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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.  This research focuses on an investigation 

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

of finding cost-effective solutions to combat these problems. 

A recirculating slurry impingement rig was used to test the materials under corrosive wear 

conditions. To comprehend the various wear mechanisms occurring during testing a 

recently-developed, in-house volumetric analysis technique was employed, which 

combined electrochemical monitoring tests and 3D surface profiling. A novel repetitive 

impact slurry rig was developed to mimic the repetitive impact metal-metal wear occurring 

on valves and seats used in the hydraulic fracturing pump.  

The enhanced volumetric analysis technique and information from segmented specimens 

provided a means of unravelling the complex deterioration processes that occur in the 

different regions of a submerged jet specimen. Post-test examinations of specimens using 

light-optical and scanning electron microscopy was also undertaken to yield information on 

mechanisms of degradation. 

As hydraulic fracturing equipment is likely to have to operate in a range of water salinities, 

the effect of salinity on the currently used fluid end (i.e. pump casing) material (UNS 

G43400) as well as alternative material options was investigated. Increasing salinity from 

0.05%NaCl 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 protection 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 claddings was assessed as a hardfacing and/or repair 

option for hydraulic fracturing pump components. 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 erosion resistance. 
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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 manufactured. The 

additively manufactured alloys were observed to have significantly better corrosion 

resistance than the wrought alloys in static and flowing conditions. Under solid-liquid 

erosion-corrosion testing, the additive manufactured alloys and equivalent wrought 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 hardness for 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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1.1 Introduction 

 

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 hundreds 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 fluid into the wellbore and the rock formation. The 

fluid, used to open and enlarge the fractures, consists of water, proppant and chemicals 

(acids, gelling agents, inhibitors, etc.). The proppant (sand particles or ceramic balls) is used 

to hold open the fractures to increase the conductivity of the gas and/or oil [1.1]. 

Once the injection 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 

άŦƭƻǿōŀŎƪέ ƻǊ άǇǊƻŘǳŎŜŘ ǿŀǘŜǊέ ŀƴŘ ǳǎǳŀƭƭȅ Ŏƻƴǘŀƛƴǎ ǘƘŜ ŀŘŘŜŘ ŎƘŜƳƛŎŀƭǎ Ǉƭǳǎ ƴŀǘǳǊŀƭƭȅ 

occurring materials such as brines, hydrocarbons, metals, etc. Traditionally, the flowback 

water was stored in tanks before off-site treatment, disposal or recycling; however, it is 

now common for the flowback water to be treated at the hydraulic fracturing site and 

reused for the injected fluid [1.2].  

Typically equipment (such as Figure 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 fracturing 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 the rock perforations), 

gelling agents (assist in keeping the proppant in suspension) and corrosion inhibitors [1.3].  

Weir Group PLC is an international engineering company that provides innovative solutions 

and expert services to the oil and gas, minerals and power industries. Within their oil and 

gas division, they design and manufacture positive displacement pumps and associated 
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pumping equipment (such as valves, valve 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 fracturing 

cause the positive displacement pumps and pumping equipment to experience a variety of 

material degradation issues such as corrosion [1.4, 1.5], erosion-corrosion [1.6, 1.7], 

cavitation [1.8, 1.9] and fatigue [1.6, 1.10]. Figure 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. 

 

Figure 1.1: 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 elbows in pipework, 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 erosion-corrosion damage. The positive displacement pump casing (also 

referred to as the fluid end), also suffers significantly from erosion-corrosion damage. 
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Figure 1.2: 90° elbow which has suffered severely from erosion-corrosion damage (courtesy 
of WSPM) 

The valve and valve seats located within 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 fracturing 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 field [1.11].  
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Figure 1.3: Valve and valve seat which 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 erosion-corrosion, 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 claddings, etc.) were necessary to be 

substituted for the 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 occurring 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 degradation processes which are occurring in the Weir Group PLC 

hydraulic fracturing pumping equipment. 

2. Assess the effect of altering the water source (freshwater to brine) on the corrosive 

wear behaviour of the materials. 

Valve 

Valve Seat 
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3. Assess the potential benefit of applying cathodic 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 material selection solution to assist with 

improving the life span of components. 

The work reported in this thesis enhances the state of the art and innovation in the field of 

erosion-corrosion by utilising an advanced volumetric analysis technique which has been 

developed in-house at the Weir Advanced Research Centre (WARC) based at the University 

of Strathclyde [1.12]. The benefits of using this technique is the quantification of high angle 

erosion-corrosion damage occurring in the direct impingement zone as well as corrosive 

sliding abrasion wear during a 90° impingement test. Cathodic protection tests isolated the 

mechanical deterioration mechanisms - high angle erosion and sliding abrasion damage. 

The direct impingement zone and the outer area of test materials were electrically 

insulated through a segmentation technique which allowed 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 occurring on the valve seat during operation. The 

impact testing machine utilises a hydraulic machine with an impactor and a test coupon 

ǿƛǘƘ ŀƴ ŀǉǳŜƻǳǎ ǎƻƭǳǘƛƻƴ ǿƛǘƘ ƘȅŘǊŀǳƭƛŎ ŦǊŀŎǘǳǊƛƴƎ ǎŀƴŘ ōŜƛƴƎ άŎǊǳǎƘŜŘέ ōŜǘǿŜŜƴ ǘƘŜ 

impactor and test coupon. The contact pressure between the impactor and test coupon, as 

well as the frequency of the rig, mimics real life operating conditions [1.11].  

The work described herein, utilises the enhanced erosion-corrosion analysis technique and 

novel repetitive impact test rig to assess the performance of currently used materials 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 fundamentals of erosion-corrosion and 

repetitive impact wear phenomena. Chapter 3 describes the pre-test, test and post-test 

methodologies used in this study. 
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Chapter 4 involves an assessment of alternative materials for positive displacement pump 

casings (referred to herein as fluid ends).  The advanced erosion-corrosion analysis 

technique is used to assess the currently used fluid end material, low alloy steel, with three 

different stainless steel grades ς 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 impressed current and 

sacrificial anode/coating) for the low alloy steel was also assessed due the broad use of low 

ŘǳǊŀōƛƭƛǘȅΣ ƭƻǿ ŀƭƭƻȅ ǎǘŜŜƭ ƛƴ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ŦǊŀŎǘǳǊƛƴƎ ƛƴŘǳǎǘǊȅ ŀƴŘ ŘǳŜ ǘƻ ƛǘΩǎ ǇƻǘŜƴǘƛŀƭ ŀǎ ŀ 

cheaper alternative to stainless steels. 

Chapter 5 describes 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 explores the 

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 under erosion-corrosion 

and repetitive impact conditions. 

Chapter 7 demonstrates the relative performance of four additive manufactured materials 

along with their equivalent wrought counterparts under solid-liquid erosion-corrosion 

conditions. The additive manufacturing 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 corrosive and repetitive impact wear 

performance of four different 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 variety of 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 and material selection, concluding remarks and chapter references. 
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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, erosion-corrosion and repetitive 

impact wear will also be discussed. 

2.2 Hydraulic fracturing process 

Hydraulic fracturing 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 Chapter 2.2.1) into the wellbore to establish fissures in the rock 

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

¢ƘŜ ŦǊŀŎǘǳǊƛƴƎ ǇǊƻŎŜǎǎ Ŏŀƴ ōŜ ǘǊŀŎŜŘ ōŀŎƪ ǘƻ ǘƘŜ муслΩǎΣ ƘƻǿŜǾŜǊΣ ƛǘ ǿŀǎ ƴƻǘ Ŧǳƭƭȅ 

comprehended until Floyd Farris conducted an in-depth study into hydraulic fracturing 

which related well performance with treatment pressures [2.1]. 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 

hydraulically fractured [2.2]. 

Before the hydraulic fracturing procedure can commence, it is necessary to drill down to 

the underground well. The oil and gas reservoirs can be generally 183-2591m (600-8500ft) 

underground depending on the location of the well [2.3]. Initially the drilling occurs 

vertically where several steel casings of different diameters are inserted within the well into 

depths of 91-305m (300-1000ft) [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 feet) above the oil and gas reservoir, the horizontal drilling begins. There is an 

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 is withdrawn from the well 

and the cementing operation is conducted [2.4].  
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Before the hydraulic fracturing process occurs, a 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 the formation [2.5]. 

The hydraulic fracturing process differs slightly for 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 and proportions can alter depending on the depth, thickness and 

other characteristics of the formation [2.4]. 

The first 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 the bore 

[2.4]. 

¢ƘŜ ƴŜȄǘ ǎǘŀƎŜ ƛǎ ŎŀƭƭŜŘ ǘƘŜ άǇŀŘ ǎǘŀƎŜέ ǿƘƛŎƘ Ŏƻƴǎƛǎǘǎ ƻŦ мллΣллл Ǝŀƭƭƻƴǎ ƻŦ ǎƭƛŎƪǿŀǘŜǊ 

which is proppant 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 sub-stages 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 

όƪƴƻǿƴ ŀǎ άŦƭƻǿōŀŎƪέύΦ ¢Ƙƛǎ άŦƭƻǿōŀŎƪέ ǿŀǘŜǊ Ŏŀƴ ōŜ ǘǊŜŀǘŜŘ ŀƴŘ ǊŜǳǎŜŘ ŦƻǊ ǎǳōsequent 

fracturing stages [2.6]. 

¢ƘŜ Ŧƛƴŀƭ ǎǘŀƎŜ ƛǎ ŎŀƭƭŜŘ ŀ άŦƭǳǎƘƛƴƎ ǎǘŀƎŜέ ǿƘƛŎƘ consists of a volume of water sufficient to 

remove excess proppant from the wellbore [2.7].   

The pumping operation for each stage may take from 20 minutes up to 4 hours [2.4] 

depending on the design and intent of the hydraulic fracturing process. The fluid return for 
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the first day or two after fracturing can produce 3-6 barrels per minute of flowback fluid, 

before falling to 1000 barrels per day. By the end of the second or third week the 

production decreases to a few hundred barrels per day [2.4].  

2.2.1 Hydraulic fracturing fluid chemical composition 

The chemical composition of the hydraulic fracturing fluid differs during the hydraulic 

fracturing operation [2.4]. The fluid consists of two parts; an aqueous solution and 

proppant (5-12% concentration). The aqueous solution is 98-99.2% 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 or 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 between 5°C-40°C. The pH of 

the solution is neutral, typically of pH between 7-8 [2.8]. 

