasion, corrosion anmtkrgy. Figure 3.14
demonstrates an example of a typical wear scar profile illustrating the outer area thickness
loss which occurs due to sliding abrasion and corrosion related damage. Table 3.10
illustrates the estimated profilometer measurement error, whidemonstrates that the

error is negligible.
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Figure 314: Example of a 2D wear scar profile demonstrating the outer area thickness loss
resulting from sliding abrasion and corrosion related damage
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Table 310: The estimated error in volume loss measurement as a result of the thickness loss
in the outer area and the measured wear scar depth

Wear scar depth Thickness loss
Material P outside of the wear Error (%)
(um)
scar (1m)
UNS S31600 112 0.32 0.29

3.5.3Volumetric analysis technique

As the test coupon was 38mm diameter and the exit of the nozzle was 4mm, two distinct

wear regions were found during erosi@orrosion testing (Figure 3.15).

1 The direct impinged zone (DIZ) is formed directly underimebé jet and is often
referred to as the wear scar. Recent studigg, 3.8] have found that the particles
impact at angles that vary fro5° in the centre to 48 at the edges of the wear
scar. Figure 3.16 shows the predicted impact angle with respect to the distance
from the @ntre of the nozzle. The higher impact angles tend to cause ergper
damage as shown in Figure 3.15.

9 The second region is referred to as the outer area (OA), where the particles are
impacting the test surface at low angles and producing a sliding iabrastion.

The intensity and damage of the abrasive scratches decreases towards the outer

edges of the test coupon.

Figure 315: Test coupon after erosiecorrosion testing demonstrating the DIZ (1) and the
OA (2)
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Figure3.16: CFD models predicting the impact angle of the particles with respect to the
distance from the nozzle centre during sdiighid impingement condition8.8]

In the erosioRcorrosion testing, the volume loss from the diréetpinged zone (M) and
the volume loss from the outer area (4-equate to the total volume loss (TVL), as shown
in Eqg. 3.3.

"YoO w0 w0 Eq. 33
The volume loss in the outer area was calculated by subtracting the direct ietpzune

volume loss from the total volume loss, which was measured by Alicona InfiniteFocus 3D

optical scanner, (Eq. 3.4).

w0 YoO w0 Eq. 4
For a more comprehensive understanding of the degradation processes occurring during
the erosioncorrosion testing, the damage mechanisms occurring in each wear regien w

quantified (Eq. 3.5). The contributing mechanisms to eresmmmosion were shown in Eq.

2.2.
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YO 0008 O & Y Y& 8 Y Eq. 35

Where, [5zis the pure mechanical erosion damage occurring within the wear sgailsC

the corrosion damage occurring within the wear scajyz iS the synergy occurring within

the wear scar, S#\ is the sliding abrasion occimg in the outer area, & and $ais the
corrosion and synergy occurring in the outer area. When cathodic protection is applied,

only mechanical damage occurg,¢Bnd SA,), shown in Eg. 3.6.

YOO60 O Yo Eq. 36

As the TML(CP) and the di are measurable, the SAcan be simply obtained through
Equation 3.6. The mass losses due to corrosigpd@d G0 | NB OF f Odzf I G SR
Law, by Tafel extrapolation, using the potentiodynamic polarisation curves generated by
the segmented sample (Chapter 3.3.3). Hetice synergy terms ggand %, can be easily

calculated.

The enhanced approach allows a better appreciation for comparing the corrosive wear
performance of various materials under sdliguid impingement condibns, than can be
attained from a single measurement parameter (i.e. total mass 88). The technique

also enables a differentiation between two different types of mechanical degradation
processes (high angle erosion and sliding abrasion). The employed technique has yielded
significant improvements in the understanding afosioncorrosion behaviour and has
demonstrated the complexity of this phenomenon, through cases where material rankings
have changed dependent upon the material degradation process of interest, as

demonstrated in Chapter 4.6.1.
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Chapter 4: Assessment of fluid end materials and effect of enmirental
conditions

4.1 Introduction

The durability of fluid ends (which are the positive displacement pump casings) is essential
to the life of the hydraulic fracturing positive displacement pumps. The fluid ends can
experiencea broad range of operating conditions (different pumping pressures, proppant
loading etc.) as well as various hydraulic fracturing fluid chemical compositions. These
extreme operating conditions can cause severe corrosive wear (as demonstrated in Figures
4.1 and 4.2) to the wetted areas of the fluid end. A high strength low alloy steel (UNS
G43400) is currently widely used as the fluid end material in hydraulic fracturing fluid ends.
To increase the life expectancy of the fluid ends, it is clear thatlact®n in the corrosive

wear damage would be extremely beneficial.

in valve lift area

Figure 41: Corrosive wear damaged observed in valve lift area in fluid end (courtesy of Weir
SPM)
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Al

Corrosive wear damage in|
discharge taper

Figure 42: Corrosivevear damage occurring itme discharge taper in a hydraulic fracturing
pump fluid end (courtesy of Weir SPM)

To combat the corrosive wear issue, two different approaches were selected. The first
approach was to assess alternative materials with signifigaimhproved corrosion
resistance than the currently used low alloy steel. In this case, three stainless steels with
different chemical compositions and microstructures were selected as the alternative
materials. The second approach was to assess the gatesftapplying cathodic protection
(both impressed current and sacrificial anode) to reduce the corrosive wear damage of the
low alloy steel. As the water source for the hydraulic fracturing fluid varies between
hydraulic fracturing sites and operatiorgthges, the soliiquid impingement experiments
were conducted in three different levels of salinity (freshwater, seawater and brine) to

assess the effect of salinity on the corrosive wear performance of the test materials.
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4.2 Literature review
4.2.1 Conparative studies between stainless steels and low alloy steels

As low alloy steels have poor corrosion resistance, various grades of stainless steels have
been developed to increase the service life of a variety of engineering components. As a
result of gainless steel development, there have been numerous comparative studies
which have demonstrated the superior erosioarrosion resistance of stainless steels in
comparison with low alloy steels. This was demonstratedbyille et alwho studied a €

Mn geel and two stainless steels (austenititJNS S31603 and dupleXtJNS S32205) in

both liquid 00mM/s, 3.5%NaCb0°C) and solidiquid 25m/s, 3.5%NacCl and 1000ppm silica
sand 50°C) conditions at normal incidendd.1]. There was a significant contributiorf o
corrosion related damage in the solidquid erosioncorrosion tests (37% of the overall
material loss for the ®1n steel, 19% of the overall material loss for the UNS S31603 and
24% of the overall material loss for the UNS S32206g passive film pretted the
stainless steels froraubstantialmaterial removal in solidree liquid conditions, wher@sin

such conditiongshe GMn steelexperiencecextensiveerosioncorrosion damageHowever,

in solidliquid conditons, the passive film was distath from the surface of the stainless

steel, whichthen caused the stainless steelsawhibit corrosion related damage.

A similar trend was also found by Giourntas eff4R]. This study compared four different
grades of stainless steel (austenitiNS S31600, SuperdupleldNS S32760, martensitic
UNS S42000 and predgtion hardened- UNS S17400) and a low alloy steel grade UNS
G10400 in normal incidence soliquid impingement conditions2@dm/s, 200mg/l 3¢
35°C).In free erosioncorrosion FE¢conditions, thelow alloysteel demonstrated average
mass losses two tigs greater thanthat of the stainless steels. However, gathodic
protection (mechanicaldamage only)conditions the increase was reduced to only.3
times greateraveragemass loss. The poor corrosion resistance of ling alloy steel
resulted in greate corrosion related damagelhis was evident from anodic polarisation
monitoring, asthe low alloy steel was found to be-83 times greater than the stainless
steels(depending on grade)n terms ofmass loss due to corrosion. The SuperdufflédS
S32760)was marginally (1.2 times) better than the other stainless sieefsich all
performed similarlyto each other.This was due to the removal of the passive oxide film by

the impacting sand particles.
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Another study by Neville and Wafgund that a low alloysteel (X65 pipeline steelAP5L-

X65) demonstrated approximately 4 times greater mass loss compared to two stainless
steels (martensitic- UNS S41000 and SuperduplexUNS S32760) in soliduid
impingement conditions (normal incidence, 500mg/l sandchaamtration, 20m/s, 5€C)

[4.3]. The corrosion related damage of the overall damage for the carbon steel was about
40%, whereas it was about 25% for the martensitic stainless Staed.was attributed to

the poorer corrosion resistance of the carbon steel. Tuerosion component of the
Superduplex was negligible and could not be quantified by calculating the charge transfer
corrosion resistance from AC impedance resulience, demonstrating the superior

corrosion resistance of the stainless steels.

Rajahram efl. studied the erosiorcorrosion resistance of a low alloy steel (UNS G10200
and a stainless steel (UNS S31603) in a slurnf4odr In distilled water with 1% sand
concentration boththe low alloy steel and austenitic stainless steatl similar mass losses.
However, in 3.5% NaCl the low alloy steel demonstiabughly5 times greater mass loss

than the austeniticstainless steel. Agairthis study demonstratedhat the low alloy steel

and stainless steel have similar resistance to mechanical damage, however, when corrosion
related damage becomes involved, tkdsa significant proportion of damage with tHew

alloysteel.

Giourntas et alutilised an enhanced volumetric analysis technique to assess the erosion
corrosion damage of a low alloy steel (UNS G10400) and an austenitic stainless steel (UNS
S31600)n normal incidence soliiquid impingement conditions (3.5%NacCl, 19m/s and
150mg/I sand concentration#.5]. In terms of total mass lossinder FEC conditionghe

low alloy steel was found to suffer a losgce as great as the stainless steel. However, in
pure erosion tests, the difference was reduced sigmnififato only 1.3 times.Anodic
polarisation testsn the Direct Impinged Zond)lZ(underneath the impinging jetyevealed

that both materials exhibited similafree corrosion potentialsE,., (-547mV for UNS
S31600 and574mVfor UNS G104Q0anda corrasion rate, e (0.2mA/cm2for UNS S31600
and0.5mA/cm?for UNS G10400However, in the Ofouter area where the environment is
less erosivelhere was a significant difference betweegn,H-337mVfor UNS S31600 and

524mV for UNS G104Q0and Lo (0.003mA/cm2for UNS S316000.4mA/cm2for UNS
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G10400. Once gain the erosion and abrasion resistance of the austenitic stainless steel
was found to be similar to that of a low alloy steelitbcorrosion related damage
significantly affeatd the low alloy stel. The study also demonstrated that when the
passive film is removed, the stainless steel has similar corrosion rates to that of a low alloy

steel because the passive filmpisriodically removed fronthe metal surface.

Foley and Levgonducted dry erosin experiments with AD; particles at 30m/s on a low
alloy steel (UNS G43400) and an austenitic stainless steel (UNS §30@]0Bpth the low

alloy steel and stainless steel demonstrated similar erosion resistdfm&ever, another
study by Levy and Hickg4.7] found that a low alloy steel (UNS G1@8lemonstrated
poorer resistance to mchanical damage than an austenitic stainless steel (UNS S31600)
when tested in a slurry pot with kerosene and 30%wt coal. This contradicts the findings
from previous erosioftorrosion studieg4.2, 4.4, 4.5], however, abrasion is more likely to

be the main wear mechanism for the slurrgtpesting apparatus due to the low angle

damage which occurs in the slurry pot testing device which may explain this discrepancy.

4.2.2 Comparative studies between stainless steels

Stainless steel is a general term to describe a wide variety of iron baagatials which
exhibit good corrosion resistance due to the presence of chromium (greater than 10.5%wt).
The addition of alloying with elements such as molybdenum, nickel, tungsten and nitrogen
also assist in increasing the corrosion resistance of tldnlsss steels. These alloying
elements typically assist in improving resistance to localised attack such as pitting and
crevice corrosion. Like low alloy steel grades, the microstructure of stainless steels can vary
dependent upon the alloying elements érheat treatment process. The most common
types of stainless steel microstructures are either austenitic28%Cr, &€4%Ni), ferritic
(12-21%Cr, @%Ni) or martensitic (:18%Cr). However, with the requirement of
combatting pitting and crevice corrosion extremely corrosive environments, stainless
steels have been developed further to high alloy stainless steel grades such as duplex (21
23%Cr), Superduplex (26%Cr) and superaustenitic (22%Cr, 1:B0%Ni, 27%Mo, 0.18
0.26%N). The relative performanad these different stainless steel grades have been

assessed under erosiaorrosion conditions and will be discussed in this section.
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Al-Malahy and Hodgkiess compared the breakdown potentials of a martensitic stainless
steel (UNS S43000), an austeniti@istess steel (UNS S31603) and a superaustentic
stainless steel (UNS S31254) in flowing (3m/s with 35,000ppm TDS) and liquid jet
impingement (95m/s with 35,000ppm TDS af 8@pingement) condition$4.8]. In flowing
conditions, the breakdown potentials of the austenitic stainless steel (220mV SCE) and
martensitic stainless steel -60mV) was significantly reduced compared to the
superaustenitic stimless steel (900mV). The more aggressive nature of the liquid jet
impingement conditions resulted in reductions in breakdown potentials for all stainless
steels, both UNS S31603 and UNS S43000 were found to be active (no breakdown
potential) and the breattown potential of the UNS S31254 was reduced to 850mV.

A similar trend was also found by Neville and HodgKié€3. In this study an austenitic
stainless steel grade (UNS S31603) was compared in terms of breakdown potentials with
two different grades of Superduplex (UNS S32760 and UNS S32205) in static (35,000ppm
Total Dissolved SalksIDS) and liquid jet impgement (100m/s with 35,000ppm TDS af 90

angle of impingement) conditions. In static conditions, the breakdown potential of UNS
S31603 (505mV SCE) was significantly lower than the UNS S32760 (1083mV) and the UNS
S32205 (1095mV). In liquid jet impingemeabnditions, the breakdown potentials
substantially reduced due to the more aggressive environment but there was still a
significant difference between the UNS S31603 (363mV) and the higher grade alloys (UNS
S32760: 105mV SCE and UNS S32205: 990§ wa attributed to the more stable

passive oxide film formed on the higher grade stainless steel alloys.