Evidently, the Total Dissolved Salts (TDS) of the aqueous solution will vary depending upon 

the source of the water [2.9]. Until recently, the main source of water has been fresh water 

ςless 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 Mexico [2.10], as well as environmental issues and public 

pressure has resulted in a growing impetus on the re-ǳǎŜ ƻŦ ǊŜǘǳǊƴŜŘ άŦƭƻǿōŀŎƪέ ǿŀǘŜǊ 

from the reservoir. However, there are many issues with re-ǳǎƛƴƎ ǘƘŜ άŦƭƻǿōŀŎƪέ ǿŀǘŜǊ ŀǎ 

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 formations. This can often lead to instances where the 

άŦƭƻǿōŀŎƪέ ǿŀǘŜǊ Ŏƻƴǘŀƛƴǎ ŎƻƳǇƭŜȄ ŎƻƳǇƻǎƛǘƛƻƴǎ όǎǳŎƘ ŀǎ ǎŎŀƭŜ ŦƻǊƳƛƴƎ ƛƻƴǎ - barium and 

calcium, as well as organic compounds) and can also yield extremely high TDS levels (up to 

200,000ppm) [2.4]Φ IŜƴŎŜΣ ǘƘŜ άŦƭƻǿōŀŎƪέ ǿŀǘŜǊ ƛǎ ǘȅǇƛŎŀƭƭȅ ǘǊŜŀǘŜŘ ǘƻ ǊŜƳƻǾŜ ǘƘŜ 

undesirable constituents and to reduce the TDS level. The proportion of re-ǳǎŜŘ άŦƭƻǿōŀŎƪέ 

water can be up to 40% depending upon the hydraulic fracturing site [2.4].  

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

been used for the hydraulic fracturing fluid. The formations 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 challenges [2.8]. 

Depending upon the hydraulic fracturing stage and operating environment, a concoction of 

additives may be added to the hydraulic fracturing fluid [2.8, 2.9]. A list of these additives is 

described below: 

¶ Dilute acid (hydrochloric or citric acid ς up to 0.3% concentration) is used in the 

initial fracturing sequence. This cleans out cement and debris around the rock 

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.  

¶ Corrosion inhibitors (amines or amides with formic acid and methanol as well as 

oxygen scavengers - 0.05% concentration) are used to suppress corrosion of the 

carbon steel well casings and are only used when the dilute acid is added to the 

fluid. 

¶ Gelling agents (guar gums - 0.5% concentration) are used in small amounts to 

thicken the water-based solution to assist with transporting the proppant. 

¶ Friction reducing agents (potassium chloride/polyacrylamide-based compounds ς 

0.05% concentration) - are used to reduce tubular friction and pressure required to 

pump fluid into the well bore, thereby reducing pump horsepower output and air 

ŜƳƛǎǎƛƻƴǎ ŦǊƻƳ ǘƘŜ ǇǳƳǇǎΦ ¢Ƙƛǎ ƛǎ ǘƘŜ ά{ƭƛŎƪǿŀǘŜǊέ ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ ŦƭǳƛŘ ǎƻƭǳǘƛƻƴΦ 

¶ Cross-linking agents (boric acid or ethylene glycol ς 0.0032% concentration) these 

are used at the latter stage of the hydraulic fracturing process to cause the gelling 

agent to break down into a less viscous fluid so it can be removed from the 

wellbore without transporting the proppant. 

¶ Biocides/disinfectants (bromide and phosphonium-based solutions - 0.001% 

concentration) are used to prevent growth of bacteria which may deposit on fissure 

walls and hence obstruct fluid 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.  

¶ Scale inhibitors (carboxylic acid-base or acrylic acid-base polymers ς 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 reduction in permeability. 

¶ Clay inhibitors (sodium/potassium chlorides or quaternary amines ς 

tetramethylammonium chloride ς 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. 

¶ Iron control/stabilising agents (citric/hydrochloric acid ς 0.004% 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: natural silica 

sand, resin coated silica sand and ceramic balls. Figure 2.1 shows the distribution of the 

proppant materials with respect to their oil/gas recovery efficiency (termed conductivity), 

mechanical strength and shape. 

 

Figure 2.1: 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 during the hydraulic fracturing operation. These characteristics 

include shape, size, compressive strength, acid solubility and turbidity. Standards and 

recommended practices (ISO 13503-2 [2.12] and API 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 oil 

and/or gas being extracted from the formation (Figure 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 of the oil/gas.  

 

Figure 2.2: Oil and gas conductivity with different proppant shape and size [2.14] 

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 Krumbein-Sloss chart (Figure 2.3), produced by studying the 

shape of sedimentary particles [2.15]. This chart can be used to visually measure the 

sphericity and roundness of the proppant.  
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Figure 2.3: Krumbein-Sloss chart for measuring sphericity and roundness [2.15] 

Both the ISO 13503-2 and API RP 19C standards recommend that both 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 the fracture attempting to close. These stresses can exceed 68.9MPa 

(10,000 psi). The compressive strength of the proppants is generally between 41.3-96.5MPa 

(6,000-14,000psi)[2.12]. 

A variety of chemicals are used during the hydraulic fracturing process, including acids, 

which could potentially dissolve the proppant. Dissolved proppants would lead to reduced 

production rates, therefore, the proppant must not dissolve when in contact with the acidic 

solution. The API 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 smaller than 30/50 mesh size. For ceramic 

proppants the maximum acid solubility weight percentage is 7% [2.13]. 

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 presence of clays 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 reduces the conductivity of the oil and/or 

gas. API RP 19C recommends that the turbidity of the proppant should not exceed 250 

Formazin Turbidity Units (FTU) [2.13]. 

2.2.3 Pumping equipment used in the hydraulic fracturing process 

Reciprocating positive displacement pumps are utilised to pump high 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.   

 

Figure 2.4: Cross section schematic of a reciprocating positive displacement pump [2.16] 

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 commonly referred to as the 

fluid end. As the plunger strokes outwards, fluid is brought into the chamber by the inlet 

duct (5) and discharged at a higher pressure out of a discharge port. Suction and discharge 

valves (1) open and close which results in fluid being drawing and discharging out from the 

chamber.  

The pressure of the fluid within the hydraulic fracturing pump and associated equipment 

can be between 41-83MPa (4,000-12,000psi). The pumps operate between 1-5Hz and with 

sand loadings up to 15,900kg/hr (35,000 lbs/hr). Pumps are designed to withstand a rod 
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loading up to 1.2MN (275,000lbf) and have a capacity of pumping up to 4320 litres per 

minute (950gpm) [2.17]. 

2.3 Fundamentals of Erosion-Corrosion 

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 erosion-corrosion processes. Erosion-corrosion is defined as a 

surface degradation mechanism that is caused by a flowing fluid, which may or may not 

contain solid particles. The erosion-corrosion 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). The relationship 

for erosion-corrosion damage is defined by some researchers as [2.18ς2.20] 

   ὝὓὒὉ ὅ  Ўὅ ЎὉ Eq. 2.1 

Where, the total mass loss (TML) is equal to the mechanical damage (E), the 

ŜƭŜŎǘǊƻŎƘŜƳƛŎŀƭ ŎƻǊǊƻǎƛƻƴ ƛƴ ǎǘŀǘƛŎ ŎƻƴŘƛǘƛƻƴǎ ό/ύΣ ɲ9 ƛǎ ǘƘŜ ŜƴƘŀƴŎŜŘ ŜǊƻǎƛƻƴ ōȅ ŎƻǊǊƻǎƛƻƴ 

ŘŀƳŀƎŜ ŀƴŘ ǘƘŜ ɲ/ ƛǎ ǘƘŜ ŜƴƘŀƴŎed corrosion by the erosion process.  

For the purpose of this thesis, the erosion-corrosion damage phenomena will be described 

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

 ὝὓὒὉ ὅ Ὓ Eq. 2.2 

In this second approacƘΣ ǘƘŜ / ǘŜǊƳ ƛǎ ŜǉǳƛǾŀƭŜƴǘ ǘƻ ǘƘŜ ό/ Ҍɲ/ύ ŎƻƳǇƻƴŜƴǘ ƛƴ 9ǉ. 2.1 as it is 

measured in-situ 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 

the ɲ9 ƛƴ 9ǉΦ нΦмΦ   

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 detail describing each of the three processes ς 

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 majority 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 expressed 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 metal to corrosion product requires two electrochemical 

reactions, anodic and cathodic. Examples (Eq. 2.3-2.7) for both types of reactions are stated 

below. 

Anodic Oxidation: ὊὩ O ὊὩ ςὩ  Eq. 2.3 

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:                    ςὌ ςὩ  O  Ὄ                        Eq. 2.4 

In the presence of oxygen: τὌ ὕ ὥήȢ τὩ ᴼςὌὕ Eq. 2.5 

άWater reduction reactionέ ςὌὕ ςὩ ᴼςὕὌ Ὄ  Eq. 2.6 

In neutral or alkaline environments, where the pH is greater than 7, the most common 

reaction is the oxygen reduction reaction which consumes dissolved oxygen to release 

hydroxyl ions. 

Oxygen reduction: ὕ ὥήȢ ςὌὕ τὩ  O τὕὌ  Eq. 2.7 

The level of dissolved oxygen in the aqueous solution greatly dictates this reaction. In well 

aerated conditions the dissolved oxygen content can be typically between 5-10ppm which 

is sufficient for the oxygen reduction reaction to occur at finite rates ς especially if the 

water is non-quiescent. By combining Eq. 2.3 and 2.7, this results in Eq. 2.8. 

 ὊὩ σὕὌ  O ὊὩὕὌ  Eq. 2.8 
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The brown scale formed from this reaction is commonly known as rust (Fe(OH)3), which is 

caused by the corrosion of iron in aqueous environments. Factors which influence corrosion 

in aqueous solutions include oxygen content, pH, chloride content, Total Dissolved Solids 

(TDS), temperature, flow velocity, organic compounds and biological organisms [2.21].  

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 ions which 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.  

 

Figure 2.5: Schematic diagram of iron corroding at the surface in an aqueous environment 

The mixed potential theory is a well-established concept which states that when a metal is 

exposed to an aqueous environment it will attain an electrode potential, Ecorr, which is 

determined by the anodic and cathodic reactions occurring at the surface [2.22]. This is the 

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

positive) than its equilibrium potential, Eo. 

When a metal is corroding freely in an aqueous solution it exhibits a mixed potential, Ecorr, 

at which the subsequent corrosion current density, Icorr, can be used to determine the rate 

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

CŀǊŀŘŀȅΩǎ [ŀǿ ƻŦ ŜƭŜŎǘǊƻƭȅǎƛǎΦ ¢ƘŜǊŜŦƻǊŜΣ ƳŜŀǎǳǊƛƴƎ Lcorr is a powerful tool for monitoring the 

rates of corrosion for ƳŜǘŀƭǎΦ CŀǊŀŘŀȅΩǎ [ŀǿ ŦƻǊ ǿŜƛƎƘǘ ƭƻǎǎ ƛǎ given in Eq. 2.9. 

 
ά  

ὓ ϽὭ Ͻὸ 

ὲ ϽὊ
 Eq. 2.9 

where, m is the mass loss of the corroded metal (g/s), M 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 oxidation reaction and F ƛǎ CŀǊŀŘŀȅΩǎ Ŏƻƴǎǘŀƴǘ όфсрлл /κƳƻƭŜύΦ  

2.4.2 Corrosion monitoring 

Corrosion monitoring in aqueous solutions has been developed over several decades and a 

variety of well-established techniques is widely used for corrosion research and practice 

[2.23]. The advantages of using such techniques include the sensitivity to low corrosion 

rates, short duration of experiments and good understanding of electrochemical theory. A 

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

2.4.2.1 Potentiodynamic polarisation measurements 

The corrosion current density, icorr, is established by an accelerated polarisation test which 

procedure involves scanning, of the material under study, the potential away from its free 

corrosion potential, Ecorr, 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) is useŘ ǘƻ ƳŜŀǎǳǊŜ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ŀŎǊƻǎǎ ǘƘŜ άǿƻǊƪƛƴƎέ ŜƭŜŎǘǊƻŘŜ (material under 

study). An auxiliary electrode which is inert (typically platinum) performs as an electrical 

ŎƻƴƴŜŎǘƛƻƴ ŦƻǊ ǘƘŜ ŎǳǊǊŜƴǘ ǘƻ Ŧƭƻǿ ōŜǘǿŜŜƴ ƛǘ ŀƴŘ ǘƘŜ άǿƻǊƪƛƴƎέ ŜƭŜŎǘǊƻŘŜ ǿƘŜƴŜǾŜǊ ǘƘŜ 

electrode potential is shifted from Ecorr. 
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Figure 2.6: Schematic diagram of a three electrode electrochemical cell: Ref ς reference 
electrode, Work ς working electrode, Aux ς auxiliary electrode 

The procedure for polarisation involves shifting the potential of the working electrode in 

the anodic direction (i.e. to a more positive potential than Ecorr) or in the cathodic direction 

(i.e. to a more negative potential than Ecorr). The relationship between potential and current 

can then be plotted for both the anodic and cathodic reactions, as shown in Figure 2.7. 

 

Figure 2.7: Schematic diagram of determining icorr by Tafel extrapolation method 

The anodic and cathodic curves are plotted on a potential (E) against current (log i) graph. 

The curves can then be extrapolated back to Ecorr to find the current density, Icorr. The Tafel 

extrapolation method is commonly used to establish the corrosion rate of metals in freely 
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corroding conditions. When the potential is close to Ecorr, 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 Ecorr increases the magnitude of the current also increases (as indicated in 

Figure 2.7). Once the potential is significantly away from Ecorr (typically greater than 50mV) 

the Tafel relationship (Eq. 2.10) is applicable. 

 
Ὁ Ὁ  ὦÌÏÇ

Ὥ

Ὥ
 Eq. 2.10 

 ba is known as the Tafel constant, ia is the anodic current density and icorr is the corrosion 

current density which represents the current density equivalent to the 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 polarised, the 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 tends towards infinity. In reality, this 

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

 

Figure 2.8: Concentration polarisation slows down the cathodic reaction 



Chapter 2: Overview of hydraulic fracturing and corrosive wear 

 

25 

 

Figure 2.8 illustrates the initial activation polarisation regime with the decrease in potential, 

before concentration polarisation occurs, which results in a slowing down of the cathodic 

reaction rate. 

2.4.3.2 Passivity 

The definition of passivity is the ability of a metal to resist corrosion in a particular 

environment by restricting the electrolyte to the surface of the metal by way of a thin, 

adherent, non-conductive film. This film is typically an oxide such as aluminium oxide 

(Al2O3) or chromium oxide (Cr2O3). A metal can be defined 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 (such as iron in inhibited pickling acid) [2.24].   

Partial or complete breakdown of the passive film can be accomplished by many factors 

such as temperature, content of dissolved oxygen, film imperfections and mechanical 

removal (scratching, bending, stretching, impacting particles, etc.). The effectiveness of the 

passive film can be assessed through electrochemical monitoring techniques such as 

potentiodynamic polarisation scans. An anodic polarisation scan is typically conducted from 

Ecorr to significantly more positive potentials until the passive film is broken down (Figure 

2.9). 

 

Figure 2.9: Anodic polarisation scan demonstrating breakdown potential (Epit) where a 
passive film has been partially or completely removed [2.25] 
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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 than Ecorr. Once reaching the potential, Epit 

or Eb, 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 extent of the localised corrosion 

damage, the scan can be continued until imax is reached and the scan is reversed (as 

demonstrated in Figure 2.10).  

 

Figure 2.10: Hysteresis loop produced by reversing the anodic polarisation scan. Eb ς 
breakdown potential, Er ς repassivation potential [2.26] 

The difference between the Er and Ecorr or the area of the hysteresis loop are used to assess 

the likelihood of localised corrosion 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 exposed metal 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 aqueous conditions or the 

dissolution of stainless steels in acidic conditions. Generally for 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 straightforward. Metals which have a corrosion 

Er 

Eb 
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rate of less than 0.15mm/year are said to have good corrosion resistance, those between 

0.15-1.5mm/year are deemed to have satisfactory corrosion resistance and those greater 

than 1.5mm/year are reckoned to have poor corrosion resistance [2.24]. 

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 components and structures are typically more challenging. The 

various types of localised corrosion are discussed below. 

2.4.3.2.1 Pitting corrosion 

tƛǘǘƛƴƎ ŎƻǊǊƻǎƛƻƴ ǊŜǎǳƭǘǎ ƛƴ ǎƳŀƭƭ άǇƛǘǎέ ǿƘƛŎƘ ŀǊŜ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ŀǎ ǎƳŀƭƭ ŎŀǾƛǘƛŜǎ ƻǊ ƘƻƭŜǎ 

with small amounts of corrosion product formed over the cavity. The cavities are formed on 

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

¶ Localised corrosion or mechanical damage to the protective oxide film; such as 

water chemistry (acidic solutions, salinity 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. 

¶  Localised damage or poor application of a coating 

¶ Non-metallic inclusions and/or other non-uniformities 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 (Eq. 2.8) on the surface above 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 electrolyte due to the following reaction 

 ὊὩὅὰ ςὌὕ O ὊὩὕὌ ςὌὅὰ Eq. 2.11 

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 2.11: 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 Resistance Equivalent 

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 PREN value can be estimated by the 

following empirical equation [2.27]. 

 ὖὙὉὔϷὅὶσȢσz Ϸὓέ ρφzϷὔ Eq. 2.12 

Chromium, molybdenum and nitrogen increase the pitting resistance of austenitic and 

duplex stainless steels. PREN values above 32 are considered to be corrosion resistant in 

seawater [2.24]. 

2.4.3.2.2 Crevice Corrosion 

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 crevice corrosion occurs are 

washers, gaskets, fasteners, welded joints, rivets and seal interfaces between metal and 

Fe(OH)3 Fe(OH)3 
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rubber. The initiation of crevice corrosion is instigated by environmental factors such as 

depletion of oxygen concentration, depletion of inhibitor, a local drop in pH to a more 

acidic solution and build-up 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 the crevice is restricted, the oxygen 

content in the stagnant solution gradually diminishes by its consumption in the cathodic 

reaction (Eq. 2.7). Once the oxygen has been completely depleted, the cathodic reaction 

slows down and the generation of hydroxyl ions diminishes. 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 molecules form, 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 oxygen. 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 for stainless steels. 

 

Figure 2.12: Crevice corrosion mechanism for stainless steels 

Fe(OH)3 
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2.4.3.2.3 Intergranular corrosion 

Intergranular corrosion is a localised attack which occurs along or adjacent to the grain 

boundaries while the grains 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 elements 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. This makes the grain boundary anodic relative to the grain. The corrosion 

typically follows a narrow path along the grain boundary. In severe circumstances, an entire 

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

For stainless steels, carbide precipitation occurs at the austenite grain boundaries as a 

result of sensitisation due to exposure at temperatures between 450-900°C. Corrosion 

occurs preferentially at the carbide-metal matrix interface due to the depletion of 

chromium in the solid solution near the grain boundaries. The depleted chromium zone 

becomes less noble than the carbide precipitates in the grain boundary and passive grains. 

Intergranular corrosion is also a prevalent issue with aluminium alloys [2.28, 2.29], which is 

mainly attributed to the interaction between intermetallic phases (located at grain 

boundaries) and the metallic matrix. Figure 2.13 illustrates the mechanism which occurs 

during intergranular corrosion. 

 

Figure 2.13: Intergranular corrosion due to chromium depletion in the grain boundary as 
chromium carbide precipitates form. Grain boundary becomes an anode while the grain 

becomes a cathode [2.30] 
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2.4.3.3 Bimetallic/galvanic corrosion 

Galvanic (bimetallic) corrosion occurs when two dissimilar metals are coupled (via a welded 

joint, a bolt, electrical conductor, etc.) in a corrosive electrolyte. The galvanic effect occurs 

as one of the metals acts as the anode, while the other acts as a cathode. This occurs due to 

the potential difference between the two different metals.  

 

Figure 2.14: A galvanic coupling of zinc and iron in a corrosive aqueous solution, where the 
zinc is the anode and steel is the cathode 

Figure 2.14 illustrates a galvanic couple between zinc and iron in an aqueous solution. The 

zinc is acting as the net anode while the steel acts as a net cathode. This type of galvanic 

couple is commonly used as a sacrificial anode cathodic protection (See Chapter 2.4.5.3) in 

engineering systems.  

!ƴƻǘƘŜǊ ǘȅǇŜ ƻŦ ƎŀƭǾŀƴƛŎ ŎŜƭƭ ƻŎŎǳǊǎ ǿƘŜƴ ŀ ƳŀǘŜǊƛŀƭΩǎ ǎǳǊŦŀŎŜ ŜȄǇŜǊƛŜƴŎŜǎ ŘƛŦŦŜǊŜƴǘ 

hydrodynamic zones (i.e. one zone may be considerably more turbulent than another). In 

these regions, the material may have different free corrosion potentials (Ecorr) 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 reactions 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. 