Hu and Neville assessed an austenitic stainless steel (UNS S31603) with a higher grade
superaustenitic stainless steel (UNS S32654) under-lgliid corditions (3.5%NacCl) with
various solid loadings and fluid velocities10]. The higher grade stainless steel (UNS
S32654) demonstrated smaller corrosion rates under all conditionthé SS316. The
smaller corrosion ratesvere attributed to the additions of Mo, Cr and N which reduced
metal dissolution when the surface was-gassivated and exhibited better qgassivation
properties. The study also demonstrated that, above a sand loading of 60mg/aand
velocity of 7m/s, there was a transition from flow induced corrosion to erosgmirosion

mechanismsThis was caused by the destruction of the passive oxide film by impacting
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sand particles which resulted in a transition between nominally passive behaviour-to de

passivationfe-passivation behaviour.

A further study by the same authors, assessed the eresimrosion resistance of two
superaustenitic stainless steel grades (UNS S31245 and UNS S32654) and a Superduplex
grade (UNS S32750) in sdiglid conditions (17m/s, 66640mg/lI sand loading and 90
impingement) [4.11]. In terms of total weight loss, the UNS S32654 was found to be
marginally better than the other highlloy stainless steel grades (1.2 times better than UNS
S31245 and 1.06 times bettthan UNS S32750). The marginal differences were found to

be caused by the different proportions of corrosion related damage. The UNSIE5312
demonstrated the greatest proportion of corrosion related damage (18%) compared to the
UNS S32750 (13%) and th&® S32654 (7%). This demonstrated that the addition of
alloying elements effects the corrosion resistance of the stainless steels and does not assist

with improving the resistance to mechanical damage.

Meng et al. also conducted experiments in sdiigiid conditions (3.5%NaCl, 20m/s with
500ppm sand loading) and compared UNS S31603 and UNS J32/80In terms of
erosion damage, both stainless steels exhibited similar damage. However, there was a
significant increase in corrosion related damadfehe UNS S31603 when compared to the
higher alloy grade, UNS S32750. This study is in agreement with previous fipd8tgs
4.10].

Lopez et al. compared a martensitic stainless steel grade (UNS S42000) with an austenitic
stainless steel grade (UNS S30400) in digiidd conditions (0.5M 6Q, 3.5%NacCl and
30%wt quartz sand)4.13]. Two impingement angles (30° and 90°) and two velocities
(4.5m/s and 8.5m/s) were evaluated. The predominant material degradation mechanism
for the UNS S30400 was mechanical damage at both angles and velocities. However, the
martensitic stainless steel exhibited uniform, pitting and corrosiseisted erosion attack

at all angles and velocities. The austenitic stainless steel exhibited the better erosion

corrosion resistance due to its superior corrosion resistance.
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4.2.3 Effet of salinity on low alloy and stainless steels

Due to the demand for the hydraulic fracturing industry to use salt water and recycled
flowback water, the salinity of the water will greatly increase compared to using freshwater
[4.14]. Therefore, the effect of salinity must be considered when assessing alternative
materials for the fluid end, as the chloride content is one of the environmental factors

which influences corrosion rates (Chapte4.2).

A review of corrosion in the oil and gas industry by Brondel et al. states that the corrosion
rate increases with increawy salinity until 5%NaCl content where it reaches a maximum
[4.15]. Above this salinity, the solubility of oxygen in the water reduces and heedeces

the corrosion rate. It also states that, above a salt content ofN&@j the corrosion rates

reduce below that of freshater. As indicated by Figure 4.3 below.
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Figure 43: Effect of salinity on corrosion rates for low alloy steelative to freshwater
conditiong4.15]

A similar trend was found by Uhlig and Morrill who studied the effect of salinity on the
corrosion rates for an 18@Ni stainless steel and a mild stddl16]. It was found that
increasing the salinity, increased the corrosion rate for the mild steel (uniform corrosion)
until approximately 3%NacCl, salinities above 4% actually reduced the corrosion rates below
that of freshwater (Fgure 4.4). However, for the stainless steel the corrosion rate (pitting

corrosion) increased until 4%NaCl before decreasing at greater salinity levels. They also
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attributed this trend with the limited solubility of oxygen with increasing salt

concentrations.
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Figure 44: Weight loss for a mild steel and stainless steel for different salt concentrations
[4.16]

Hasan compared the corrosion rates of a low alloy steel pipe in three different salinities
(distilled water, 0.IN NaCl and 3%NaCl) in various turbulemditons [4.17]. The
corrosion rates were found to increase as the fluid became rngulent. The study also
found that higher salinity levels resulted in higher corrosion rates, with the greatest
corrosion rate increase up to 1.5 times greater for 3%NaCl compared to distilled water in

the most turbulent condition.

Al-Malahy and Hodgkiss compared the breakdown potentials of UNS S43000 and UNS
S31603 in two different salinities (8®0ppm and 55,000ppm) at temperatures of’€5and
45°Cin static, flowing (3m/s) and liquid jet impingement (95m/s) conditiph8]. Results
on the effect of salinity were inconclusive, in some situations there was a reduction in
breakdown potentials, as would be expected, but there were also comditwhere the

breakdown potential increased with salinity.

It should be noted that there have only been limited studies assessing the effect of salinity

under corrosive wear conditions. A study by Chen et al. assessed the effect of different salt
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concentations (0.5, 1, 2, 3 and 4%NacCl) on Inc@@#d and SS316 under pin on disk
conditions [4.18]. In terms of corrosion rates, it was foundaththe corrosion rates
increased until 3%NacCl salinity then began to decrease. This links with some of the previous

studies conducted under static conditions.

Another study by Tomlinson and Talks compared a range of cast irons under cavitating
conditionsin three different salinities (distilled water, 0.02%NaCl and 3%NaTh]. For

all cast irons, the wear rate was found to increase with increasing salinity. A nitrided
pearlitic cast iron with carbides demonstrated the largest wear rate increase, almost 20

times.

4.2 4Effect of cathodic protection

Cathodic protection can be achieved by supplying a flow of negative charge aimed at
eliminating any metal dissolution. As described in Chapté/53, there are two types of
cathodic protection which can be appliedmpres®d current (ICCP) and sacrificial anode
(SACP). The ICCP method requires a DC or AC with rectifier power supply with an auxiliary
electrode whereas the SACP method uses a zinc, aluminium or magnesium based alloy to

create a galvanic cell which provides #iectrical current required for cathodic protection.

Both types of cathodic protection systems are commonly used in the oil and gas industry to
prevent corrosion occurring on offshore rig structures, and external corrosion on wells and
pipelines[4.15]. Cathodic protectionystems and coatings such as galvanising are also used

on offshore wind energy devices to protect the structures from the corrosive seawater

[4.20].

A study by Young and Hodgkiess found that a paint containing zinc particles could
effectively protect austenitic stainless steels (UNS 304000 and UNS S31603) from crevice
corrosion in static 3.5%NaClwapus solutiorf4.21]. The study also demonstrated that the

zinc containing coatings atal protect a low alloy steel in static conditions for a few days

before the steel began to corrode.

Work by Okada et al. assessed a zinc coated S35C steel and the influence of cavitation
erosion on corrosion fatigugt.22]. The study found that the zinc coated steel increased the

fatigue strength of the steel under the cavitation erosion conditions. Another study by Yaro
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et al. found that the consumption of zinc anode protecting a copper pipe, increased when

the salinity level, temperature and flow velocity increa$é@3].

ICCP has been used widely in studies to demonstrate the benefits of using cathodic
protection in improving the erosioworrosion resistance of a wide range of materials.
However, there is no data in the literature demonstrating the use of SACP idigola

erosionrcorrosion conditions.

Giourntas et al. demonstrated that ICCP can reduce thesnass for a low alloy steel (UNS
G10400) and a stainless steel (UNS S31600) under normal impingemenligsalid
conditions (3.5%NacCl, 19m/s with 150mg/lI sand concentraf{i$5). Neville and Hodgkiess
also demonstrated that ICCP could significantly reduce the erasioosion damage of
UNS S32760, UNS NOO&2l UNS AMS5387) by eliminating the corrosiglated damage
[4.24]. ICCP can also reduce the erosiomrosion damage of a cermet (HVOF @) as

demonstrated by Andrews et §4.25].

4.3 Literature review conclusions and experimental objectives

The review of the literature demonstrated that a significant amount of work has been
conducted comparing the erosiezorrosion resistance of low alloy and stainlessels as

well as comparing different stainless steel grades. The main observations were that the
passive films caused the stainless steels to exhibit better eraiowsion resistance than

the low alloy steel, however, under cathodic protection condiio(pure mechanical
damage), the stainless and low alloy steels performed similarly. For higher alloy grade
stainless steels, the higher alloying content resulted in better corrosion resistance than the
lower grade stainless steels but had no effect onribving the resistance to mechanical

damage.

From the literature, it is also evident that virtually no research has been conducted to
assess the effect of salinity on the erosiomrrosion behaviour of low alloy steels and
stainless steels. As the demarat the hydraulic fracturing industry to use more saline and
recycled water increases, the corrosiveness of the fluid will increase dramatically.
Therefore, a significant part of this study will assess the effect of salinity on the erosion

corrosion resistace of the current and potential fluid end materials.
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It is also apparent, that there is a lack of research assessing the potential of using cathodic
protection, in the form of sacrificial anodes/coatings, to reduce the eresmmosion

damage of enginedng steels.

4.4 Materials and methods

The alloys selected in this study are stated below:

1 High strength low alloy steel (UNS G43400) which is the main alloy currently being
used as the fluid end material.

1 Precipitation hardened martensitic stainless st@¢NS S15500) which is considered
as a possible alternative material due to its high yield strength and reasonable
corrosion resistance. This alloy has been modified by the industrial sponsor to
improve its yield strength and impact toughness.

1 Superduplexstainless steel (UNS S32760) is also considered due to its excellent
corrosion resistance.

9 Austenitic stainless steel (UNS S31600) is used as a reference material due to its

good corrosion resistance in various environments.

The nominal chemical compositis of the low alloy steel and stainless steels are illustrated

in Table 4.1. Table 4.2 shows the densities and measured hardness of the test materials.

Table 41: Nominal chemical composition (wt%) of the low alloy steel andlst&s steels

Material C Cr Ni Mn Si Mo S N P Cu Fe
UNS 037-| 0.7 1165 | 0.6- | 0.15 | 0.2

G43400| 0.43| 09| 2 | 08| 03 | 03 | %04 - |0035 - | Bal
UNS | 007| 14 |35 | 1 [ 1 | 003 _ | 04!25| gy
S15500| max | 15.5| 5.5 | max | max max ' 45
UNS 0.03 | 24- 1 1 0.01| 0.2-| 0.03| 0.5
S32760| max | 26 6-8 max | max 34 max| 0.3 | max | 1 Bal
UNS 0.08 | 16- 10- 2 0.75 2.3 0.03| 0.1 | 0.045 i Bal
S31600| max | 18 14 max | max max | max| max
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Table 42: Densities and measured hardness values of the test materials

Material Density (g/cn?) Hardress (H\t, 5kgf)
UNS G43400 7.85 300
UNS S15500 7.80 360
UNS S32760 7.80 265
UNS S31600 8.00 170

A commercially available zinc anode (supplied by MG Duff) and a zinc particle containing
paint (Zinga) was used to assess the potential of SACP to rethgiencorrosion damage
of the low alloy steel. Table 4.3 demonstrates the chemical composition of the zinc anode

(supplied by vendor)

Table 43: Chemical composition of the zinc anode

Element Cu Al Fe Cd Pb Zn

Wit% 0.05 0.01-0.5 0.005 0.025 0.006 Bal

Figures 4.51.8 display the microstructures of the test materials. The low alloy steel (UNS
G43400) and precipitation hardened UNS S15500 stainless steel comprises tempered
martensite with retained austenite. The Superduplex 8JM32760) stainless steel
possesses the typical 50% ferrite and 50% austenite microstructure. The stainless steel

(UNS S31600) demonstrates an austenitic structure with delta ferrite grain boundaries
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Figure 45: The microstucture of UNS G43400 with tempered martensite and retained
austenite

Figure 46: The microstructure of UNS S15500 with tempered martensite and retained
austenite
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Figure 48: The microstructure of UNS S31600 containing austenite with delta ferrite (dark
phase) formed in the grain boundaries
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The erosiorcorrosion testing was condted in the slurry jet impingement test apparatus

as described in Chapter 3.3.1. The duration of the tests was 1 hour and the nozzle diameter

was 4mm. Three different salinity levels (0.05%Na&@shwater, 3.5%NaCkeawater, and

10%NaCk brine) were closen to assess the effect of salinity on the erostomrosion

behaviour of the test materials. The temperature of the aqueous solution wag°@and

the velocity of the impinging jet was 18m/s. The sand concentration was 0.5g/l. After FEC

tests, the lowalloy steel, UNS G43400 specimens, were immersed in an inhibited acidic
a2fdziAzy o/t Ny Qa az2tdziazyo Ay 2NRSNI 42 NBY:
prior to weighing. Cathodic protection was applied through the ICCP and SACP methods
descriled in Chapter 3.3.5 and potentiodynamic polarisation scans were conducted using

the methodology described in Chapter 313

4.5 Results
4.5.1 Volume loss measurements

The measured mass losses for the test materials were converted into total volume lbysses
using the densities of the materials stated in Table 4.2. This facilitated a more accurate
comparison between the test materials. Figure 4.9 demonstrates the total average volume
losses with scatter bands representing the 4 replicates tested under ttee tdifferent

saline environments. It is evident that there were marginal increases in total volume loss
for the stainless steels as the salinity of the solution was increased. For the low alloy steel
(UNS G43400) there was a significant increase in taihlme loss as the salinity was
further increased from 0.05%NacCl to 3.5%NaCl. However, as the salinity was increased to
10%NacCl there was no discernible increase in eresiorosion damage. The Superduplex
stainless steel (UNS S32760) demonstrated thee$d total volume loss compared to the
other test materials in all salinity levels. When ICCP was applied, there was a significant
reduction in total volume loss for the low alloy steel, as would be expected. A marginal
reduction in total volume loss wasbserved for the stainless steel alloys when ICCP was

applied.
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Figure 49: Total volume losses of the test materials in the different saline conditions