2.4.3.4 Flow-induced 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 flow-induced corrosion, 
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which predominately enhances the electrochemical reactions 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 be discussed 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 hence, expose 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 dissolved 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. 

 

Figure 2.15: Schematic 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 hydrogen in acidic 

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 attack and is often referred 

to as erosion-corrosion.   
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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 can be applied 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 methods [2.31, 2.32]. Corrosion testing, 

monitoring, supervision and inspection 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 resistance in certain applications may be important, it is not the 

only parameter which may be considered. Other parameters include mechanical properties 

(such as fracture toughness, yield strength, tensile strength, elastic modulus, etc.), ease of 

manufacture, aesthetics, material availability and most importantly 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 large increase in corrosion rate. 

  

Figure 2.16: Schematic diagram illustrating the relative corrosion resistance of metals in 
aerated, low velocity seawater in ambient temperatures 

The materials are categorised in two main groups: those 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 when selecting 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 could offer a 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 or defects 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 2.1: Types of protective coatings and coating methods 

Metallic Coatings Inorganic Coatings Organic Coatings Composite Coatings 

Hot-dipping (e.g. 

galvanising) 

Cladding (welded or 

hot rolled) 

Electrodepositing 

Diffusion 

Thermal Spraying 

Anodising 

Cement 

Phosphating 

Thermal Spraying 

Conventional Paints 

(e.g. vinyl, acrylic) 

Epoxies 

Chloronated Rubber 

Polymer Linings 

Bitumen 

 

Glass/ Flake Paint 

Sprayed Cermets 

 

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 applying an electric 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 

(SACP) [2.24]. 

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 reaction, 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 electrode 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 protected, while the anodic reactions occur at the auxiliary electrode (which 

ōŜŎƻƳŜǎ ǘƘŜ ŀƴƻŘŜ ƛƴ ǘƘŜ ŜƭŜŎǘǊƻŎƘŜƳƛŎŀƭ ŎŜƭƭύΦ άhǾŜǊǇǊƻǘŜŎǘƛƻƴέ ƻŦ ǘƘŜ ŎƻƳǇƻƴŜƴǘ ƻŎŎǳǊǎ 

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 option 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 

commonly called a sacrificial anode. Common materials used as sacrificial anodes are zinc-

based alloys, aluminium-based alloys and magnesium-based alloys. The advantages of using 

sacrificial anodes are that there is no requirement for a power supply, hence, reducing 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 galvanic current 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 airflow, whereas, aqueous 

erosion occurs when 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. 

2.5.1 Erosion mechanisms for ductile materials 

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

materials [2.33ς2.39]. 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 (a) in Figure 2.17 is defined as ploughing 

deformation caused by a spherical particle impacting at an angle of 30°. The formed lip 

represents only 10-25% of the total crater volume, the rest of the displaced material forms 
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less highly strained ridges around the sides of the crater. The shape denoted (b) in Figure 

2.17 is termed Type 1 cutting. This is caused by a square particle impacting the surface at 

30° with a rake angle (shown in Figure 2.18) of -35°. The rake angle is defined as the angle 

between the perpendicular to 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 as Type 2 cutting. At an impact angle of 30° and a rake angle between 0 and -

17°, the particle rotates backwards which results in all the material being removed [2.38]. 

 

Figure 2.17: Typical shapes of impact craters: (a) ploughing deformation of a sphere, (b) 
Type 1 cutting, (c) Type 2 cutting [2.38] 

 

Figure 2.18: Impact angle and rake angle definition [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 models proposed 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 proposed a slightly modified concept for the erosion mechanism of 

ductile materials [2.39]. Like Hutchings they also described three distinct types of craters: 

indentation, ploughing and smear (cutting). They postulated that the type of crater is 

irrespective of the impact angle and that the rotational component of the particle is the 

effective impingement angle. At low angles, smear craters are found as the velocity of 

particle is significantly greater than the rotational 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 impacting of the particles causes a roughening of the surface, this is attributed to 

plastic deformation caused by the large localised stresses in the area of the impacting 

particles. Metal platelets locally attached to the crater rim are forged-extruded. 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 surface the metal 

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 steady increase in smear-type 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 formation 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 the development of the soft and hardened 

zones is completed, the erosion rate becomes 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 accepted. Brittle materials 

are removed mainly as a result of crack formation and propagation. This was first proposed 

by Finnie who suggested that Hertzian stresses, which occur during solid particles impacting 

on the brittle material surface, would lead to cracking [2.33]. These cracks radiate from the 

point of impact in both lateral and radial directions. Cracking also occurs subsurface and 

these eventually join with surface cracks. Subsequent impacts of solid particles lead to 

material removal and also additional cracking [2.37]. A typical crater shape of a brittle 

material is shown in Figure 2.19. 

 

Figure 2.19: Typical brittle material crater shape [2.40] 

2.5.3 Influential parameters of erosion 

According to Hutchings [2.41] and Clark [2.42], there are three main groups of influential 

factors which contribute to erosion damage that can be categorised; flow parameters, 

particle properties and target material properties. The influential parameters of erosion are 

given in Table 2.2. Some of these parameters will be discussed in further detail in 

subsequent sections. 

Table 2.2: The three main groups of factors which influence erosion [2.41, 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 process [2.35, 

2.38, 2.42ς2.44]. They have all shown that the erosion of the material is linearly 

proportional to the velocity, as shown in Figure 2.20. 

 

Figure 2.20: Effect of particle velocity on erosion of a ductile material [2.33] 

The power exponent of the velocity term has been found to be between 2-2.5 depending 

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

2.5.3.2 Effect of impingement angle 

The influence of impingement angle has also been widely studied in the literature [2.35ς

2.38, 2.45ς2.47].  The erosion phenomena for ductile and brittle materials at differing 

impingement angles can be seen in Figure 2.21. Ductile materials tend to have the greatest 

erosion at approximately 20° due to their susceptibility to the cutting action of abrasive 

particles, whereas, brittle 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 2.21: Effect of impingement angle on erosion for ductile (dashed line) and brittle 
materials (solid line) [2.46] 

2.5.3.3 Effect of particle concentration 

The erosion rate of materials is 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 the surface 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 effect is related with the angle of incidence of individual particles as they will 

deviate from the impacted surface [2.48, 2.49].   

Frosell et 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 

ƭƛƴƪŜŘ ǿƛǘƘ ǘƘŜ ŜǊƻǎƛƻƴ ǇǊƻŦƛƭŜΦ ¢ƘŜ ƛƴƛǘƛŀƭ ǇǊƻŦƛƭŜ ǿŀǎ ά²έ ǎƘŀǇŜŘ ōŜŦƻǊŜ ǘǊŀƴǎƛtioning into 

ŀ ά¦έ ǎƘŀǇŜ ŀǘ ǘƘŜ ƳƛƴƛƳǳƳ ŜǊƻǎƛƻƴ ǊŀǘŜΦ ¢ƘŜ ǇǊƻŦƛƭŜ ǊŜƳŀƛƴǎ ά¦έ ǎƘŀǇŜŘ ŦƻǊ ǘƘŜ 

remainder of the tests (Figure 2.22) [2.49].  
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Figure 2.22: Change in erosion rate with test duration and erosion depth [2.49] 

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 these observations is that spherical particles will 

always impact the surface with negative rake angles; therefore, ploughing is the most likely 

mode of deformation. Whereas, an angular particle may impinge at a positive or negative 

rake angle, therefore, it is able to produce both micro-cutting and ploughing deformation. 

The micro-cutting 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 subsequently removed by particles, micro-cutting causes the material to be 

instantly removed [2.38, 2.50ς2.52]. 

2.5.3.5 Effect of particle 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 Al2O3 particles caused an initial increase in erosion rates before it became 

constant. However, increasing the particle size of SiO2 particles was found to decrease the 

erosion rate [2.54]. 
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The complex relationship between particle size and erosion rate 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 motion [2.52]. 

The complex relationship between particle size and erosion rate was further evident in 

work conducted by Neville et al. [2.55] on high chromium cast irons. A change in particle 

size was found to alter the relative performance of the three white cast irons and austenitic 

stainless steel.  

2.5.3.6 The relationship between the target material and particle properties 

Many researchers have attempted to develop relationships between material properties 

(such as hardness, elastic modulus and microstructure) and abrasive particle properties to 

ŘŜŦƛƴŜ ǘƘŜ ǘŀǊƎŜǘ ƳŀǘŜǊƛŀƭΩǎ ŜǊƻǎƛƻƴ ǊŜǎƛǎǘŀƴŎŜΦ  

A simple correlation between the hardness of the material and its erosion resistance has 

not been found in the literature. Under impingement slurry test conditions (3.5%NaCl, 

17m/s, 90° impingement), Neville et al. found that a superaustenitic stainless steel, UNS 

S31254 (335HV), exhibited the poorest erosion-corrosion 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 resistance in 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%NaCl, 18m/s). An austenitic stainless steel, UNS S31600 

(200HV), exhibited better erosion-corrosion resistance than a martensitic stainless steel, 

UNS S42000 (280HV and 480HV) and a Stellite 6 weld cladding, UNS R30006 (400HV) [2.58]. 

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. Llewellyn et al. utilised a Coriolis test to assess the abrasion resistance of 

a variety of high chromium cast irons [2.59]. There was a general trend of improved 



Chapter 2: Overview of hydraulic fracturing and corrosive wear 

 

43 

 

abrasion resistance with increasing material hardness. A similar trend was found by 

Stevenson et al., who demonstrated, by a dry erosion jet with blast furnace sinter, that 

improved abrasion resistance is related to increased material hardness [2.60]. 

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 capable of defining 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 

CrAlN coated Ti-6Al-4V sample had increased resistance to dry sliding wear compared to a 

nitrided Ti-6Al-4V alloy due its greater H3/E2 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 al. [2.63] have found. 

A more consistent relationship exists between the hardness of the target material and the 

hardness of the abrasive particle. Shipway and Hutchings 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 rig [2.64]. It was found that if the abrasive particle 

was harder than the target material, then an indentation-induced fracture mechanism 

occurred. However, when the particle was softer than the target material, then a less 

erosive chipping mechanism was induced.  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 material 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 erosion deterioration mechanisms. In Eq. 2.2, 

the synergy term is a result of corrosion processes that enhances the mechanical damage.  

An alternative method that has been used by investigators studying sliding wear (pin on 

disk) involves a mechanistic approach which distinguishes between two main degradation 
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contributions: corrosion occurring in sliding conditions and mechanical removal of material 

(mechanical wear) [2.66, 2.67]. For the mechanistic approach, the total wear volume loss 

(Vt) is equal to the sum of the metal loss due to electrochemical corrosion (Vchem) and the 

material loss due to mechanical wear (Vmech) as stated in Eq. 2.13. 

 ὠ  ὠ  ὠ  Eq. 2.13 

Vchem is the sum of the corrosion in the passive and de-passivated regions and is quantified 

by in-situ corrosion measurements. However, this approach is limited as the Vmech 

proportion of the wear cannot be determined experimentally, hence, the interactions 

between corrosion and mechanical wear are not considered. Due to this limitation, this 

mechanistic approach was not used in this study. 

Another issue with quantifying synergy, is that it 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 mechanical damage, three different test 

conditions have been used by researchers ς distilled water [2.68ς2.70], alkaline solution 

[2.71], cathodic protection [2.56, 2.72, 2.73]. Electrochemical techniques such as 

potentiodynamic polarisation [2.56, 2.72] and AC impedence [2.70, 2.74], are used to 

measure the in-situ corrosion rates of test materials. Experimental error in these test 

measurements inevitably leads to some uncertainty in the quantification of the synergy 

mechanism. 

The synergy process is dependent upon the specific details of the erosion-corrosion system 

such as the material which is experiencing the erosion-corrosion phenomena. Work by 

Aminul Islam et al. found that an API X-70 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, resulting 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 work hardened surface was more vulnerable to 
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corrosion attack which in turn reduced the work hardening effect and, hence, increased the 

erosion-corrosion rate [2.68]. 

The influence of microstructure on synergy effects was also shown by Jones and Llewellyn 

[2.77]. Tests conducted in a slurry pot rig demonstrated that a hypereutectic high 

chromium white cast iron 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 the corrosion 

occurring at the carbide-matrix 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 the overall erosion-corrosion 

damage for wear resistant materials and superalloys. Work by Neville and Hodgkiess [2.78] 

reported that the proportion of synergy damage of a Superduplex stainless steel (UNS 

S32760) was 12%. However, for Stellite 6 (UNS AMS5387) and Inconel 625 (UNS N00625) 

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 

Percussive (repetitive) impacting wear is described as repetitive solid body impacts, where 

the contacting surfaces are wearing [2.79]. 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 by the seat, the kinetic energy of the 

valve is instantaneously converted into impact energy. Therefore, the large kinetic energy 

of the valve leads to 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 surface [2.80]. This is indicated in Figure 2.23. 



Chapter 2: Overview of hydraulic fracturing and corrosive wear 

 

46 

 

 

Figure 2.23: Zones found beneath the surface of a material experiencing repetitive impacts 
and sliding wear [2.80] 

The subsurface zones are formed on both impacting bodies and occur rapidly within a few 

hundred impacts [2.81]. The white layer is formed due to adhesion, mechanical 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 intermediate 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 zone and 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 strain in the subsurface in lubricated conditions [2.82]. 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 worked [2.83]. 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 2.24: Subsurface zones present in ductile (L) and brittle (R) materials under repetitive 
impact conditions [2.80] 

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

depending on the size of impact energy [2.84]. The mechanisms are: 

ü Oxidative wear 

ü Adhesion 

ü Abrasion 

ü Surface fatigue 

ü 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 have a lubricating 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 (such as sand) contacting 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 surface [2.85]. Fatigue and cracking is 

most likely to occur in the white compound layer. The impacting force will 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 2.25: Material loss mechanisms evolution with increasing impact energy [2.85] 
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3.1 Introduction 

This chapter will discuss the materials investigated and the experimental methods used 

during this study. The chapter has been divided into three main sections; pre-test 

methodology, erosion-corrosion and repetitive impact testing procedures as well as post-

test analysis techniques. 

3.2 Pre-test methodology 

3.2.1 Test material sources 

A variety of materials were assessed during the course of this study. Some of the selected 

materials were chosen specifically by the industrial sponsors due to their mechanical 

properties (yield strength, etc.) while other materials were chosen by the author for better 

appreciation of fundamental wear mechanisms. Table 3.1 is a list of materials and the 

corresponding chapters in which their test results are presented.  

Table 3.1: List of tested materials and their corresponding chapters 

Material Corresponding chapter(s) 

Stainless steel - UNS S31600 (rolled bar) Chapters 4,5,6,7 

Low alloy steel - UNS G43400 (rolled bar) Chapter 4 

Stainless steel - UNS S15500 (forged) Chapter 4,7 

Stainless steel - UNS S32760 (rolled bar) Chapters 4 & 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 bar) Chapter 5 

Induction hardened UNS G41400 (rolled bar) Chapter 5 

Nitrided 905M39 steel (rolled bar) Chapter 5 

Stainless steel - UNS S42000 (rolled bar) Chapter 5 

HVOF WC-10Ni (commercially sprayed) Chapter 5 

 Stainless steel - UNS S44003 (rolled bar) Chapter 5 

Stainless steel - UNS S44004 (rolled bar) Chapter 5 

27%Cr cast iron (cast engineering component) Chapter 5 

37%Cr cast iron (cast engineering component) Chapter 5 



Chapter 3: Methodology 

 

59 

 

Stellite 6 (UNS R30006) weld claddings (HWTIG 
process) 

Chapter 6 

Nitrided Stellite 6 (UNS R30006) weld claddings 
(HWTIG process) 

Chapter 6 

Titanium 6Al-4V alloy - UNS R56400 (rolled bar & 
additive manufactured) 

Chapter 7 

Inconel 718 alloy - UNS N07718 (rolled bar & 
additive manufactured) 

Chapter 7 

Stainless steel - UNS S31600 (additive 
manufactured) 

Chapter 7 

Stainless steel - UNS S15500 (additive 
manufactured) 

Chapter 7 

 

Most of the test materials were in the form of commercially available rolled bars which 

were sectioned into 17mm thick cylindrical 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 3.2. The 905M39 

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

Table 3.2: Heat treatment processes for the surface engineered steels 

Material Heat treatment process 

Carburised UNS 
G86200 

1. 930°C at 1%C content for 24 hours 
2. 850°C at 0.8%C content for 1 hour 
3. Oil quenched 
4. Tempered at 165°C for 2 hours 

UNS G41400 
induction 
hardened 

1. 850°C for 15 seconds 
2. Water quenched 
3. Tempered at 180°C for 2 hours 

UNS G52986 
induction 
hardened 

1. 870°C for 25 seconds 
2. Water quenched 
3. Tempered at 160°C for 4 hours 

UNS G52986 
quenched and 

tempered 

1. 870°C for 2 hours 
2. Oil quenched 
3. Tempered at 160°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 an electro-discharge machine (EDM) from an industrial 

quality frame plate liner insert. The final dimensions of the samples were 38mm diameter 

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 layer (1.4mm 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 cladded plates. 10 samples of both single and double 

layer Stellite 6 weld claddings received the same nitriding heat treatment as the 905M39 

steel in order to achieve a surface hardened layer. 

The HVOF WC-10Ni cermet coating was sprayed onto cylindrical samples of UNS 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 N07718) were produced by the powder bed 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 3.3: Heat treatments of the additive manufactured materials 

Material Heat treatment 

UNS S31600 
870°C for 60 minutes followed by a fast cool 

below 70°C 

UNS S15500 
545°C for 240 minutes followed by a fast 

cool below 70°C 

UNS R56400 
800°C for 240 minutes followed by a fast 

cool below 70°C 

UNS N07718 
980°C for 60 minutes followed by a fast cool 

below 70°C 
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3.2.2 Test 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 sample machining 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 0.07µm Ra. The samples which were heat treated 

(carburising, nitriding, induction hardening and quench and tempering) were tested as-

received (0.1-0.2µm Ra) in order to assess their industrially relevant surface finishes. 

3.2.3 Preparation 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 Discotom-2 abrasive cutting machine. The samples were then hot 

mounted in Bakelite by a Struers PromtoPress-10 mounting machine and finally the 

samples were ground to 1200 grit paper and then polished on a Struers Rotopol-21 to 1µm 

diamond paste. After polishing, the samples were etched with an appropriate etching agent 

(Table 3.4) to highlight their microstructure before examination under an Olympus GX-51 

light optical microscope.  

Table 3.4: Etching agents used for the materials 

Material Etching agent 

UNS G43400, carburised UNS G86200,  

UNS G52986 (Induction hardening and 
quench & tempered), UNS G41400, nitrided 

905M39 

2% Nital 

UNS S31600 (rolled bar and AM),  

UNS S15500 (rolled bar and AM), UNS 
S37260, 37% cast iron 

10% oxalic acid (Electrolytic 1V DC) 

UNS S42000, UNS S44003, UNS S44004, 
27%Cr cast iron  

YŀƭƭƛƴƎΩǎ ǊŜŀƎŜƴǘ 

UNS R30006 (weld cladding and lost wax 
cast) 

aǳǊŀƪŀƳƛΩǎ ǊŜŀƎŜƴǘ 

UNS R56400 (rolled bar and AM),  

UNS N07718 (rolled bar and AM) 
YŜƭƭŜǊΩǎ ǊŜŀƎŜƴǘ 
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3.2.4 Material characterisation 

3.2.4.1 Energy-dispersive X-ray Spectroscopy (EDS) 

A high resolution Hitachi S-3700 Scanning Electron Microscope (SEM) with an accelerating 

voltage of 20kV was utilised for pre-test and post-test microstructure images as well as 

Energy-dispersive X-ray Spectroscopy (EDS) analysis. The EDS enabled a semi-quantitative 

comparison of the chemical composition for the AM materials with their rolled bar 

counterparts. 

3.2.4.2 X-ray Diffraction (XRD) 

A Bruker AXS-D8 Advance equipped with Davinci X-ray diffractometer (XRD) and Göbel 

mirror optics was utilised 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 

40kV and 40mA. 

3.2.5 Hardness measurements 

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 was used as the macro-hardness of the 

materials testing surface. A Mitutoyo MVK-G1 micro-hardness testing machine with a 200gf 

load was used to determine the micro-hardness profiles for the gas nitrided and non-

nitrided Stellite 6 weld claddings.  

3.2.6 Surface roughness measurements 

A Mitutoyo SurfTest machine was used to conduct the surface roughness measurements in 

accordance with BS EN ISO 4288 [3.1]. The standard recommends that the stylus pin move 

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

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

Table 3.5: Surface roughness measurement conditions 

Measurement length 5mm 

Stylus pin speed 0.5m/s 

Measurement range 800µm 

Number of points 5,000 
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3.2.7 Sand 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 

silica sand 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 ISO 13503-2 [3.2] 

and API RP 19C [3.3]. In order to assess the shape of the hydraulic fracturing silica sand, 

images of the sand particles were taken on the Olympus GX-51 light optical microscope at 

x50 magnification (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 particles (Eq. 3.1) 

 
ὅὊ  

τ“ὃ

ὖ
 

Eq. 3.1  

 

 

Figure 3.1: Hydraulic fracturing sand used in erosion-corrosion testing 

100 untested hydraulic fracturing sand particles were analysed using this technique to 

assess the average shape of the 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 from 0.5-0.95 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 particle 

which was below 0.8 (CF value - 0.76), therefore, this batch of hydraulic fracturing sand met 

the standards criteria. 