Erosioncorrosion tests (3.5%NaCl aqueous solution) were also condueiibdthe low

alloy steel coupled with a sacrificial anode and also covered by a sacrificial coating. Figure
4.10 illustrates the total volume loss for the low alloy steel in FEC, ICCP and SACP
conditions. A minimum of three replicates were conducted inretesting environment. A
significant reduction in material loss was observed when ICCP and SACP were applied. The

results demonstrate that SACP (anode and coating) is clearly as beneficial as applying ICCP.
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Figure 410: Totalvolume losses for UNS G43400 in FEC, ICCP and SACP testing conditions

4.5.2 Electrochemical monitoring

4.5.2.1 Potentiodynamic scans

Figures 4.1% 4.13 show the anodic polarisation scans conducted for UNS S15500 in each
wear region (DIZ and OAdiscussd in Chapter 3.5.3) under soliduid conditions at the
three different salinity levels. The anodic polarisations scans for the remabeisiy
materials are shown iAppendixA. The anodic polarisation scans were conducted after the
stabilisation of the ee corrosion potential (&) and by using the same methodology as
described in Chapter 3.3.4. The electrode potentials have been normalised for better
comparison purposes due to the large differences between the two areas and represents
the electrode ptential at a minimum of 25mV more negative thag,E The current
densities were found to be greater in the direct impinged zone (DIZ) than the outer area
(OA) for all materials and in all test environments. This can be attributed to the more
aggressive ature of the solidiquid conditions which occur directly beneath the impinging
jet. The stainless steels also exhibited fluctuations in current density for all test
environments due to dgassivation/repassivation events occurring from the sand particles
removing the passive oxide film and then the reforming of the oxide film. The low alloy

steel exhibited active behaviour in both zones for all three salinity levels.
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Figure 411: Anodic polarisation scans on both wear e of UNS S15500 in 0.05%NacCl
solidliquid conditions
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Figure 412: Anodic polarisation scans on both wear regions of UNS S15500 in 3.5%NacCl
solidtiquid conditions
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Figure 413: Anodic polarisatins on both wear regions of UNS S15500 in 10%NacCl solid
liquid conditions

The E, values of both segmented regions as well as the Tafel extrapolated current
densities for each test material in each test environment are given in Table$.64.4
Farad & 1@ (Chapter 2.4) was used to convert the corrosion current densities into mass
loss which were then converted to volume loss through material densities. The corrosion
current densities were found to be significantly greater in the DIZ compared to thierOA

all test materials. This would be expected as the erosimmosion conditions are more
severe directly underneath the nozzle. However, as the OA has a larger exposed surface
area than the DIZ (11¢aompared to 0.2ch), the volume loss due to corrasi was found

to be greater for the low alloy steel in each salinity level and similar for the stainless steels.
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Table 44: Measured free corrosion potentials{g, corrosion current densities and

calculated volume losses both segmented wear regions for all materials in 0.05%NacCl

solidliquid conditions

DIZ (A=0.2cA) OA (A=11c®)

Material Corrosion | Corrosion Corrosion | Corroson

ateria current volume current volume
Beor (MV) density loss Beor (MV) density loss
(mA/cm?) | (mméd/hr) (mA/cm?) | (mmd/hr)

UNS

G43400 -470 0.20 0.005 -421 0.0500 0.073
UNS

S15500 -414 0.22 0.006 -436 0.0120 0.017
UNS

S32760 -525 0.22 0.006 -380 0.0090 0.007
UNS

S31600 -380 0.21 0.006 -407 0.0045 0.013

Table 45: Measued free corrosion potentials{g), corrosion current densities and

calculated volume losses on both segmented wear regions for all materials in 3.5%NacCl

solidliquid conditions

DIZ (A=0.2c#) OA (A=11cr)

Material Corrosion | Corrosion Corrosion | Corrosion

ateria current | volume current | volume
Boor (MV) density loss Boor (MV) density loss
(mA/cm?) | (mmd/hr) (mA/cm?) | (mmd/hr)

UNS

G43400 -553 1.2 0.032 -530 0.900 1.323
UNS

S15500 -438 1.1 0.029 -435 0.030 0.044
UNS

S32760 -522 0.35 0.009 -312 0.006 0.009
UNS

S31600 -437 1 0.026 -437 0.0150 0.022
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Table 46: Measured free corrosion potentials{g, corrosion current densities and

calculated volume losses on both segmented wear regions for all materials in 10%NacCl

solidliquid canditions

DIZ (A=0.2cA) OA (A=11c®)

Material Corrosion | Corrosion Corrosion | Corrosion

ateria current volume current volume
Boor (MV) density loss Boor (MV) density loss
(mA/cm?) | (mméd/hr) (mA/cm?) | (mmd/hr)

UNS

G43400 -590 15 0.04 -555 0.600 0.882
UNS

S15%0 -437 0.6 0.03 -407 0.030 0.044
UNS

S32760 -546 0.4 0.01 -350 0.004 0.006
UNS

S31600 -419 11 0.03 -433 0.018 0.026

Figures 4.14; 4.16 illustrate the anodic and cathodic polarisations for the full specimens
(38mm diameter) of each test material undsolidliquid conditions for the three different
salinity levels. The anodic and cathodic polarisations of the test materials under static and
flowing conditions are given in Appendi The electrode potentials are normalised for an
easier comparison. leach test condition and environment, the low alloy steel exhibited
active behaviour and the largest current densities compared to the stainless steels. Under
solidliquid impingement conditions, the stainless steels exhibited the periodie de
passivation/e-passivation events caused by the impact of the sand particles. The cathodic
polarisation curves for the low alloy steel and in some cases the stainless steels, exhibited
concentration polarisation caused by the reduction of oxygen available at the suidac

the cathodic reaction to occur.
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Figure 414: Anodic and cathodic polarisation scans on the full specimen of the tested
materials in 0.05%NacCl solidquid conditions
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Figure 415: Anodic anctathodic polarisation scans on the full specimen of the tested
materials in 3.5%NacCl soliquid conditions
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Figure 416: Anodic and cathodic polarisations on the full specimen of the tested materials
in 10% solidiquid condiions

The ko values along with corrosion current density and calculated volume loss for the full
size spcimens are given in Tables g4715 for each test material under each test condition
and salinity. In general, there was an increase (less negativig),, values from static to
liquid impingement conditions, this is due to the increase in oxygen available at the surface
from the flowing water and hengehere will be increased cathodic rates. Generally, there
was an increase in corrosion currentraity and hencgvolume loss due to corrosion as the
test conditions became more aggressive (from static to dimlidd conditions). The low
alloy steel exhibited the greatest corrosion rates compared to the other test materials in all
environments as wdd be expected. In static conditions, the corrosion rates were found to
increase with increasing salinity for all test materials, this observation is not in agreement
with previouslimited studies for low alloy and stainless steplsl5, 4.16, 4.18]In fowing
conditions, there was found to be an increase in corrosion rates from 0.05%NaCl to
3.5%NacCl but corrosion rates were found to decrease or remain the same when the salinity
was increased to 10%NacCl for all test materials (except UNS S15500 whertson

rates increased with increasing salinity). In stitidid conditions, the corrosion rates of the

UNS S15500 and UNS G43400 were found to increase with increasing salinity, however, the

106



Chapter 4. Assessment of fluid end materials and effect of enwvme@ntal
conditions

corrosion rates of the UNS S32760 and UNS S31600 weretfbimmtease from 0.05%NacCl

to 3.5%NaCl before decreasing slightly when the salinity was increased to 10%NacCl.

Table 47: Measured free corrosion potential 4B, corrosion current density and calculated
corrosion volume lossifthe full specimen of the tested materials in 0.05% static conditions

Material B (MV) Corrqsion current | Corrosion volume
density (mA/cn®) loss (mn¥/hr)
UNS G43400 -574 0.0320 0.0485
UNS S15500 -139 0.0005 0.0007
UNS S32760 -138 0.0004 0.0005
UNS 381600 -120 0.0005 0.0007

Table 48: Measured free corrosion potential.¢B, corrosion current density and calculated
corrosion volume loss for full specimens of the tested materials in 0.05%NaCl flowing

conditions
e |y | Soosament | Conostn e
UNS G43400 -404 0.0410 0.0621
UNS S15500 -112 0.0014 0.0020
UNS S32760 -62 0.0008 0.0012
UNS S31600 -33 0.0008 0.0012

Table 49: Measured free coasion potential (E;;), corrosion current density and calculated

corrosion volume loss for full specimens of the tested materials in 0.05%Nadbsilid

conditions
e | e | CoTCsencuent | Conosen e
UNS G43400 -393 0.050 0.076
UNS S15500 -404 0.009 0.014
UNS S32760 -412 0.006 0.009
UNS S31600 -369 0.010 0.014
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Table 410. Measured free corrosion potential .{f, corrosion current density and
calculated corrosion volumess for full specimens of the tested materials in 3.5%NacCl static

conditions
el |y | Soosm et | Conostn e
UNS G43400 -662 0.0700 0.106
UNS S15500 -269 0.0014 0.002
UNS S32760 -247 0.0015 0.002
UNS S31600 -187 0.0011 0.002

Table 411: Measured free corrosion potential .{f, corrosion current density and
calculated corrosion volume loss for full specimens of the tested materials in 3.5%NaCl
flowing conditions

Corrosion current

Corrosion volume

Material Beor (MV) density (mA/cn?) loss (mnd/hr)
UNS G43400 -541 0.825 1.250
UNS S15500 -287 0.007 0.01
UNS S32760 -290 0.007 0.01
UNS S31600 -66 0.002 0.003

Table 412: Measured free corrosiompotential (Ko, corrosion current density and
calculated corrosion volume loss for full specimens of the tested materials in 3.5%NacCl solid

liquid conditions

Material

E)OI’I’ (mv)

Corrosion current

Corrosion volume

density (mA/cn®) loss (mn¥/hr)
UNS G4800 -530 0.540 0.818
UNS S15500 -359 0.013 0.019
UNS S32760 -400 0.009 0.013
UNS S31600 -375 0.028 0.042
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Table 413: Measured free corrosion potential .{f, corrosion current density and
calculated corrosion volume lofs full specimens of the tested materials in 10%NacCl static
conditions

Material B (MV) Corrqsion current | Corrosion volume
density (mA/cn®) loss (mn¥/hr)
UNS G43400 -637 0.092 0.139
UNS S15500 -267 0.004 0.005
UNS S32760 -237 0.005 0.007
UNS S31600 -289 0.002 0.002

Table 414: Measured free corrosion potential .{f, corrosion current density and
calculated corrosion volume loss for full specimens of the tested materials in 10%NacCl
flowing conditions

Material Epr (V) Corrqsion current | Corrosion volume
density (mA/cn®) loss (mn¥/hr)
UNS G43400 -547 0.460 0.697
UNS S15500 -314 0.011 0.017
UNS S32760 -265 0.007 0.010
UNS S31600 -299 0.006 0.008

Table 415. Measured free corrosion poteati (K., corrosion current density and
calculated corrosion volume loss for full specimens of the tested materials in 10%NacCl solid
liquid conditions

Material Er(MV) Corrqsion current | Corrosion volume
density (mA/cn®) loss (mn¥/hr)
UNS G43400 -542 1.300 1.97
UNS S15500 -399 0.032 0.05
UNS S32760 -419 0.008 0.01
UNS S31600 -431 0.023 0.03
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The following findings can be made regarding the corrosion measurements:

1 The corrosion rate of the low alloy steel generally increased with salinity duesto t
increased conductivity of the aqueous solution which caused an increase in
corrosion current density.

1 The corrosion rate of the stainless stedid not alter much with the increase of
salinity with the exception in static conditions from 0.05%NaCl.&46NaCl. The
passive films of the stainless steels appear to be adequate to protect the stainless
steels regardless of the salinity of the aqueous solution. An interpretdtiothe
increase from 0.05%NacCl to 3.5%Nacl is thatrtbeease in chloride coeatration
from freshwater to seawater brought abouat slight reduction in integrity of passive
film. It is well knowrthat chloride ions are detrimental to passive filfds26].

1 In all salinities, the coosion rate of the low alloy steel increased with the
aggressiveness of the hydrodynamic conditions and was always substantially
greater than the stainless steels. This would be expected as the increased
turbulence of the fluid from static to soliiquid @nditions increases the
availability of oxygen at the metéluid interface which would increase cathodic
reactions and sand particles would be able to remove corrosion product from the
surface which exposes a fresh steel surface.

1 The corrosion rates of thstainless steels also increased with the aggressiveness of
the hydrodynamic conditions, particularly in seliquid conditions as their passive
films were removed which exposed the surface to the aqueous solution.

1 The Superduplex alloy (UNS S32760) destrated the lowest corrosion rate at
10%NaCl in flowing and soliduid conditions due to its higher alloying content
which resulted in a more passive film forming in the aggressive corrosive

environment.

4.5.2.2 Open circuit potential measuremeqQtSA® test conditions

Figure 4.17 illustrates the measured galvanic potentials between the low alloy steel and the
sacrificial anode and coating during a one hour experiment under-bglidi conditions.

The galvanic potential between the low alloy steel amic anode was found to begin at

around-940mV and decreased to arountl030mV and remained constant for the rest of
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the experiment. This demonstrates that the zinc anode was able to provide full cathodic
protection to the low alloy steel successfully undsolidliquid conditions. The galvanic
potential between the low alloy steel and Zinga coating began more negative-868@mV
before it increased to arouné640mV at the end of the test. This increase can be attributed
to the reduction in zinc particlesithin the paint as they are being consumed rapidly under
solidHiquid conditions. However, as the galvanic potential is more negative than the free
corrosion potential of the low alloy steel under saliguid conditions {630mV), the Zinga
coating will ke providing some protection to the low alloy steel, although at longer test

durations the Zinga coating will no longer be effective.
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Figure 417: Measured electrode potentials for the galvanic couples (UNS G43400 with zinc
anode and Zinga coating) under seliquid conditions (3.5%NacCl)

Further tests were conducted with the Zinga coated low alloy steel to assess how long the
coating could provide protection in static and liquid impingement conditions (Figures 4.18
and 4.19).n static conditions (3.5%NacCl aqueous solution), the coating was able to provide
full cathodic protection (more negative thaB00mv) for about 100 hours before reaching
the free corrosion potential of the low alloy steel under static conditions (3.5%NacCl
aqueous solution). However, in liquid impingement conditions, full cathodic protection
lasted for approximately 1 hour before increasing and reaching the free corrosion potential

of the low alloy steel under liquid impingement conditions in 3.5%NacCl.
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Figure 418 Measured electrode potentials for the galvanic coupléNS G43400 with
Zinga coating under static conditions in 3.5%NaCl aqueous solution
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Figure 419: Measured electrode potentials fdné galvanic couple UNS G43400 with
Zinga coating under liquid impingement conditions in 3.5%NacCl conditions

4.5.3 Posttest examination
4.5.3.1 Surface topography
4.5.3.1.1 Macro examination

Figure 4.20 illustrates the macroscopic views of the pestsurfaces directly after the one

hour, freeerosion corrosion test (in 3.5%NaCl aqueous solution). The poor corrosion
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resistance of the low alloy steel is demonstrated by the extensive corrosion damage outside
the wear scar (Fige 4.20a). Whereas, it is &lent that there are no corrosion products on
the surface of the stainless steels (F®4.20bd) which highlights their superior corrosion

resistance.

Figure 420: Posttest surfaces of the test materiaddter 3.5%NaCl solililquid conditions:
UNS G4340Q A; UNS S15500B; UNS S32760C; UNS S316@D

Figure 4.21 shows the macroscopic ptesit views of the low alloy steel after free erosion
corrosion conditions in 0.05%NaCl and 10%NaCl aqueous ssluliv0.05%NaCl aqueous
solution, the low alloy steel exhibited corrosion damage outside of the wear scar but to a

lesser extent than that exhibited in 3.5%NaCl and 10%NaCl aqueous solutions.
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Figure 421: Posttest surface of UNS G43400 after sdiglid conditions in 0.05%NacCh;
10%NaC¢ B

The beneficial effect of applying cathodic protection to the low alloy steel is highlighted in
Figure 4.22. Each of the cathodic protection systems; ICCP, SACP with denamth&ACP

with Zinga coating were able to suppress corrosion, &iethce no corrosion products were

formed on the surface.

Figure 422: Posttest surfaces of the UNS G43400 after skidjdid conditions: ICGPA,
SACP with zinc anodd3; SACP with Zinga coating
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4.5.3.1.2 Micro examination

Microscopic views of the pogeést surfaces after 3.5%NaCl sdiglid experiments were

also recorded to assess the corrosive wear damage in the DIZ and the OA. EXgure 4
illustrates the typical cratetype damage associated with the sand particles impacting the
surface at high impingement angles. This damage was observed on both the low alloy steel
and stainless steels. However, in the OA, the sand particles impasutface of the target
material at significantly smaller angles and cause sliding abrasion damage, as indicated in
Figures 4.24 and 4.25. The low alloy steel (Figut4) 4lso exhibited pitting damage in the

OA due its poor corrosion resistance. The s&sis steels only exhibited sliding abrasion

damage, an example is demonstrated in Figure 4.25.

Figure 423: Crater damage in the DIZ of the UNS G43400 in 3.5%Nagigoticonditions
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Figure 424: Sliding abrasion marks and pitting damage in the OA of the UNS G43400 in
3.5%Nacl solitiquid conditions
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Figure 425: Sliding abrasion damage in the OA of the UNS S15500 in 3.5%Naljuddlid
conditions
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4.5.3.1.3 Weascar profile scans

To assess the behaviour of the four alloys in the wear scar, surface profile scans were
conducted on the postest surfaces using the surface topography technique described in
Chapter 3.5.2. The scans were conducted for each salinigf iIeviFEC and also in ICCP
conditions. Figure 4.26 shows a representative set of wear scar depth plots with the
remaining graphs located in Appendix Figure 4.27 compares the wear scar profile scans
for the low alloy steel in FEC, ICCP, SACP with theanwde and Zinga coating. The
diameter of the wear scars was found to be about 4.5mm which corresponds to the

diameter of the nozzle (4mm) which was used in this study.

——0.05%NaC| ——3.5%NacCl 10%NaCl ——ICCP

10

Wear scar depthif{m)

Wear scar width (mm)

Figure 426: Wear scar profiles for UNS S32760 in eashing environment in soliiquid
conditions
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Figure 427: Wear scar profiles for UNS G43400 with the effect of cathodic protection in
3.5%Nacl solitiquid conditions

The wear scar depths were broadly similar to the findingserved with the wear scar
volume losses. Therefore, the measured wear scar depth graphs are located in Appendix

and the wear scar volume losses will be discussed in detail.

4.5.3.2 Volumetric analysis

The volume measurement of the UNS S15500 stairdess in the direct impinged zone
after a solidliquid experiment is shown in Figure 4.28. The measurement for the volume
was obtained within the region of the red ring which represents the area located directly
beneath the nozzle. The surface topograpmethod described in Chapter 3.5.2 was

followed.

Figure 428: Volumetric analysis on the wear scar of the UNS S15500 stainless steel surface
after solidliquid conditions

The volume losses in the DIZ for each test materialeureach test condition is given in
Figure 4.29. There were marginal increases in volume loss for the test materials as the

salinity level was increased. The low alloy steel demonstrated the greatest volume loss in
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the DIZ in all test conditions when comipd to the stainless steels. Similar to the wear scar
depths, there were marginal differences between the stainless steels in all test conditions.
The effect of cathodic protection on the wear scar volume loss was observed to be minor

for the tested materals.

m 0.05% NaCl m3.5% NaCl m 10% NaCl m ICCP

UNS G43400 UNS S15500 UNS S32760 UNS S31600
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Figure 429: Comparison of volume losses in the DIZ of the four test materials under solid
liquid test conditions in each level of salinity and in ICCP

Figure 4.30 demonstrates the volume losses in the DIZ for the low stibel in FEC, ICCP
and both SACP conditions. A similar trend was found with the wear scar depths as the
volume losses were similar in all test conditions with an exception of the SACP with zinc
anode, where there was a marginal decrease in volume losgpared to the other test

conditions.
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Figure 430: Comparison of volume losses in the DIZ for the UNS G43400 undéqgsialid
conditions in FEC and for the three different cathodic protection methods

4.6 Discussion

4.6.1 Taal Volume Loss (TVL) in free erostonrrosion (FEC) conditions

As demonstrated in Figure 4.9, there were marginal increases with salinity in terms of total
volume loss for the stainless steels. However, there was a substantial increase in total
volume Iass in the low alloy steel as the salinity was increased from freshwater (0.05%NacCl)
to seawater (3.5%NaCl). When the salinity was increased to a brine (10%NacCl), the total
volume loss of the low alloy steel was found to be similar to that of seawater toomsli

The trend in this study of the stainless steel and the low alloy steel in increasing salinity
matches well with findings from previous studigsl8, 419]. The poor erosioftorrosion
resistance of the low alloy steel compared to the stainless steels have also been observed in
past studies[4.1¢4.4]. The main cause of this finding is esult of the poor corrosion
resistance of the low alloy steel which is detrimental to its overall eresmrosion
performance, whereas, the passive film of the stainless steels provides some resistance to

corrosion damage and, hence, results in an imprberosioRcorrosion resistance.

Discrimination of the TVL in the DIZ and OA

The volume loss in the OA can be calculated from Eq. 3.4, as the total volume loss (TVL) is
calculated from the measured total mass loss after the FEC experiments and from the
measured volume losses in the direct impinged zone (DIZ), given in Figure 4.29. Figures

4.31-4.33 show the breakdown of the total volume into the volume losses in the two wear
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regions under 0.05%, 3.5% and 10%NacCl-gliet conditions. In all test envinments,

the low alloy steel exhibited the greatest volume loss in both the DIZ and OA (particularly
accentuated most in the OA) compared to the other test materials. The volume loss in the
OA for the low alloy steel was found to be a substantial proportibthe overall damage.

This can be mainly attributed to the poor corrosion resistance of the low alloy steel in FEC
test conditions. Another notable difference is that the marginally improved eresion
corrosion resistance of UNS S32760 was found in thevidigre high angle erosion occurs,
and that its erosiorcorrosion performance was similar to the other stainless steels in the
OA, where low angle erosion occurs. Previous studies have found that a strong link
between sliding abrasion resistance and matkrardness[4.27¢4.29]. Therefore, the

similar volume loss in the OA for the stainless steels is due to their similar hardness.

1.4
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mUNS S31600 m UNS S15500 m UNS G43400 m UNS S32760

Figure 431: Breakdown of the total volume loss into volume loss in the two distinct wear
regions under 0.05%NacCl sdiglid conditions
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Figure 432: Breakdown of the total volume loss into volume loss in the two distinct wear
regions under 3.5%NaCl sdiiguid conditions
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Figure 433: Breakdown of the total volume loss into volume loss in the two distinct wear
regions under 10%NacCl sdliguid conditions

Figures 4.341.36 show the quantitative voine losses of the different material degradation
processes which were measured using the volumetric analysis technique described in
Chapter 3.5.3. The technique was utilised for all test environments (0.05%NacCl, 3.5%NacCl

and 10%NacCl). Each degradation psscewill be discussed separately in subsequent
subsections.
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Figure 434: Discrimination between the different material degradation processes on the
tested materials under 0.05% NacCl sditigiid conditions
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Figure 435: Discrimination between the different material degradation processes on the
tested materials under 3.5% NacCl sdiighid conditions
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Figure 436: Discrimination between the different material degradationgesses on the
tested materials under 10% NacCl sdigphid conditions

4.6.2 Breakdown of total volume loss in cathodic protection (CP) conditions

The total volume losses for cathodic protection (ICCP) of the low alloy steel and stainless
steels were calulated directly from the measured mass loss from the experiments (Figure
nepod a4 GKS OFGiK2RAO LINRGSOGA2Y &dzlINBaasSiaQ
(TVL CP) represents the high angle erosion damage inside the weargganEsliding

abrasion occurring in the area outside of the wear scaroghAs shown in Chapter 3.5.3,

Eq 3.6.

The application of cathodic protection was effective in reducing the overall volume loss for
all the materials in all three salinity levels. The reductionvierall volume loss of low alloy
steels and stainless steels have been demonstrated in previous stl#tiirs4.3]. The
smallest reductions were found in 0.05%NaCl aqueous solution, where the overall mass loss
of the low alloy steel was reduced by 21% and the reduction found for UNS S32760 was 2%.
In 3.5% aqueous solution solidjuid conditions, the greatest reduction in overall volume
loss was found for the low alloy steel, with a reduction of 70%. The smallest reduction in
total volume loss were found for UNS S31600 and UNS S15500 which bothedastéon

124



Chapter 4. Assessment of fluid end materials and effect of enwvme@ntal
conditions

of 12%. In 10%NaCl aqueous solution sldjdid conditions, the low alloy steel again
demonstrated the largest reduction in overall volume loss with 65% and the UNS S32760
showed the smallest reduction with 25%. These findings demonstrate tleatohrosion
related damage (C+S) is a significant proportion of the overall material degradation
processes for the low alloy steel in all salinity levels. The findings also show that the
corrosion related damage for the stainless steels increases sulatantvhen the salt
content is increased, howevghe proportion of damage is significantly smaller than that of

the low alloy steel.

Figure 4.37 shows the breakdown of total volume loss into volume losses in the DIZ and the
OA for the low alloy steel unde~EC, ICCP and both SACP applications under 3.5%NaCl
solidHiquid conditions. In terms of volume loss in the DIZ, all environments demonstrated
similar volume losses which indicate that the mechanical deterioration mechanism is the
dominant wear procesddowever, in the OA, there was a significant reduction (up to 85%)

in volume loss when CP was applied.
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Figure 437: Breakdown of the total volume loss into the two distinct wear regions for the
low alloy steel in FEC, ICCP both SACP under 3.5%NacCl slidjdid conditions

4.6.3 High angle erosion damage in the direct impingement zone (DIZ)
The high angle erosion damage occurring in the direct impinged zone (DIZ), was measured

in terms of volume loss from the cathodically proted test samples. These measurements
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were given in Figure 4.29. The low alloy steel exhibited greater volume loss due to the high
angle erosion mechanism than the stainless steels. Similar trends have been observed by
other studies[4.1, 4.2], where a medium carbon steel performed poorer than stainless
steels under impingement erosion conditions. Marginal differences vedserved when
comparing the stainless steels, with the UNS S32760 demonstrating a slightly smaller
volume loss than the UNS S15500 and the UNS S31600. The marginal differences between
the stainless steels have been observed in terms of wear scar depthtievious study

[4.2].

.8 O2YLI NAYy3I GKS TableidND bblidus linkade Ndvly Bedcannekted
with the resistance to high angle erosion with material hardness. A more widely accepted
notion is the relationship between sliding abrasion resistance and hardness, this will be
discussed in Chapter 4.6.8nother theory suggests that the elastic modulus is another
material property is also important and that a high hardness (H) to elastic modulus (E) ratio
is desirable. However, in this study there was also no clear relationship between the H/E

ratio with the volume loss due to high angle erosion (Table 4.16).

Table 416: H/E values and measured volume losses due to high angle erosion for the tested

materials
Material H/E Volume loss due to high angle erosion (Mm
UNS G43400 0.015 0.4968
UNS S15500 0.018 0.3373
UNS S32760 0.013 0.2813
UNS S31600 0.010 0.3294

The lack of correlation between conventional material properties and high angle erosion
resistance may be attributed to the higtrain rate conditions which occur durirgghigh

velocity impingement erosicoorrosion experimenf4.30].

4.6.4 Corrosion and synergy in the direct impingement zone (D1Z2)
From Figures 4.34.36, the volume losses due to corrosion and synergy in the wear scar
were found to be negligible for all materials in each tegtamvironment. This indicates that

the material loss within the wear scar was purely mechanical. An exception to this finding
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was the UNS S15500 in 10%NacCl dimjidd conditions where 37% of the damage was
attributed to synergy.

The negligible corrosiodamage was shown by the estimated volume loss due to corrosion
from the anodic polarisation scans of the segmented samples, shown in Tablés84.6
Even though the passive films were destroyed by impacting sand particles, it appears that
the intermittent de-passivation/repassivation events restricted the corrosion damage. The
domination of erosion processes is likely to be associated with the size, shape and

concentration of the sand as well as the velocity of the jet.