  

Figure 3.2: Circularity factors for 100 untested hydraulic fracturing particles 

To measure the size of the sand particles, a sand size distribution (Figure 3.3) was attained 

through a sand sieving process. The sand was sieved through mesh sizes of 710µm, 600µm, 

500µm, 410µm, 325µm, 250µm and 180µm. 
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Figure 3.3: Average sand size distribution of the hydraulic fracturing silica sand 

3.3 Erosion-corrosion 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 weighed in a 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 0.5mg between the measurements was 

deemed acceptable.  

The erosion-corrosion impingement tests were conducted in a closed loop submerged jet 

impingement rig, demonstrated in Figure 3.4. The vessel was filled with 33L of pre-heated 

(40°C) water which avoided any temperature changes occurring during the experiments. 

Sodium chloride (NaCl) was dissolved into the pre-heated water, the amount of dissolved 

sodium chloride differed between the test phases described in each of the chapters. In the 

study described in chapter 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 multi-range 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 Protection (3.3.5), a Gill AC potentiostat and a three electrode cell 

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

 

 

Figure 3.4: Schematic diagram of the submerged jet impingement test rig with 
electrochemical monitoring equipment (A ς auxiliary electrode, R ς reference electrode and 

S ς working electrode) 

The studies forming the basis of chapters 4, 6 and 7, erosion-corrosion tests were 

conducted at an impingement angle of 90°. For the 90° impingement 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 thickness. For the study described in chapter 4, 

a sacrificial anode was used to provide cathodic protection. The sacrificial anode was 

located in an extruded hole (40mm diameter, 15mm thick) adjacent to the test coupon 

(Figure 3.6). An electrical-connection wire was soldered to the base of the sacrificial anode 

specimens and then the specimen was encapsulated in epoxy resin. Electrical contact 

between the sacrificial anode specimen and the test specimen was achieved via a wire in 

contact with the base of the test specimen. This arrangement facilitated measurement of 

the galvanic potential of the electrically coupled specimens which was measured using an 

Ag/AgCl reference electrode. 

 For all tests, a 5mm thick disk was 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 jet 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 corrosion resistance in 

various environments. 

 

Figure 3.5: 90° angle of impingement specimen holder with test coupon 

 

Figure 3.6: Modified 90° angle of impingement specimen holder with test coupon and 
sacrificial anode 

Nozzle 

Test coupon 

Specimen holder 

Nozzle 

Test coupon 

Specimen holder 
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3.3.2 Flow 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 in an 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 250µm sieve 

which was located between the hose and the beaker. The velocity of the jet was calculated 

using Eq. 3.2. 

  
ὠ  

ὗ

ςπ “Ὑ
 Eq. 3.2  

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

radius of the nozzle (m). The sieve was then placed in a pre-heated 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. The 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. 

3.3.3 Segmentation 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 sample with a surface area of 0.2cm² was removed from the 

test coupon, this represented the direct impinged zone (DIZ). The remainder of the test 

coupon had a surface area of 11cm² and this represented the outer area (OA). The 

segmentation process was conducted by 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. 

[3.4], who have segmented the different zones of a welded sample within a specific 

hydrodynamic zone in order to investigate galvanic effects between the parent material 

(PM), Heat Affected Zone (HAZ) and weld metal.   



Chapter 3: Methodology 

 

69 

 

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 inside the test 

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 an additional 

insulating barrier between the DIZ and OA. Figure 3.8 demonstrates an Inconel 718 (UNS 

N07718) sample which has been segmented.  

 

Figure 3.7: The two segments (DIZ and OA) following waterjet machining 

 

Figure 3.8: Segmented sample encapsulated in epoxy resin 
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3.3.4 Potentiodynamic polarisation scans  

Potentiodynamic polarisation scans were used to indirectly measure the corrosion rates of 

the test specimens (both full and segmented) in static, flowing (solid free) and in-situ 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 electrode) with an ACM Instruments Gill AC electrochemical 

potentiostat.  

Before conducting the polarisation scans, the free corrosion potential (Ecorr) was measured 

15 minutes after the test coupon was immersed in the aqueous solution in order for it to 

stabilise.  Polarisation scans were 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 then made 

300mV more negative (for cathodic scans) or 300mV more positive (for anodic scans) at a 

sweep rate of 15mV/min. The chosen ranges were sufficient to evaluate corrosion current 

measurements by way of Tafel extrapolation. The measured current densities were then 

ǳǎŜŘ ǘƻ ŜǾŀƭǳŀǘŜ ǘƘŜ ŀǎǎƻŎƛŀǘŜŘ Ƴŀǎǎ ƭƻǎǎŜǎ ŘǳŜ ǘƻ ŎƻǊǊƻǎƛƻƴ Ǿƛŀ ŎŀƭŎǳƭŀǘƛƻƴ ōȅ CŀǊŀŘŀȅΩǎ 

Law, Eq. 2.9. 

3.3.5 Application of cathodic protection 

Cathodic protection was applied by impressed current cathodic protection (ICCP) and 

sacrificial anode cathodic protection (SACP). ICCP was applied using the three electrode cell 

(Ag/AgCl reference electrode, working electrode (test coupon) and the platinum auxiliary 

electrode) with an ACM Instruments Gill AC electrochemical potentiostat. Two methods 

were used to apply the SACP, the first utilised a piece of commercially-procured zinc alloy 

which was specifically designed for SACP and a commercially available zinc-particle-

containing paint (Zinga). 

ICCP was applied in the experimental studies described in chapters 4, 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 supported 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. 

   

Figure 3.9: Example of the back extrapolation technique used to determine the residual 
current densities at -800mV cathodic protection potential (material ς UNS S31600) 

The SACP methods were only used in the experimental study described in chapter 4, to 

establish if they could be used in erosion-corrosion test conditions to cathodically protect a 

low alloy UNS G43400 steel. The Zinga coating was applied to the side of the 38mm 

diameter test samples, shown in Figure 3.10. As the coating was on the sides 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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Figure 3.10: 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 

alloy steel. 

Table 3.6: Measured coupled potentials between the UNS G43400 steel and sacrificial 
anode/coating 

Coupled material Coupled potential (mV) 

UNS G43400 ς Zinc anode -1025 

UNS G43400 ς 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 erosion-corrosion test samples. As the sizes of the specimens 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). 

Zinga Coating 

Test Surface 
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The test rig was designed to mimic the service conditions of the valve seat during 

operation. Finite Element Analysis (FEA) data was supplied by engineers from Weir Group 

PLC. This information included the metal-metal contact pressure, metal-metal contact area, 

metal-metal contact force and contact angle. These are indicated in Table 3.7. 

Table 3.7: Valve seat operating parameters [3.5] 

Parameter Value 

Metal-metal contact pressure 4.1x108N/m2 

Metal-metal contact area 0.0044m2 

Metal-metal contact force 1.8MN 

Contact angle 40° 

The high load required to replicate the force of the valve impacting on 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, the contact pressure between 

the impactor and specimen would be the same pressure as the valve applies to the seat. 

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

Table 3.8: Repetitive impact test rig parameters 

Parameter Value 

Impactor-specimen contact area 7.9 x10-5m2 

Impactor-specimen contact force 32kN 

Impactor-specimen contact pressure 4.1x108N/m2 

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 frequency 

of 5Hz. A custom-made impactor (Figure 3.11) is connected to the hydraulic tensile testing 

machine. The material used for the impactor was carburised 8620 steel, which is the same 

as the valve material. 
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Figure 3.11:  Custom made impactor for repetitive impact test rig 

As there are also sand particles which 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 fracturing sand was fed between the impactor 

and specimen to replicate 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 3.12: Schematic of repetitive impact test rig 

The operation of the test rig was as follows: 

¶ The in-feed pump was switched on and supplied a constant flow of slurry with 

suspended sand particles to the specimen. 

¶ Once there was a constant flow of slurry, the hydraulic piston was activated which 

impacted with the specimen and crushes the sand at a rate of 5Hz. 

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

fed through the second peristaltic pump. 

  

3.5 Post-test analysis techniques 

3.5.1 Macro and micro examination of the tested surfaces 

Macro-examination images were taken with a single-lens reflex (SLR) camera of the post-

test surfaces for both erosion-corrosion and repetitive impact testing to record the overall 

surface damage. The test surfaces were also examined under an Olympus GX-51 light 

optical microscope to assess the degradation processes which occur in the different wear 

regions during erosion-corrosion testing. 
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3.5.2 Surface topography 

An Alicona InfiniteFocus Optical Microscope was used to conduct the post-test surface 

topography. The Alicona operates with an X, Y and Z coordinate system which enabled a 3D 

ǎŎŀƴ ƻŦ ǘƘŜ ǘŜǎǘ ŎƻǳǇƻƴΩǎ ǿŜŀǊ ǎŎŀǊǎ, i.e. the area directly underneath the impingement jet 

(erosion-corrosion testing) and also the area underneath the impactor (repetitive impact 

testing). An 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 manufacturer) as ±1µm in 

terms of surface texture and ±0.02mm3 in terms of volume loss. 

The benefits of using the Alicona 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 quantitative tool (Chapter 3.5.3). The volume loss was measured by constructing a 

polygon around the area of interest, the volume below the surface was then calculated to 

yield the volume loss. 

 

Figure 3.13: Example of the colour contour map created by Alicona to establish wear scar 
depth and volume loss for test coupons 
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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 

90µm blind hole CNC machined from its centre, was 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 3.9: Volume loss measurements for the calibration sample 

Measurement method Volume of hole (mm³) 

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 and synergy. 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, which demonstrates that the 

error is negligible.  

 

Figure 3.14: 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 3.10: The estimated error in volume loss measurement as a result of the thickness loss 
in the outer area and the measured wear scar depth 

Material 
Wear scar depth 

(µm) 

Thickness loss 
outside of the wear 

scar (µm) 
Error (%) 

UNS S31600 112 0.32 0.29 

 

3.5.3 Volumetric analysis technique 

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

wear regions were found during erosion-corrosion testing (Figure 3.15). 