4.6.5 Sliding abrasion in the outarea (OA)
The sliding abrasion damage of the materials was calculated by rearranging Eq. 3.6, as

shown below in Eq. 4.1.

Yo YoU © Eq. 41

As described in Chapter 4.6.3, there is often a link between high hardness and improved
sliding abrasion resistance. However, the low alloy steel, which exhibited the second
greatest hardness, was found t@e the poorest sliding abrasion resistance. This implies
that the correlation between increased hardness and abrasion resistance is more complex
than suggested in previous reseaf@27¢4.29]. Work conducted by Xu et al. suggests that

an increase in hardness of steetsed not necessarily increaabrasionwear resistance and

is in fact influenceanore by grain size, grain morphology and amount of retained ausgenit
[4.31]

4.6.6 Corrosion in the outer area (OA)

The anodic polarisation scans conducted on the segmented samples @ade; 4.13

and inAppendixA) gave an indication dhe corrosion damage occurring in the OA of the
tested materials in each level of salinity. Using the Tafel extrapolation technique, it was
found that in freshwater conditions, the corrosion in the OA of the low alloy steel was a
small proportion of the osrall damage (6%). However, in the higher salt content the
proportion of the damage increased significantly (65%5%NaCl, 30%10%NacCl). The
stainless steels exhibited negligible OA corrosion in freshwater, seawater and brine

conditions (less than 5% overall damage). As the conditions are less turbulent in the OA
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compared to the direct impinged zone, the passive film was more stable and was able to
protect the stainless steels. On the other hand, no passive film formed on the UNS G43400
due to its lav alloying content and the greater conductivity of the solution resulted in
substantial volume losses due to corrosion from 0.05%NaCl to 3.5%NacCl saline conditions.
The decrease in volume loss due to corrosion from 3.5%NacCl to 10%NacCl for the low alloy
steel in the OA may be explained by the reduction of oxygen in the agueous solution. The
poor corrosion resistance of low alloy steels under erogiomosion conditions were

observed in previous studiefgt.2¢4.4).

4.6.7 Synergy in the outer area (OA)
The synergy in the OA was calculated by subtracting the sliding abrasion damage and the
measured corrosion damage fro the calculated total volume loss in the OA, as

demonstrated below in Eq. 4.2.

Yo Yab Y8 8 Eq. 42

In freshwater conditions, the stainless steels exhibited negligible synergy, whereas the low
alloy steel exhibited significant synergy damage in the OA (19%). In 3.5%NacCl test
conditions, the synengin the OA decreased for the low alloy steel and was found to be
only 6% of the overall damage. The synergy damage was found to increase for UNS S32760
to 10% of the overall damage. When the aqueous solution was increased to 10%NacCl, the
synergy damage veafound to increase for all materials (7% UNS S31600, 34% UNS G43400,
15% UNS S32760 and 18% UNS S15B0ason for synergy in the austenitic stainless
steel was suggested by Matsumura et al. who suggested that corrosion removes the work
hardened layerwhich in turn causes the stainless steel to be more susceptible to
mechanical damag@t.33] Duplex stainless steel is an example of a mulsghanaterial

which can exhibit synergistic damage that is associated with rgi@hcanic action at the
phase boundaries. The latter phenomena has been shown in a number of ecasi@sion
systems, where the ferrite phase acts as an anode and the austphdse acts as a
cathode [4.34, 4.35] Thus, an explanation for UNS S32760 biNES S15500 is galvanic
corrosion between the two different microstructures (ferrite and austenite for Superduplex
and martensite and retained austenite for UNS S15500 steel) which allows easier removal

of material from mechanical damage processes. For Itwe alloy steel, the synergy
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mechanisms are attributed to the corrosion pits which are formed. The pits cause local
turbulence which enhances the mechanical erosion damagmerosion roughes the

surfacecausing micreurbulence this would be exacerbatedby corrosion pit$4.36].

4.7 Relevance of work to the design and operation for a hydraulic fracturing pump
fluid end

This study has demonstrated that increasing the salinityhef hydraulic fracturing fluid
from freshwater to seawater, will dramatically reduce the life of the low alloy steel fluid
end. However, above 3.5%NacCl there appears to be little effect to the erosmosion
resistance to the low alloy steel. This stutias successfully demonstrated that the
reduction in life of the currently used low alloy steel can be combatted by using stainless
steel alloys which perform significantly better under erostmmrosion conditions. Due to

the significant costs associatedtivUNS S32760 (Superduplexjth only marginally better
resistance to erosiowgorrosion than the cheaper stainless steel alloys (UNS S15500 and
UNS S31600) economically, selectByperduplexas an alternative fluid end material is
unrealistic. Another spect which must be considered is the extremely high fluid pressures
which are being pumped during the hydraulic fracturing process. Therefore, the fluid end
material must have high strength properties in order to cope with the high mechanical
stresses oaarring during operation. The modified UNS5S5Q0 alloy developed by Weir Ol

and Gasvas found to successfully increase the life of the fluid end by more than 5 times.

As anticipated, the application of cathodic protection through impressed current and
sacificial anode/coating were found to successfully reduce the eresmmosion damage

of the low alloy steel in 3.5%NaCl test conditions. However, due to the complexities
involved in designing and implementing an ICCP system for a fluid end and associated
equipment then it is unlikely that this is the most appropriate cathodic protection
technique. As the Zinga coating was found to last for only short durations then this is also
not a viable option for these aggressive erosamirosion conditions. The modéasible

option is zinc anodes which were found to effectively protect the low alloy steel from
corrosion related damage antherefore, enabled a significant increase @orrosive wear

life. These could be designed and implemented much simpler intoltiet énd and other

components. For instance, recesses could be machined into the fluid end in which zinc
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anodes could be placed and as long as the anode was in contact with the hydraulic
fracturing fluid cathodic protection could be achieved. Another api®to incorporate the

zinc anodes into the valve and seat which are located within the fluid end. Dependent upon
the size of the fluid end there will be up to 10 valves and seats located within the fluid end
which are in direct contact with the hydraulicacturing fluid. The valves and seats are
replaced at regular maintenance intervals which would allow also allow for unused anodes
to be placed within the fluid end. The salinity of the hydraulic fracturing fluid must also be
considered as this will diate the anode material. In low salinity conditions, the appropriate
anode material choice may be magnesium alloy as it produces a more negative
electropotential than zinc and aluminium alloys. The positive findings in this researeh ha
enabled engineersiiWeir Oil and Ga® initiate a project aimed at assessing the potential

of SACP in fluid ends of hydraulic fracturing pumps.

4.8 Conclusions
1. The increase of salinity from freshwater to seawater was found to substantially

increase (163%) the erosiaorrosion damage of the low alloy steel (UNS G43400).
However, as the salinity was increased from 3.5%NaCl to 10%NacCl, the effect was
found to be minimal as the overall volume loss was similar in both environments.
The majority of the increase in damage watsserved in the OA as a significant
proportion of the material damage was corrosion related (8 times increase in
corrosion and synergy for 3.5%NaCl and 6 times increase in corrosion and synergy
for 10%NaCl compared to corrosion and synergy in 0.05%Ndf@l)in¢reased
corrosion and synergy damage can be associated with the higher conductivity of
the aqueous solution.

2. For the stainless steels, the increases in salinity were found to accelerate the
overall damage marginally (less than 24%) but were found awee hsignificant
erosioncorrosion resistance when compared to the low alloy steel. This was
attributed to the small amount of corrosion related damage associated with the
stainless steels as they were erosion dominated.

3. As a result of the similar performae of the stainless steels under corrosive wear

conditions and due to the lower associated costs, kiigh strength precipitation
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hardened martensitic stainless steel (UNS S15500) is now finding application in fluid
ends of hydraulic fracturing pumps.

4. The volumetric analysis technique applied in this study enabled a more
comprehensive understanding of the corrosive wear material degradation
processes involved during the impinging jet erostmmrosion experiments. For
instance, the marginal superiority tie UNS S32760 alloy over the other stainless
steels is attributed to its direct impingement erosion resistance and not with its
sliding abrasion resistance. Also, the volumetric analysis technique demonstrated
that most of the corrosion damage on the l@alloy steel is in the OA, which is not
evident from just assessing full sized specimens. These conclusions would not have
been evident by only considering the total volume loss under cathodic protection
conditions.

5. The low alloy steel benefited substaaity from cathodic protection with a
reduction in overall volume loss up to 70%. In freshwater, cathodic protection was
not found to have much benefit for the stainless steels. However, as the salinity
was increased, cathodic protection provided some bénefith reductions in
overall damage of 29% for UNS S31600, UNS S32760 and UNS S15500 in 10%NacCl
aqueous solution.

6. The application of cathodic protection by impressed current and sacrificial
anode/coating was found to be extremely beneficial to the lowoyalsteel in
3.5%NaCl agueous solution under erosaumrosion conditions. However, the Zinga
coating could only effectively protect the low alloy steel in a relatively short time
period as the zinc particles were rapidly consumed in the aggressive em@nbn
Due to the complexities involved in design and implementing an ICCP system into a
fluid end, zinc anodes offer great potential of increasing the life of the low alloy

steel fluid end and are currently being assessed in operational conditions.
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Chapter 5. Wear mechanisms of valve and valve seats and the validation of a
novel repetitive impact test rig

5.1 Introduction

Following the previous clmer which focused on fluid ends of hydraulic fracturing pumps,
attention now turns to the specific components of valves and valve seats. This chapter will
discuss the function as well as the material degradation processes occurring on valve and
valve seat while in service. This is followed by a literature review of repetitive impact wear
test machines and the validation of a novel repetitive impact wear test rig designed to
mimic the repetitive impact wear occurring on a valve seat. The novel test rigakidated

and was incorporated into the overall material degradation programme by testing a range

of alternative valve seat material candidates.

5.2 Background

5.2.1 Valve seat operational problem

In a positive displacement pump, there are two valves twal seats located in each fluid

end chamber (Figure 2.4). One valve and seat are situated in the suction end of the
chamber and the other valve and seat is positioned in the discharge end of the chamber. A
GONRLE SE¢ O00GKNBS OKI YpontpNdntainslsiz saives am Six seatsy LI | O
GKAES | GljdAyGSEE 6FAQOS OKIYoSNRUO LRaAadArosS R

and ten seats.

The operational life of the valve and seat has become one of the major issues with
hydraulic fracturing pumipg equipment due to their short life expectancy. The life of the
valve and seat vary dependent upon the environmental conditions in which the pump is
operating. The irservice valves and seats are typically exchanged for new valve and seats
after 50-150 tours (26 days) of operation. A hydraulic fracturing operation may take 1
months to complete. Therefore, the valve and seats last only for a fraction of the hydraulic

fracturing cyclg5.1].

There are several pumps which are in operation during the hydraulic fracturing process.

Some hydraulic fracturing pumps handle ofifA Ij dZA R 62 FG Sy GSNX¥YSR I a a
other hydraulic fracturing pumps handle both the liquid and proppant (often termed as
GRANI&@¢ LidzyLlaoe !'d &2YS$S adr3IsS RdNAYy3I (KS Ke
require maintenance downtime in ordgo exchange the service valves and seats with

new valves and seats. The procedure in order to remove the seats in the field is extremely
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dangerous as the seat has to be removed under high pressure due to its tight interference
fit inside the chamber KSy (G KS GRANI&¢ LlzYLJbaov NBIj dzi NB

for spare pumps which are kept in reserve at the hydraulic fracturing site.

Figure 5.1 illustrates a valve seat prior to beingeénvice and Figures 5.2 and 5.3 show a

valve seat and a e which have been imervice.

Figure 52: Valve seat after being iserviceshowing step developed between areas A and B
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_/'f///IHIHlHluu-n

Figure 53: Valve after being iserviceshowing enhanced damage in region C

It is clear from Figures 5.2 and 5.3, that both the valve and sedaglisppious amounts of
corrosivewear damage. On the surface of the seat, which is in contittt the valve, a
deformation step (which is typicalbserved was evident between the heavily corroded
area (A) and the region which demonstrated less corrosion product (B). These two distinct
damage regions could be easily related with the design ofvidlge. The regin which
experienced lessorrosion damage was in contact with the urethane material (blue
polymer (D) in Figer5.3), while the area with extensiwsrrosion damage was in contact
with the metal area of the valve (C). There was also extensorrosion damage present

inside the bore of the valve seat.

{2fdziAz2ya (G2 GKS t2¢ 2LISNIGA2YyIE tADBSE 2F GF
been hindered by a lack of understanding of the complex material degradation processes

involved. Foupossible material deterioration mechanisms were identified as:

9 Corrosion due to the agueous hydraulic fracturing fluid
9 Erosioncorrosion caused by the opening of the valve which results in a high
velocity flow of the hydraulic fracturing fluid with suspesttisolid proppants
1 Repetitive metaimetal impact wear caused by the cyclic motion of the valve
opening and closing onto the seat
 Impactl 0N} aA DS ¢S N O dzZaSR o0& GKS @It @S Of 2

the contact surface of the seat.
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One or a comimation of these mechanisms a probable cause of the poor service life of
the valve and seats. At this stagdastunclear which degradation process(es}the major
deterioration mechanism. Therefore, its crucial to identify which mechanism(s)

contributesto the most seat damage in order to distinguish alternative material candidates.

5.2.2 Previous studie®f alternative valve seat materials ithe WARGCerosion-corrosion
laboratory experiments

Previous experiments conducted at WARC focused on thsia@roorrosion resistance of
various surface engineering treatments. The first experimental pfa2¢ compared: the
current valve and seat aterial (carburised UNS G86208)ternative materials investigated
include; the base material (UNS G86200), bdsma and carbdooronised UNS G86200,
nitrided 905M39 steel, hard chromium electroplated UNS G10400 and a martensitic
stainless steel (UNS S42000). Erosimmosion tests were conducted for 1 hour at both

normal incidenc€90") and low angle (20 with a testing temperature between 126°C.

Two distinct groups of materials were observed, those which possessed poor corrosion
resistance (untreated, carburised, boronised and casboonised UNS G86200) and those
which possessed good corrosion resistance iflett 905M39 steel, hard chromium
electroplated UNS G10400 and UNS S42000). In terms of total mass loss, all the poor
corrosion resistant materials demonstrated significant mass loss (greater than 25mg at 90
and greater than 12mg at 2) Whereas, the goodorrosion resistant materials performed

substantially better with mass loss less than 10mg ate8@l less than 7.5mg at 20

However, when comparing wear scar depths, the carburised steel demonstrated the lowest
wear scar depth of all the tested matelsawhich highlighted its ability to withstand high
angle erosiorcorrosion The carburised steel also demonstrated the second smallest wear
scar volume. The martensitic stainless steel also performed well in terms of both wear scar
depth and volume, withhe second smallest depth and the smallest volume. The nitrided
steel did not perform as well as the carburised steel or martensitic stainless steel, it did
however, perform better than the other tested materials in terms of wear scar depth and
volume loss.It was decided that further evaluation of both the nitrided steel and
martensitic stainless steel was required in order to verify them as possible alternative valve

seat materials.
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The nextindustrial experimental phasen WARCI5.3] consisted of a hardeed and
tempered martensitic stainless steel UNS S42000 (480HV), three nitrided 905M39 steels
with different nitriding durations (72 hours, 90 hours and 120 hours), a carburised UNS
G93100 steel and an induction hardened UNS G52986 steel. Eomsimsiontesting was
conducted for 1 hour at normal incidence (9@nd low angle impingement (20and under

similar conditions to the previous experimental phase.

Similarly with the previousdustrialexperimental phaséen WARCthere were two distinct
groups of materials, those with poor corrosion resistance (carburised steel and the
induction hardened steel) and those which possess good corrosion resistance (nitrided
steels and the martensitic stainless steel). This was demonstrated further when comparing
massloss of the materials in the erosiaiorrosion tests with the carburised and induction
hardened steels having mass loss greater than 9mg i@ 8mg in 20tests. The nitrided
steels and martensitic stainless steel demonstrated total mass losses &s3ing in 90

and 3.5mg in 20tests respectively.

The martensitic stainless steel and nitrided steel (72 hours) both demonstrated similar wear
scar depths at both impingement angles which were the lowest when compared with the
other test materials. Theitrided steel (120 hours) demonstrated the highest wear scar
depth at 90 impingement angle, with the induction hardened steel demonstrating the

highest wear scar depth at 2mpingement angle.

From both previousndustrialexperimental phasesn WARCthe martensitic stainless steel
(UNS S42000) and the nitrided steel (72 hours) exhibited the best erosiorsion
resistance of the tested materials and so indicated that these may be attractive material
candidates for the valve sef.2, 5.3] It was deided that these two materials would be

chosen for field trials. This represented the start of this research project.
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5.2.3 Assessment of prototype valve seat field trials

Prototype valve seats using a nitrided 905M29 steel and a martensitic staindetsvstre
manufactured for field trials as a result of the erosiorrosion studies previously
conducted [5.2, 5.3]. A standard carburised UNS G86200 valve seat was used as the

baseline. The operating conidins for each field trail are indicated in Table 5.1.

Table 51: Field trial operating conditions

Valve seat Run Time Average Pressurg Sand pethour
material (hours) (bar) (kg/hr)
Carburised
UNS G86200 33.5 312 15,895
Nitrided
905M39 42.1 361 13,346
UNS S42000 14.8 360 14,007

In order to obtain a reasonable comparison between the prototype valve seats, the data
was assessed in terms of displacement rates. The-gmsice valve seats are illustrated in
Figure 5.4. Cross d&ms were obtained from each valve seat to analyse the transition
region from the metalirethane to metalmetal contact regions and to assess the hardness

profile for each region.
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: —
Figure 54: Field Trial valve seats: carburised UNS G86200 (1), nigdfd39 steel (2),

UNS S42000 (3). Showing mete¢thane region (denoted A) and metaktal region
(denoted B)

The carburised UNS G86200 steel valve seat exhibited an extensive amount ofooorrosi
product on both the valve contact surface and on the inner bore surface. The nitrided
905M39 steel valve seat exhibited corrosion product only on the rmatthl contact
region. The martensitic stainless steel (UNS S42000) did not show any visibkotorro
product. Another noticeable feature for all valve seats was that there was a clear
displacement step between the metaietal and metalurethane contact regions. Figure

5.5 illustrates a cross section obtained from the carburised 8620 valve seat.
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Figure 55: Carburised UNS G86200 valve seat cross section

The depths of the displacement steps (demonstrated in Figure 5.5) for each field trial
material were measured using an Alicona InfiniteFocus 3D optical scafimeraverage
displacement depths and rates are given in Table 5.2. Displacement rates were used for
more reasonable comparison purposes due to the different operational hours for each

valve seat.

Table 52: Average displacement drdisplacement rates of the valve seat

Field trialvalve seat Average Displacement (mnm Displacement rate (mm/hr)
material
Carburised UNS G86200 0.64 0.019
Nitrided 905M39 steel 1.42 0.034
UNS S42000 0.83 0.056

The carburised UNS G86200 valve seatawstrated the lowest displacement rate of all
the field trial materials. The martensitic stainless s{géNS S4200@erformed the poorest

with a significantly greater displacement raté. should be noted that the rate of
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displacement was assumed to bedar, however, this may not be the case particularly for

surface hardened materials, when removing the hardened layer.

Roughness measurements were also obtained for each field test material on both metal
metal and metalurethane contact regions. The rougdss measurements are denoted in
Table 5.3.

Table 53: Average roughness values for each field trial material in both contact regions

Field trialvalve seat
material

Average roughness (um):
metal-metal contact

Average rougpness (um):
metal-urethane contact

region region
Carburised UNS G86200 4.16 4.21
Nitrided 905M39 steel 3.22 0.72
UNS S42000 5.06 0.95

The carburised UNS G86200 valve seat demonstrated significant roughness in both contact
regions; this was mainly attributetb the large amount of corrosion product which was
found on the worn surface. Both the nitrided 905M39 steel and UNS S42000 demonstrated
rough metatmetal contact surfaces which again are mainly attributed to corrosion product

and plastic deformation frorthe valve seat wear mechanisms.

Microhardness profiling was also conducted to assess the hardness in both contact regions
for each material. The microhardness profiles in the matathane contact region are
illustrated in Figure 5.6. The nitrided 905M3®eel initially had the greatest surface
hardness (>1000HV), howeyéhis sharply decreased with depth and the hardness of the
untreated steel was similar to the martensitic stainless steel (approximately 380HV). After a
depth of 0.4mm, the carburised UNS86200 demonstrated the greatest hardness. The

hardness of the carburised UNS G86200 was constant up to the measured depth of 1.5mm.
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Figure 56: Microhardness profile for each field trial material in the metsthane conact

region
The microhardness profiles for the field trial materials in the metatal contact region are
shown in Figure 5.7. The carburised UNS G86200 exhibited the greatest hardness profile
with a gradual decline indicating that the carburised layer atispresent. An interesting
feature was that the hardness at the surface of the carburised layer in the metzl
contact region was approximately 200HV harder than the carburised layer in the-metal
urethane contact region. The nitrided 905M39 steeldathe martensitic UNS S42000
stainless steel illustrated similar hardness profiles. This indicated that the nitride layer had

been removed and hence, exposed the untreated steel.
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Figure 57: Microhardness profile for each fiktrial material in the metainetal contact
region

Figures 5.8 5.10 show SEM images for the carburised UNS G86200, nitrided 905M39 and

UNS S42000 valve seats in the maiedthane contact region. All valve dematerials

exhibited sulsurface cracking wbh led to material removal.

Figure 58: Subsurface cracking leading to material removal in carburised UNS G86200
metalurethane contact region
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Figure 59: Subsurface cracking leaditno material removal in nitrided 905M39 metal
urethane contact region

Figure 510: Subsurface cracking leading to material removal in UNS S42000 metal
urethane region
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Figure 5.11¢ 5.13 show SEM images of the carised UNS G86200, nitrided 905M39 and
UNS S42000 valve seat materials in the metedal contact region. The carburised UNS
G86200 steel exhibited subsurface cracki@s the carburised layer is a hard/brittle
material, hence, it has a low fracture tougtss, therefore, it is more susceptible to
crackingwhich led to material removal, similar to the wear mechanisms observed in Figure
5.8. The nitrided 905M39 steel and the UNS S42000 exhibited an extensive network of

subsurface cracks. The material neae turface and around the cracks is highly strained

and plastically deformed.

Figure 511: Subsurface cracking leading to material removal in carburised UNS G86200
metalmetal contact region
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Figure 512: Extensive network of subsurface cracking in nitrided 905M39 steel-metal
contact region

Figure 513: Extensive network of subsurface cracking in UNS S42000-metal contact
region
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The field trial reslts indicate that the nitrided 905M39 steel and UNS S42000 performed
better than the carburised UNS G86200 steel in the mettathane contact region. This
was concluded through the macraews of the posfield trial valve seats (Figure 5.4) as no
visibe corrosion product was present and from the roughness measurements presented in
Table 5.3. The main wear mechanism observed in this region was small subsurface cracks
which lead to material removal. However, the nitrided 905M39 steel and UNS S42000 were
significantly poorer than the carburised UNS G86200 steel in the mmettl region where

the majority of the material degradation occurs. This is shown through the measured
displacement (Table 5.2), the roughness measurements (Table 5.3) and the SEM. image
Both the nitrided 905M39 steel and UNS S42000 exhibited an extensive network of
subsurface cracks in the metaletal contact region. This indicates that erosimrrosion

was not the only material degradation process in the metetal contact region athey

would be expected to perform better than the carburised UNS G86200 steel (previous
erosioncorrosion experimental programmes, Chapter 5.1.2) It was evident that further
investigation was required into all of the complex deterioration mechanisms]igingéd

earlier in Chapter 5.1.1, in order to identify attractive material candidates.

5.3 Repetitive impact test rig literature review

As repetitive impact wear was identified as one of the main material degradation
processes, an idepth literature reviev into repetitive impact wear was conducted. This
was performed to assess the types of repetitive impact test rigs as well as the type of
material degradation mechanisms which occur during repetitive impact wear. Five main
types of repetitive impact testigs were identified: modified pin on disk, pivot hammer,

high velocity impact gun, ball on plate and repetitive impact with dry abrasion.

5.3.1 Madified pin on disk; compound and sliding impact tests

The pin on disk wear testing method is typically use@dssess the sliding wear resistance
and coefficient of friction of materials, however, this testing apparatus has been adapted by
some researchers with the capability of testing both compound impact wear and transverse
sliding wear (Figure 5.14). Tegfiparameters such as impacting velocity, sliding speed,
number of cycles, load, frequency, lubrication, system damping and stiffness are all test

variables[5.4]. However, the adapted testing appus was limited to small loads and
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sliding velocities, less than 1kN and 21m/s respectively. These low loads and velocities
mean that a large amount of cycles was required before any measurable damage occurred.
From this reciprocating impact wear machirieree subsurface zones were found to be
present after each test: neadeformed base material, plastically deformed base material

and a white compound layer with a compositional mixture (Figure 222445.6].

)

4

CONTROL
CIRCUIT

UNIT OSCILLOSCOPE

Figure 514: Reciprocating pin on disk repetitive impact tegt{5i.4]

It was found that the three subsurface zones (wmformed base material, plastically
deformed base material and the white compound layer) were dependent upon velocity,
stress, material, tesduration and loading5.5]. A greater velocity with a large number of
cycles produced a thicker zone three (white compound layer). The debnef 2 (plastic
deformation zone) was found to be deeper with a high velocity at a low number of cycles,
however, as the number of cycles increased a lower velocity was also found to cause a
deeper plastic deformed zone. In terms of stress, the white campdayer (zone 3) was
found to be of same depth regardless of the stress which was applied. Howbeer
plastically deformed zone was found to be slightly deeper with a larger applied stress. The
subsurface zones were found to form quickly and are maiethin a state of equilibrium

(same composition and morphology).

Another study by Rice et al. attempted to establish whether variations in hardness of

precipitation hardened stainless steel (UNS S17400) influenced its repetitive impact wear
behaviour [5.6]. A hard pin (44HRC/430HV) against a soft disk (30HRC/300HV) had a
dramatic reduction in pin wear compared with a soft pin (30HRG] loard disk (44HRC).
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transfer occurred at the contact interface. It was also found that all UNS S17400 steel
specimens developed the three subsurface zones regardlesstheir original

microstructure.

A different study by Rice found variations in wear resistance in different microstructures of

UNS K92571 high strength low alloy steel during repetitive impact against a UNS S17400 pin

[5.7]. The subsurface zones were also found on the high strength steel. Howexeghipig

and delamination were also found to contribute to the material degradation process.
G¢2dza3Ké &ALISOAYSya o6F3ISR G nnncCkunannc/ 0O KII
specimens (aged at 950°F/510°C).

Rice also observed the three subsurface zomea titanium alloy (UNS R54560) and an
aluminiumcopper alloy (UNS A920115.8]. However, there were only two clear zones
(white compound layer and base material) found in aluminium alloy, UNS A92124. The
aluminiumcopper alloy (UNS A92011) faved crack nucleation which resulted in voids
and cracks forming in the compound layer ahénce delamination occurred. The UNS

A92124 alloy suppressed any crack nucleation due to its high fracture toughness.

Further work by Rice observed that shortffStiINS K92571 pins produced the largest mass
loss and deepest wear track; however, longer, ductile pins produced a very small amount of
material loss and created irregular wear tracks due to material trarj5tef. It was stated

that the irreproducibility for this kind of testing may be attributed to differing pin lengths
which result in different stiffness and found that only stiff pins produced the compound

layer.

The subsurface zas have also been observed by Menezes ef%l0]. The study was
focused on plastic deformation and strain localisation in subsurface zones of copper pins
and steel plates with surface texture was used as a variable. Plastic strain and deformed
depth was found to be dependent upon the coefficient of friction and the transfer layer
formation and both of these were found to depend heavily upon surface texture and
lubrication. Strain was found to be greater under dry conditions than under lubdcate

conditions.
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Nowotny et al. studied the repetitive impact sliding wear of a tool steel (TPWicrucible
particle metallurgy) pin and a UNS S17400 counterfacEl]. The tool steel exhibited a
high resistance to compound impact wear and both materials exhibitedstiesurface
zones previously found in this type of repetitive impact sliding wear test. Material transfer
from the UNS S17400 to the tool steel was observed and a phase transformation from

ferrite to austenite was detected in the wear debris.