¶ The direct impinged zone (DIZ) is formed directly underneath the jet and is often 

referred to as the wear scar. Recent studies [3.7, 3.8] have found that the particles 

impact at angles that vary from 85° in the centre to 45° at the edges of the wear 

scar. Figure 3.16 shows the predicted impact angle with respect to the distance 

from the centre of the nozzle. The higher impact angles tend to cause crater-type 

damage as shown in Figure 3.15.  

¶ 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 abrasion action. 

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

edges of the test coupon.  

 

Figure 3.15: Test coupon after erosion-corrosion testing demonstrating the DIZ (1) and the 
OA (2) 

1 2 
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Figure 3.16: CFD models predicting the impact angle of the particles with respect to the 
distance from the nozzle centre during solid-liquid impingement conditions [3.8] 

 

In the erosion-corrosion testing, the volume loss from the direct impinged zone (VLDIZ) and 

the volume loss from the outer area (VLOA) equate to the total volume loss (TVL), as shown 

in Eq. 3.3. 

 Ὕὠὒ ὠὒ  ὠὒ  Eq. 3.3  

The volume loss in the outer area was calculated by subtracting the direct impinged zone 

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

optical scanner, (Eq. 3.4). 

 ὠὒ Ὕὠὒ ὠὒ  Eq. 3.4  

For a more comprehensive understanding of the degradation processes occurring during 

the erosion-corrosion testing, the damage mechanisms occurring in each wear region were 

quantified (Eq. 3.5). The contributing mechanisms to erosion-corrosion were shown in Eq. 

2.2.   
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 Ὕὓὒ ὊὉὅ  Ὁ  ὅ  Ὓ  Ὓὃ  ὅ  Ὓ  Eq. 3.5  

Where, EDIZ is the pure mechanical erosion damage occurring within the wear scar, CDIZ Is 

the corrosion damage occurring within the wear scar, SDIZ is the synergy occurring within 

the wear scar, SAOA is the sliding abrasion occurring in the outer area, COA and SOA is the 

corrosion and synergy occurring in the outer area. When cathodic protection is applied, 

only mechanical damage occurs (EDIZ and SAOA), shown in Eq. 3.6. 

 Ὕὓὒ ὅὖ  Ὁ  Ὓὃ  Eq. 3.6 

As the TML (CP) and the EDIZ are measurable, the SAOA can be simply obtained through 

Equation 3.6. The mass losses due to corrosion (CDIZ and COAύ ŀǊŜ ŎŀƭŎǳƭŀǘŜŘ ŦǊƻƳ CŀǊŀŘŀȅΩǎ 

Law, by Tafel extrapolation, using the potentiodynamic polarisation curves generated by 

the segmented sample (Chapter 3.3.3). Hence, the synergy terms (SDIZ and SOA) can be easily 

calculated. 

The enhanced approach allows a better appreciation for comparing the corrosive wear 

performance of various materials under solid-liquid impingement conditions, than can be 

attained from a single measurement parameter (i.e. total mass loss) [3.8]. 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 of erosion-corrosion 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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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 

experience a 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 that a reduction in the corrosive 

wear damage would be extremely beneficial.  

 

Figure 4.1: Corrosive wear damaged observed in valve lift area in fluid end (courtesy of Weir 
SPM) 

 

Corrosive wear damage 

in valve lift area 
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Figure 4.2: Corrosive wear damage occurring in the 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 significantly improved 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 potential of applying 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 operational stages, the solid-liquid 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.  

Length: 82.6mm 

Min. depth: 

19.1mm 

Width: 31.8mm 

Corrosive wear damage in 

discharge taper 
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4.2 Literature review 

4.2.1 Comparative 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 stainless steel development, there have been numerous comparative studies 

which have demonstrated the superior erosion-corrosion resistance of stainless steels in 

comparison with low alloy steels. This was demonstrated by Neville et al. who studied a C-

Mn steel and two stainless steels (austenitic - UNS S31603 and duplex - UNS S32205) in 

both liquid (100m/s, 3.5%NaCl, 50°C) and solid-liquid (25m/s, 3.5%NaCl and 1000ppm silica 

sand, 50°C) conditions at normal incidence [4.1]. There was a significant contribution of 

corrosion related damage in the solid-liquid erosion-corrosion tests (37% of the overall 

material loss for the C-Mn steel, 19% of the overall material loss for the UNS S31603 and 

24% of the overall material loss for the UNS S32205). The passive film protected the 

stainless steels from substantial material removal in solid-free liquid conditions, whereas in 

such conditions the C-Mn steel experienced extensive erosion-corrosion damage. However, 

in solid-liquid conditions, the passive film was disturbed from the surface of the stainless 

steel, which then caused the stainless steels to exhibit corrosion related damage. 

A similar trend was also found by Giourntas et al. [4.2]. This study compared four different 

grades of stainless steel (austenitic - UNS S31600, Superduplex - UNS S32760, martensitic - 

UNS S42000 and precipitation hardened - UNS S17400) and a low alloy steel grade UNS 

G10400 in normal incidence solid-liquid impingement conditions (24m/s, 200mg/l, 30-

35°C). In free erosion-corrosion (FEC) conditions, the low alloy steel demonstrated average 

mass losses two times greater than that of the stainless steels. However, in cathodic 

protection (mechanical damage only) conditions, the increase was reduced to only 1.3 

times greater average mass loss. The poor corrosion resistance of the low alloy steel 

resulted in greater corrosion related damage. This was evident from anodic polarisation 

monitoring, as the low alloy steel was found to be 6-33 times greater than the stainless 

steels (depending on grade), in terms of mass loss due to corrosion. The Superduplex (UNS 

S32760) was marginally (1.2 times) better than the other stainless steels, which all 

performed similarly to 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 Wang found that a low alloy steel (X65 pipeline steel ς API-5L-

X65) demonstrated approximately 4 times greater mass loss compared to two stainless 

steels (martensitic - UNS S41000 and Superduplex - UNS S32760) in solid-liquid 

impingement conditions (normal incidence, 500mg/l sand concentration, 20m/s, 50°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 steel. This was attributed to 

the poorer corrosion resistance of the carbon steel. The corrosion component of the 

Superduplex was negligible and could not be quantified by calculating the charge transfer 

corrosion resistance from AC impedance results; hence, demonstrating the superior 

corrosion resistance of the stainless steels. 

Rajahram et al. studied the erosion-corrosion resistance of a low alloy steel (UNS G10200 

and a stainless steel (UNS S31603) in a slurry pot [4.4].  In distilled water with 1% sand 

concentration both the low alloy steel and austenitic stainless steel had similar mass losses. 

However, in 3.5% NaCl the low alloy steel demonstrated roughly 5 times greater mass loss 

than the austenitic stainless steel. Again, this study demonstrated that the low alloy steel 

and stainless steel have similar resistance to mechanical damage, however, when corrosion 

related damage becomes involved, there is a significant proportion of damage with the low 

alloy steel. 

Giourntas et al. utilised 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) in normal incidence solid-liquid impingement conditions (3.5%NaCl, 19m/s and 

150mg/l sand concentration) [4.5]. In terms of total mass loss, under FEC conditions, the 

low alloy steel was found to suffer a loss twice as great as the stainless steel. However, in 

pure erosion tests, the difference was reduced significantly to only 1.3 times. Anodic 

polarisation tests in the Direct Impinged Zone, DIZ (underneath the impinging jet), revealed 

that both materials exhibited similar free corrosion potentials, Ecorr (-547mV for UNS 

S31600 and -574mV for UNS G10400) and a corrosion rate, Icorr (0.2mA/cm² for UNS S31600 

and 0.5mA/cm² for UNS G10400). However, in the OA (outer area where the environment is 

less erosive) there was a significant difference between Ecorr (-337mV for UNS S31600 and -

524mV for UNS G10400) and Icorr (0.003mA/cm² for UNS S31600, 0.4mA/cm² for UNS 
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G10400). Once again, the erosion and abrasion resistance of the austenitic stainless steel 

was found to be similar to that of a low alloy steel but corrosion related damage 

significantly affected the low alloy steel. 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 film is periodically removed from the metal surface. 

Foley and Levy conducted dry erosion experiments with Al2O3 particles at 30m/s on a low 

alloy steel (UNS G43400) and an austenitic stainless steel (UNS S30400) [4.6]. Both the low 

alloy steel and stainless steel demonstrated similar erosion resistance. However, another 

study by Levy and Hickey [4.7] found that a low alloy steel (UNS G10180) demonstrated 

poorer resistance to mechanical 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 erosion-corrosion studies [4.2, 4.4, 4.5], however, abrasion is more likely to 

be the main wear mechanism for the slurry pot testing 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 based materials 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 the stainless 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 and heat treatment process. The most common 

types of stainless steel microstructures are either austenitic (16-26%Cr, 6-24%Ni), ferritic 

(11-21%Cr, 0-2%Ni) or martensitic (11-18%Cr). However, with the requirement of 

combatting pitting and crevice corrosion in extremely corrosive environments, stainless 

steels have been developed further to high alloy stainless steel grades such as duplex (21-

23%Cr), Superduplex (24-26%Cr) and superaustenitic (18-22%Cr, 17-30%Ni, 2-7%Mo, 0.18-

0.26%N). The relative performance of these different stainless steel grades have been 

assessed under erosion-corrosion 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 austenitic stainless 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 at 90° impingement) conditions [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 stainless 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 breakdown potential of the UNS S31254 was reduced to 850mV. 

A similar trend was also found by Neville and Hodgkiess [4.9]. 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 Salts - TDS) and liquid jet impingement (100m/s with 35,000ppm TDS at 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 impingement conditions, 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: 1005mV SCE and UNS S32205: 990mV) This was 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 solid-liquid conditions (3.5%NaCl) with 

various solid loadings and fluid velocities [4.10]. The higher grade stainless steel (UNS 

S32654) demonstrated smaller corrosion rates under all conditions to the SS316. The 

smaller corrosion rates were attributed to the additions of Mo, Cr and N which reduced 

metal dissolution when the surface was de-passivated and exhibited better re-passivation 

properties. The study also demonstrated that, above a sand loading of 60mg/l and a 

velocity of 7m/s, there was a transition from flow induced corrosion to erosion-corrosion 

mechanisms. This 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-

passivation/re-passivation behaviour.  