Nowotny et al.also assessed the characteristics of wear debris in impact s[i6lih2). It
was obseved that debris could be produced from both the specimen and counterface and
that the metallic particles were very small and/or distorted primary crystals. Oxides also

formed during impact sliding wear and phase transformagimere also observed.

Furtherwork by Rice et al. has assessed material transfer in impact wear of titanium alloys

with different beta phase content and morpholodfy.13]. It was found that the material

transport varied greatly and was depeatt on a number of factors such as load, transverse

@St 20AG@Y Rdz2NFGA2Yy |yR GSad Sy@ANRYyYSydGaoe Li
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exhibited an increasen material transfer as the transverse velocity was increased,
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transverse velocities.

A study by Su et al. used an inclined imggliting wear testing apparatus to test
TiN/ALOY/TICN multilayer coating on three different WIGGCo cemented carbide
substrates (commercially nameglPM10C, PM25C and PM3(6)14]. The work showed

that harder substrates produced more fatigue cracks in the coating was attributed to

the lower substrate toughness. Tests also showed that in terms of sliding, the wear
resistance of the coating decreased with the softer substrate. They also found that the
wear was mainly influenced by applied loads and slidinggp&he multilayer coating with
PM10C (1720HV) substrate was observed to have good wear resistance. The PM25C
(1440HV) substrate with the multilayer coating offered good fatigue cracking resistance and
the PM30C (1610HV) substrate with the multilayer amgtivas most effective in

withstanding both impact and sliding wear components.
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Li et al. conducted repetitive impact wear tests ogGINICr coatings prepared by plasma
and HVOF spray$.15]. The HVOF coatings exhibited the best impact wear resistance as
they were denser and had fewer defects. The main wearing process experienced by the
coatings was impact fatigue which resulted in plastnearing and breakingff. Subsurface
micro-cracks formed a network of cracks around the lamellae. The merging of these cracks

resulted in the coatings breakiraff.

In summary, he modified pin on disk apparatus produces small loads and velocities which
results in a large number of required cycles before any measurable wear occurs. In most
studies, three subsurface zones are presentn white compound layer, a plastically
deformed lajer and unrdeformed base material. These zones have been found to be
present in low alloys steels, stainless steels, titanium, aluminium and copper alloys. These
subsurface zones have been found to result in various wear mechanisms such as plastic
deformation, ploughing, delamination, smearing and material transfer. Composite
materials (HVOF spraystc.) exhibited fatigue cracks as well as plastic smearing as the

main wear mechanisms.

5.3.2 Pivot hammer
Pivot hammer tests represent another test method used to assess repetitive impact wear
extensively in the past (Figure 5.1%he test conditions for pivot hammer tests range from

2-200N applied load, up to 2@ycles and operate at a frequency up to 50Hz.

Figure 515: Pivot hammer repetitive impact test 1ji§.16]

Engeland Millisstudied surfae topographydue to repetitive impact weaon carbon steel
test plateswith tool steel hammer$5.17]. 2D and 3Burface profilescansexhibited plastic

deformation and trends of the wearing surface deforming to theh of the hammer.
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Various surface finishes of the carbon steel test plates were also assessed (milled, ground,

polished and beadblasted); however, no benefits were found with any surface finish.

Engel and Yangfound that there were three main stages wiear during repetitive pivot
hammer impacts an initial wear stage followed by a zero wear stage and finally a
measurable wear stagg5.18]. The initial wear stage was a result of initial plastic
deformation and no merial was lost this occured in less than 10 cycles. Between 10 to
2000 cycles the zero wear stage occutrétis was due to minor plastideformation
without any surface profile changes. The majority of wear occurred after 2000 cycles,

where material was removed and more plaste&farmation occured.

Another pivot hammer testing device was developed by Mahoney ef5al9] who
assessed EN42 (070A72) spring steel test sample€EMB1 (534A99) steel as the hammer
material Craters were formed in thEN42 springteel specimens after 10,000 impacss.
breakin period was observedbefore the material started torapidly degrade This

observation also links with the findings by Erged Yand5.18].

Fricke and Allenvere also interested imepetitive impact wearoccurring inpoppet valves

and valves operating in hydropowered mining machiriéty6]. Therepetitive impactpivot
hammer testswvere performedin dry and wet envbnments on three stainless steels, UNS
S43100, UNS S44004, UNS S30400, and 817M40 (EN24) steel. The materials were also
tested in various heat treated forms. The stuidynd that pitting and surface traction were

the two wear mechanisms under lubricatednditions and surface heating was the main
wear mechanism in dry impacting wear. Favourable material characteristics ateerved

to be high hardness, low coefficient of adhesion, toughness and good corrosion resistance.
They alsdound that martensitic tels performed better than austenitisteek due to less
plastic deformation andt was observd that austenite was transformedo martensite

under repetitive impact conditionsThe study concluded thathe best way to reduce

impactingwear was to keep inpact velocities low

Blau and Hanft also usedpiavot hammerrepetitive impacting device to investigate impact
wear occurring in poppet valves and seatsautomotive engineg5.20]. The mateials

which were assessed were alumina 995 and silicon nitride SN2R8Mage was visible in
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both material after1000 strikes, however, alumina demonstrated more migtexture and

platelet formation tharthe silicon nitridetest specimens.

The pivot hammetesting was conducted at low loads with a high number of cycles. The
main findings were that metallic alloys exhibit an initial wear stage followed by a zero wear
stage (plastic deformation only) and finally by a measurable wear stage. The main wear
mechanisms for metallic alloys were plastic deformation, pitting and surface traction (wet
conditions) and surface heating (dry conditions). For ceramic materials, the main wear

mechanisms were micryacture and platelet formation.

5.3.3 High velocity impacguns

High velocity impact guns are used for impacting individual particles at extremely high
impact velocitiegFigure 5.16). This type of testing apparatus has been developed to study
the erosion processes occurring in applications such as mining, cfitgton, helicopter
parts and short takeff and landing aircraft. Particles vairy size from 100pm to 2cm and
velocities range from 44m/s to 1210m/s. A variety of materials are used for the impacting
particles such as zirconia, hardened steel, tungstarbide and silicon nitrideThe high

velocity impact gun experiments are conducted in air.

Target Speed
measurement Smooth bore
device

Pressure

Trap wall
control

Pressurized
air tank

Figure 516: High velocity impact gun tesg [5.21]

A sudy byCenna et alevaluaed mild steelgrade undefinedat 90m/s impact velocitand
at three differentimpacting angles (30°, 60° and 90f9.22]. The studyfound that the
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maximum crater depth occurred at 60° and smallest at 30°. A laser scaomirigcal
microscope (LSCM) was used to measure the craters. The measured craters from the LSCM
were found to bein relation with a predictive wear model developed by Neilson and

Gilchrist[5.23] as long as nglastically deformedip occurred.

Lindroos et al. assessed four different types of wear resistant steels (grades undefined) at
three different impact angles (15°, 30° and 6[B.21]. Spherical WL o cermet projectiles

were used to impact the specimens. An impacting force-d5N was observed during the

high velocity impact testing. It was postulated theeat generated at the interface between

the projectile and the sample could have led to thermal softening and potential changes in
microstructure in a very thin layer on the test coupon surface. High shear deformation and
strain localisation in the pitap (lip) region was observed, as well as energy absorption and

subsurface stresses due to the friction occurring during the impact event.

The authors also reported that martensitic steels strain harden at first before softening at
high strain rates. Thisvas explained by increased locali®n of shear deformation into
adiabatic shear bands (heat produced by the impacting particle causes narrow bands of
highly sheared material to form) which rapidly change the strain hardening rate with
increasing strainThis led to fracturing along the white shear bands (precursor for harder
transformed bands at which failure tends to initigt&24]) which resulted in the main wear
mechanism. Adiabatic shear bands were again used to explain the reason why the carbide
reinforced steel had high strain rates. Small reinforcement particles were observed to affect
the formation of white adiabatic straibands and the high ratio of the reinforced particles
had a strain hardening effect. The carbide reinforced steel experienced a low wear rate at
the low angle as cutting was the main wear mechanism. However, a network of cracks in

the adiabatic shear barsded to brittle fracture which initiated from the defects.

A deformation lip was also found to occur during the tests which increased in height with
increase in angle. A formulation (Eg. 5.1) was developed to define how much material was
G Odzli ¢ | ycRwaK @asticaffyddeformed. Where,Ms the volume below the surface
(inside the wear scar) and,yis the volume above the surface. If the value is one then the
material has been removed by cutting mechanisms and if the value is zero then the

materid has been plastically deformed.
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« - Eqg. 51

Murr et al. evaluated changes in microstructuredflS R56400 titanium allajpacted by

UNS G43400ow alloy steel projectiles due to adiabatic shear band falji5.25]. The
impact velocities ranged from 63B27m/s. The adabatic shear bands contained
martensite which increased in density with increased impact velocity. Crack nucleation and

propagation inside the adiabatic shear bands also increased with impact velocity.

Duan et al. also assessed tmécrostructure and adiaatic shear bands formed during high
velocity impact testing5.26]. Sintered tungsten allof@3W)projectiles were impacted on a
medium carbon steefundefined)and a 30CrMnMo steel. No adiabatic shear bands were
observal on the carbon steel as timpactenergy dissipated slowly. However, 30CrMnMo
steeldemonstraed evidence of adiabatic shear bandise to the quick dissipation of the

impact energy.

Naim and Bahadu conducted a single particle impact testing ushmrdenedsteel balls
(grade undefinedjo impact on 7630 brass({UNS C2600@pecimensat 120m/s[5.27]. It

was observeal that the impact damage increased as the levels of cold working increased.
Unsurprisingly, the @imagecaused by the impactlso increased with increasing kinetic
energy.Two distinct mechanismwere observel to occur during the impact testindtake
formation and lip fragmentation. Flake formation wite dominant wear mechanisnin
normal impactconditions;whereas, lip fragmentation wake dominantwear mechanism

at obligueimpact conditions

High velocity impact gun testing was conducted in air with iplrtsizes ranging from
100um to 2cm and velocities between 44m/s and 1210m/s. A variety of wear mechanisms
have been observed such as thermal softening, shear deformation, stain localisation,

adiabatic shear bands, flake formation and lip fragmentation.
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5.3.4 Ball on plate

Ball on plate testing device@-igure 5.17use spherical ballsyhich areoften tungsten
carbide as theéball material, to createrepetitive impact damage. The loads used in these
studies are less than 1kN and are often in the magnitolel0>-10° cycles.They are
commonly used to assess the adherence of thin surface coatings such as Digmond

Carbon (DLC) and Physical Vapour Deposition (PVD) cdat2&ys.35].

Normal piezo gauge

H

Tungsten carbide ball

Indentation | [ S~ A PVD coating
\-/—
depth
Indentation
Substrate

Figure 517: Schematic of baon plate impact testing machirj&.35]

Kuptsov et al. assessed the corrosion and impact behaviour of TiCN, TiSiCN, TiCrSiCN and
TIAISICN coatings which had been deposited via DC magnetron sputtering (PVD process)
onto WG6Co and alumina substrat¢$.36]. Impact tests were conducted in air, distilled

and saline (0.9%NaCl) water. The TiCN coating performed the poorest under dynamic
impact conditions due to coating imperfections such as porosity and rraaking which
dramatically reluced the mechanical properties of the coating. The TIAISICN coating was
the only tested material which was able to withstand the dynamic impact loads in all three

environments (dry, distilled and saline water).

La Vecchia and Lecis studied the effecaoduplex treatment (nitriding plus a CrN PVD
coating) on a UNS G41400 substrate under repetitive impact conditions with a UNS G52986
steel ball[5.37]. A nonnitrided coating (CrN only) was found to fail after only 1000 cycles,

however, the nitrided coating was found to exhibit no cracking up t®@®@D,cycles. The
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benefit of the nitriding treatment was attributed to the higher stiffness of the coating which

suppressed the occurrence of adhesive coating failure.

Yoon et al. studied the repetitive impact wear behaviour of TiN a#g-Ni PVD coatingsmo

UNS T30402 and Wb substrates against tungsten carbide bgl88]. The study found

that the ratio, H/E*? (defined as the plastic deformation resistance of the specimen, where

| A& (KS KINRySaa FyR 9fF Ad WkdeviaT8o0drngsd 2y
ratio), played an important role to the repetitive impact wear behaviouthef coating. A

greater H/E*? ratio altered the repetitive impact wear mechanism from plastic

deformation to a brittle failure mode.

Cassar et al. assessed the repetitive impact wear behaviour of plasma diffusion treatments,
PVD ceramic and duplex tteal (combined plasma and PVD) coatings on a UNS R56400
substrate against a cemented carbide ball indenteB9]. The study observed that the

resistance to repetitive impact wear of the UNS R56400 alloy could be increased from
diffusion and PVD coating surface treatments. However, the duplex treated coatings with

shallow diffusion treatments were found to have gtest resistance to repetitive impact.

Huang et al. studied the repetitive impact of high silicon (1.65 Si) bainitic cas%d0%
Slightly modified bainitic cast iron (with alloying addition of <0.15Ti) was observed to
improve the repeitive impact wear resistance by up to 50% compared to the unmodified
bainitic cast iron. The formation of a white compound layer (Figure 2.24) was found on the

surface of the tested cast irons.

Rastegar and Karimi assessed the repetitive impact wear aesistof four different wear
resistant steels (grades undefined) with cemented carbide indenfgr&l]. The study
found that subsurface deformation ireased with increasing impact energy, impact
velocity and decreasing steel hardness. The study also observed that localised deformation
resulted in narrow adiabatic shear bands with a fine microstructure. Within the shear
bands, intense shearing and nuclest of micrevoids were also observed. The growth and
linkage of the voids resulted in crack formation along the length of the shear band which
eventually lead to flakdike fragments becoming detached once the cracks reached the

surface.
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Yang et al. stiied the failure modes induced by white layers formed on a meeligh
carbon low alloy steel (grade undefined) during repetitive impacts with bainitic steel (grade
undefined) ball§5.42]. Two wear zones were found to form subsurface of the low alloy
steel during testing, a white compound layer and asptally deformed zone. Two different
failure modes were observed to occur on the low alloy steel. The first was due to
delamination occurring when microcracks propagated along a path parallel to the white
compound layer. The second failure mode occurredt do spalling when microcracks

propagated along the flow lines of the plastically deformed zone.

Iturbe et al. studied the repetitive impact wear behaviour of a copper alloy (grade
undefined) with hardened steel indente(grade undefined)5.43]. The study found that a
substantial amount of plastic deformation occurred below the surfaicthe copper alloy.

The material removal mechanism was found to occur due to surface cracking and flaking
from a fatigue process caused by the isigdfriction between the indenteand specimen

and the formation of an inhomogeneous region formed fronspitaally deformed material.

The ball on plate impact testing was conducted at moderate loads and cycles and has been
broadly used to assess the adherence of thin surface coatings. A white compound layer
with a plastically deformed zone has been observeddme studies of metallic alloys as
well as adiabatic shear bands. These often lead to nucleation of widds as well as

surface cracking and flaking.

5.3.5 Repetitive impact with abrasion

Due to the high wear rates found in hydraulic rock crushingigggent, repetitive impact

GSaid NA3IEA KIFIPS 06SSy RSaiA3aySR (2 AYyO2NLRNIGS
seen in Figure 5.18. The test conditions include high loads up to 86kN and test durations up

to 1000 cycles.
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Figure 518: Repetitive impact with abrasion test i5.44]

Ratia et al. assessed the repetitive impadth dry abrasiorwear behaviour of structural
steel S355 and thremartensitic weatresistant steels (Raex 400, 450 and 500) with granite
rocks as the abrasive particlgs44]. The study observed that increasing hardness resulted
in better repetitive impact wear resistance. The main wear mechanisms were observed to

be indentation, plastic deformation and miecsaratches.

Work by Heino et al. studied the same materials as Ratia f.44] as well as W«o hard
metal in a variety of compositionsith granite as the abrasive particl§s.45]. A link with
increasing hardness with improved impact resistance was also observed. Abrasion and

plastic deformation were found to be the main wear mechanisms.

Lindroos et al. studied the repéte impactwith dry abrasionwear of high manganese
Hadfield steel (grade undefined) with basalt, granite, tonalite and quartz abrasive particles
[5.46]. It was observed that the abrasiveness of the rock batter correlation with
material loss than rock hardness. The surface hardness of Hadfield steel was found to
increase dramatically (400HV increase) after testing as a result of austenite to martensite

phase transformation.

Kennedy and Hashmi studied thepetitive impact with dry abrasion wear behaviour of
HVOF sprayed MNr and W&o on aluminium and mild steel substrates (grades undefined)

with a tungsten carbide indentdi5.47]. The study found that coated and uncoated mild
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steel samples dxbited greater resistance to impact wear than coated and uncoated

aluminium alloy samples.

Osara and Tiainen studied the repetitive impact wear of variations of manganese steel, a
white cast iron and two metahatrix composites (MMCs) (50%WC with 50%h tigeed

steel (high performance steel with high hardness at high temperatures up to 500°C) matrix
and 70% high speed steel in manganese steel m3&&8]. The MMCs and white cast iron
exhibited the greatest resistance to repetitive impact with abrasion resist@ompared to

the manganese steels. The mix of hard wear resistant particles with a hardenable/tough
matrix was attributed to the good performance of the MMCs. The high hardness of the

white cast iron (650HV) was found to be beneficial in these test dondit

Page et al. assessed the repetitive impact with dry abrasion wear of a Néhzast iron
(grade undefined) with quartz sand abrasive parti¢®49]. The main material degradation
mechanism was found to be ploughing. As the tests continued, comminution of the sand

particles reduced the wear rate significantly.

Qian and Chaochang studied the repetitive impact with dry abrasion wear of low alloy
white cast irons with quartz sand as the abrad&v®0]. The study observed that material
loss increased with increased volume fraction of eutectic carbides. The network of eutectic
carbides were found to fragment and gradually turn into microcracks after repeated

impacts.

Repetitive impact with abrasiorests were conducted with high loads and a low number of
cycles. A good correlation was observed with increased hardness with increased resistance
to impactabrasion. The main wear mechanisms were indentation, plastic deformation and

micro-scratches. Micrecracking was observed in materials with carbides.

In summary, e literature study of repetitive impact test machines, demonstrated (perhaps
unsurprisingly) that the main damage processes occurring during repetitive -metal
impact are interactions be&teen plastic deformation and cracking. Although a large number
of variations of testing equipment and conditions have been investigated, many of these
(e.g. stress levels, no of cycles, dry conditj@ts.) are not especially relevant to the valve

and se& deterioration situation. There appears to be no standard test rig which

164



Chapter 5. Wear mechanisms of valve and valve seats and the validation of a
novel repetitive impact test rig

incorporates repetitive impact with high compressive loads and abrasive sand particles in
an aqgueous solution. Therefore, it was clear that a purpose built rig was required to
invesigate this type of wearThe design and testing conditions of the custom built

repetitive impact with slurry is discussed@mapter3.4and 54.

5.4 Materials and methods

In order to obtain correlation between repetitive impact behaviour and material

type/conditions a ange of materials were assessi@se are described by category below.

Heat treated/surface engineered lesloy steel

E ]

Carburised UNS G8620@ carburised low alloy steel

9 Induction hardened UNS G52986an induction hardened high carbon losloy
steel

1 Quenched and tempered UNS G52%8%quenched and tempered high carbon low
alloy steel

T Induction hardened UNS G4148@n induction hardened low alloy steel

T Nitrided 905M39 steet an ammonia gas nitrided low alloy steel
Stainless steels

T UNSS3160Q; austenitic stainless steel

T UNS S4200@ martensitic stainless steel, in heat treated and rfweat treated
forms

1 UNS S44008 martensitic stainless steel with 0.4695%C content

1 UNS S44004 martensitic stainless steel with 0.952% C content

T UNS S32764Q high alloy duplex stainless steel

Chromium cast irons

1 Commercially available 27%Cr cast itphypoeutectic chromium cast iron with a
martensitic metal matrix and hard }@; carbides
1 Commercially available 37%Cr cast icomypoeutectic chromiuntast iron with an

austenitic metal matrix and hard 4@; carbides
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Cermet coating

1 HVOF WaONi¢ commercially available HVOF sprayed coating with 90% tungsten
carbide and 10% nickel metallic binder
The nominal chemical composition (obtained from technicahddneets from the material
supplier) for each test material is given in Table 5.4. The hardness, elastic modulus and yield
strength of the test materials are shown in Table 5.5. These material properties were used

to assess relationships between matepabperties and repetitive impact wear resistance.

Table 54: Nominal chemical composition (wt%) of the test materials

Material C Cr Ni Mo S Mn Si N P Fe
UNS 0.18 | 0.4 | 0.4 | 0.15 0.7~ | 0.15
.04 - | XQ.035| Bal.
G86200 | 0.23 | 0.6 | 0.7 | 0.25 09 | 0.35
UNS 098 | 1.3 0.25 | 0.15
- - XKn @ - Xn @) Bal.
G52986 | 1.10 | 1.6 0.45 | 0.30
UNS 0.38 | 0.8 0.15 0.75 | 0.15
- 0.04 - 0.035 | Bal.
G41400 | 043 | 1.1 0.25 1.00 | 0.30
UNS 16- | 10
Xn @ 2-3 | XXn @ XKH d XXn & XKn d 0.045 | Bal.
S31600 18 14
905M39 | 0.35 | 1.4 0.15 0.40- | 0.1
- Xn @ - 0.025 | Bal.
steel 043 | 1.8 0.25 065 | 0.4
UNS " 12- o o I
n - - n M M - n Bal.
S42000 4 14 4 4 4 4
UNS 0.75 | 16 %.75| .03 | M " .04 | Bal
- : . - : al.
S44003 | 0.95 | 18
UNS 095 | 16 wn @ xn o X >K wn o| Bal
- n n M M - n al.
S44004 | 1.20 | 18
UNS " 24- 6.8 3 o 0.2 o I
Kn - -4 | KN KM | DKM Kn Bal.
S32760 26 0.3
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27%Cr
3 27 - - - - - - - -

cast iron

37%Cr
1.8 37 - - - - - - - -

cast iron

Table 55: Hardness, elastic modulus and yield strength of the test materials

Elastic modulus

Material Hardness (HV) Yield strength (MPa
(GPa)
Carburised UNS
720 200 832
G86200
Induction hardened
720 200 1410
UNS G52986
Quenched and
tempered UNS 825 200 1410
(52986
Induction hardened
655 200 -
UNS G41400
UNS S31600 170 193 285
Nitrided 905M39
1100 200 480
steel
UNS S42000 heat
480 200 1360
treated
UNS S42000non-
280 200 345
heat treated
HVOF WQONi 1060 - -
UNS S44003 580 200 1860
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UNS S44004 630 200 1896
UNS S32760 265 200 795
27%Cr cast iron 765 - 650
37%Cr caston 365 - 250

The experiments were conducted in the repetitive impact test rig which is detailed in
Chapter 3.4. The tests ran for 50,000 cycles with an applied load of 32kN and a frequency of
5Hz. A carburised UNS G86200 steel with a diametédmm wasused as the indente
material. A constant supply of hydraulic fractursand was fed between the impactand

the test sample with a sand concentration of 54g/l. Two replicates were assessed for each

test material.

5.5Results and discussion

This sectio discusses the test results and findings from the validation testing of the
repetitive impact with slurry rig. The first part discusses some initial test results which
aaSaaSR (KS O2y(iNARodziA2y 2F RIYIF3IS o6& GKS
section of test results evaluates a wide range of materials under repetitive impact
conditions. The sand patrticles before and after testing were also assessed to evaluate their
circularity. A metallographic examination of the wear scars of the tested naddesias also
conducted, along with an assessment of relationship between material properties and

repetitive impact wear resistance.

550M 6@/ NHzZAKAYy3Ié STFSOG 2F atyR
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sand. In order to evaluate this, tests were conducted with and without slurry. The material

used in these initial tests was UNS S31600. The test parameters are stated in Table 3.8 and

in Chapter 3.4. Figure 5.19 shows the appearance of the UNS S31600etasiesys after

the exposure to repetitive impact with and without the slurry. The wear scar depths and

volume losses for the tests are shown in Figures 5.20 and 5.21.
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Figure 519: UNS S31600 after testing: without siu(left) and with slurry (right)
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Figure 520: Wear scar depth for UNS S31600 with and without slurry
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Figure 521: Volume losses for the UNS S31600 with and without slurry

Wear scar depths andolume losses both increased when sand particles wesend
crushed between the impactoand specimen demonstrating that the crushing of the sand
particles contributes to the repetitive impact damage &% of overall damage).
However, it should be notedhat a significant amount of the damage (80%) was

attributed to only repetitive impact wear (without slurry).

5.5.2 Surface topography

5.5.2.1 Wear scar depth

The wear scar depths for all tested materials are shown in Figure 5.22. The scatter bands
represent the scatter bands for two test replicates. The UNS S31600 stainless steel and
HVOF WQONI exhibited the greatest wear scar depths of all test materials. Whereas, the
carburised UNS G86200 and 27%Cr cast iron demonstrated the lowest wear scar khepths.
general, materials with a martensitic microstructure (carburised UNS G86200, 27%Cr cast
iron, UNS S42000 (480HV), induction hardened UNS G588 had lower wear scar
depths than materials with an austenitic microstructure (UNS S31600 and 37%(omchas

This observation has been perceived in previous studid$, 5.41]. However, there were
exceptions to this as the UNS S42000 (280HV), UNS S44003 and UNS S44004 all
demonstrated wear scar depths greater than the 37%Gt ton and UNS S32760.
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Figure 522: Wear scar depths of the tested materials in repetitive impact with slurry
conditions

5.5.2.2 Wear scar volume loss

The wear scar volume losses for all test materials are given in Fi@iEendaterials with a
volume loss with less than 0.2mm?3 are also presented in Figure 5.24 for a better
comparison. A similar trend to those found with wear scar depths was observed, as the UNS
S31600 stainless steel and HVYOFR1UNI exhibited the greatest @ar scar volume losses

and the carburised UNS G86200 and 27%Cr cast iron demonstrated the lowest wear scar

volume losses.
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Figure 523: Wear scar volume losses of tested materials in repetitive impact with slurry
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Figure 524: Wear scar volume losses for tested materials (volume loss less than 0.2mm3) in

repetitive impact with slurry conditions
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5.5.2.3 Wear mechanisms occurring in repetitively impacted zones

The material degradation mechesms occurring inside the repetitively impacted wear scars
were determined through SEM images of cross sectioned wear scars. A light microscope
was used for an Hplane image of the HVOF WONi coating wear scar (Figure 5.38). A
microhardness profile fothe soft/ductile materials was also conducted to assess work
hardening effects. A selection of soft/ductile and hard/brittle materials (listed below) were

chosen to be analysed.

1 Soft/ductile materials (170H880HV)¢ UNS S31600, UNS S42000 (280HV), UNS
S4003, UNS S32760

1 Hard/brittle materials (720HM 100HV); 27%Cr cast iron, carburised UNS G86200,
Nitrided 905M39 Steel, HVOF VIQNi

UNS S31600

The main material degradation mechanism for the UNS S31600 was plastic deformation
where regions within the wea O NJ adzZFFSNBR FNRY | OdziGAy3dkaKk
sand particles (Figure 5.25). This type of damage is similar to cutting deformation wear as
described by Hutching®.51], who stated that subsequent impacts will easily remove the
vulnerable material displaced in the highly strained lip. Work by Ratia et al. attributed large

amounts of plastic deformation of materials with low hardness higth ductility[5.44].

A hardness increase of 100HV was observed at the surface of the UNS S31600 impact wear
scar (Figure 5.26). This strain hardening effect of UNS S3h808ekn observed previously

by a number of researchef5.52¢5.54]. Singh et al. conducted air blasting experiments at
normal incidence and found that the surface hardness of UNS S31600 increased from
160HV to 430HY5.53]. Similarly, Giourntas observed hardness increases of 100HK (Knoop
hardness) in a wear scar of UNS S31600 after an impgisgirry jet experimenic.54].
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Figure 525: Plastically deformed material in UNS S31600 wearfetlawing repetitive
impact wear testing
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Figure 526: Microhardness profile for UNS S31600 wear scar
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