A further study by the same authors, assessed the erosion-corrosion resistance of two 

superaustenitic stainless steel grades (UNS S31245 and UNS S32654) and a Superduplex 

grade (UNS S32750) in solid-liquid conditions (17m/s, 600-640mg/l 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 high-alloy stainless steel grades (1.2 times better than UNS 

S31245 and 1.06 times better than UNS S32750). The marginal differences were found to 

be caused by the different proportions of corrosion related damage. The UNS S31245 

demonstrated the greatest proportion of corrosion related damage (18%) compared to the 

UNS S32750 (13%) and the UNS 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 solid-liquid conditions (3.5%NaCl, 20m/s with 

500ppm sand loading) and compared UNS S31603 and UNS S32750 [4.12]. In terms of 

erosion damage, both stainless steels exhibited similar damage. However, there was a 

significant increase in corrosion related damage of the UNS S31603 when compared to the 

higher alloy grade, UNS S32750. This study is in agreement with previous findings [4.8ς

4.10].  

Lopez et al. compared a martensitic stainless steel grade (UNS S42000) with an austenitic 

stainless steel grade (UNS S30400) in solid-liquid conditions (0.5M H2SO4, 3.5%NaCl 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 corrosion-assisted 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 Effect 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 (Chapter 2.4.1).  

 A review of corrosion in the oil and gas industry by Brondel et al. states that the corrosion 

rate increases with increasing salinity until 5%NaCl content where it reaches a maximum 

[4.15]. Above this salinity, the solubility of oxygen in the water reduces and hence, reduces 

the corrosion rate. It also states that, above a salt content of 15%NaCl, the corrosion rates 

reduce below that of freshwater. As indicated by Figure 4.3 below. 

 

Figure 4.3: Effect of salinity on corrosion rates for low alloy steels relative to freshwater 
conditions [4.15] 

A similar trend was found by Uhlig and Morrill who studied the effect of salinity on the 

corrosion rates for an 18Cr-8Ni stainless steel and a mild steel [4.16]. It was found that 

increasing the salinity, increased the corrosion rate for the mild steel (uniform corrosion) 

until approximately 3%NaCl, salinities above 4% actually reduced the corrosion rates below 

that of freshwater (Figure 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. 

 

Figure 4.4: 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, 0.1N NaCl and 3%NaCl) in various turbulent conditions [4.17]. The 

corrosion rates were found to increase as the fluid became more turbulent. 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 Hodgkiess compared the breakdown potentials of UNS S43000 and UNS 

S31603 in two different salinities (35,000ppm and 55,000ppm) at temperatures of 25°C and 

45°C in static, flowing (3m/s) and liquid jet impingement (95m/s) conditions [4.8]. 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 conditions where 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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concentrations (0.5, 1, 2, 3 and 4%NaCl) on Inconel 625 and SS316 under pin on disk 

conditions [4.18]. In terms of corrosion rates, it was found that the corrosion rates 

increased until 3%NaCl 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 

conditions in three different salinities (distilled water, 0.02%NaCl and 3%NaCl) [4.19]. 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. 

4.2.4 Effect of cathodic protection 

Cathodic protection can be achieved by supplying a flow of negative charge aimed at 

eliminating any metal dissolution. As described in Chapter 2.4.5.3, there are two types of 

cathodic protection which can be applied ς Impressed 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 the electrical 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 protection systems 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%NaCl aqueous solution [4.21]. The study also demonstrated that the 

zinc containing coatings could 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 fatigue [4.22]. The study found that the zinc coated steel increased the 

fatigue strength of the steel under the cavitation erosion conditions. Another study by Yaro 



Chapter 4: Assessment of fluid end materials and effect of environmental 
conditions 

 

93 

 

et al. found that the consumption of zinc anode protecting a copper pipe, increased when 

the salinity level, temperature and flow velocity increased [4.23]. 

ICCP has been used widely in studies to demonstrate the benefits of using cathodic 

protection in improving the erosion-corrosion resistance of a wide range of materials. 

However, there is no data in the literature demonstrating the use of SACP in solid-liquid 

erosion-corrosion conditions. 

Giourntas et al. demonstrated that ICCP can reduce the mass loss for a low alloy steel (UNS 

G10400) and a stainless steel (UNS S31600) under normal impingement solid-liquid 

conditions (3.5%NaCl, 19m/s with 150mg/l sand concentration) [4.5]. Neville and Hodgkiess 

also demonstrated that ICCP could significantly reduce the erosion-corrosion damage of 

UNS S32760, UNS N00625 and UNS AMS5387) by eliminating the corrosion-related damage 

[4.24]. ICCP can also reduce the erosion-corrosion damage of a cermet (HVOF WC-Co) as 

demonstrated by Andrews et al. [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 erosion-corrosion resistance of low alloy and stainless steels as 

well as comparing different stainless steel grades. The main observations were that the 

passive films caused the stainless steels to exhibit better erosion-corrosion resistance than 

the low alloy steel, however, under cathodic protection conditions (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 on improving 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 erosion-corrosion behaviour of low alloy steels and 

stainless steels. As the demand for 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 resistance 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 erosion-corrosion 

damage of engineering steels.  

4.4 Materials and methods 

The alloys selected in this study are stated below: 

¶ High strength low alloy steel (UNS G43400) which is the main alloy currently being 

used as the fluid end material. 

¶ Precipitation hardened martensitic stainless steel (UNS 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. 

¶ Superduplex stainless steel (UNS S32760) is also considered due to its excellent 

corrosion resistance. 

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

good corrosion resistance in various environments. 

The nominal chemical compositions 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 4.1: Nominal chemical composition (wt%) of the low alloy steel and stainless steels 

Material C Cr Ni Mn Si Mo S N P Cu Fe 

UNS 
G43400 

0.37-
0.43 

0.7-
0.9 

1.65-
2 

0.6-
0.8 

0.15-
0.3 

0.2-
0.3 

0.04 - 0.035 - Bal 

UNS 
S15500 

0.07 
max 

14-
15.5 

3.5-
5.5 

1 
max 

1 
max 

- 
0.03 
max 

- 0.04 
2.5-
4.5 

Bal 

UNS 
S32760 

0.03 
max 

24-
26 

6-8 
1 

max 
1 

max 
3-4 

0.01 
max 

0.2-
0.3 

0.03 
max 

0.5-
1 

Bal 

UNS 
S31600 

0.08 
max 

16-
18 

10-
14 

2 
max 

0.75 
max 

2-3 
0.03 
max 

0.1 
max 

0.045 
max 

- Bal 
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Table 4.2: Densities and measured hardness values of the test materials 

Material Density (g/cm²) Hardness (HV ς 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 reduce erosion-corrosion damage 

of the low alloy steel. Table 4.3 demonstrates the chemical composition of the zinc anode 

(supplied by vendor). 

Table 4.3: Chemical composition of the zinc anode 

Element Cu Al Fe Cd Pb Zn 

Wt% 0.05 0.01-0.5 0.005 0.025 0.006 Bal 
  

Figures 4.5-4.8 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 (UNS S32760) 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 4.5: The microstructure of UNS G43400 with tempered martensite and retained 
austenite 

 

 

Figure 4.6: The microstructure of UNS S15500 with tempered martensite and retained 
austenite 
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Figure 4.7: The microstructure of UNS S32760 with equal grains of ferrite and austenite 

,  

Figure 4.8: The microstructure of UNS S31600 containing austenite with delta ferrite (dark 
phase) formed in the grain boundaries 
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The erosion-corrosion testing was conducted 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%NaCl - freshwater, 3.5%NaCl - seawater, and 

10%NaCl ς brine) were chosen to assess the effect of salinity on the erosion-corrosion 

behaviour of the test materials. The temperature of the aqueous solution was 40±2°C and 

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

tests, the low alloy steel, UNS G43400 specimens, were immersed in an inhibited acidic 

ǎƻƭǳǘƛƻƴ ό/ƭŀǊƪΩǎ ǎƻƭǳǘƛƻƴύ ƛƴ ƻǊŘŜǊ ǘƻ ǊŜƳƻǾŜ ǘƘŜ ŎƻǊǊƻǎƛƻƴ ǇǊƻŘǳŎǘ ŦǊƻƳ ǘƘŜ ǘŜǎǘ ǎǳǊŦŀŎŜ 

prior to weighing.  Cathodic protection was applied through the ICCP and SACP methods 

described in Chapter 3.3.5 and potentiodynamic polarisation scans were conducted using 

the methodology described in Chapter 3.3.4.  

4.5 Results 

4.5.1 Volume loss measurements 

The measured mass losses for the test materials were converted into total volume losses by 

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 the three different 

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 total volume loss as the salinity was 

further increased from 0.05%NaCl to 3.5%NaCl. However, as the salinity was increased to 

10%NaCl there was no discernible increase in erosion-corrosion damage. The Superduplex 

stainless steel (UNS S32760) demonstrated the lowest 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 was observed for the stainless steel alloys when ICCP was 

applied. 
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Figure 4.9: Total volume losses of the test materials in the different saline conditions 

Erosion-corrosion tests (3.5%NaCl aqueous solution) were also conducted with the 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 in each testing 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 4.10: Total volume losses for UNS G43400 in FEC, ICCP and SACP testing conditions 

4.5.2 Electrochemical monitoring 

4.5.2.1 Potentiodynamic scans 

Figures 4.11 ς 4.13 show the anodic polarisation scans conducted for UNS S15500 in each 

wear region (DIZ and OA ς discussed in Chapter 3.5.3) under solid-liquid conditions at the 

three different salinity levels. The anodic polarisations scans for the remaining test 

materials are shown in Appendix A. The anodic polarisation scans were conducted after the 

stabilisation of the free corrosion potential (Ecorr) 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 potential at a minimum of 25mV more negative than Ecorr. 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 nature of the solid-liquid conditions which occur directly beneath the impinging 

jet. The stainless steels also exhibited fluctuations in current density for all test 

environments due to de-passivation/re-passivation 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 4.11: Anodic polarisation scans on both wear regions of UNS S15500 in 0.05%NaCl 
solid-liquid conditions 

 

 

Figure 4.12: Anodic polarisation scans on both wear regions of UNS S15500 in 3.5%NaCl 
solid-liquid conditions 
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Figure 4.13: Anodic polarisations on both wear regions of UNS S15500 in 10%NaCl solid-
liquid conditions 

The Ecorr values of both segmented regions as well as the Tafel extrapolated current 

densities for each test material in each test environment are given in Tables 4.4-4.6. 

FaradŀȅΩǎ law (Chapter 2.4.1) 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 the OA for 

all test materials. This would be expected as the erosion-corrosion conditions are more 

severe directly underneath the nozzle. However, as the OA has a larger exposed surface 

area than the DIZ (11cm² compared to 0.2cm²), the volume loss due to corrosion 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 4.4: Measured free corrosion potentials (Ecorr), corrosion current densities and 
calculated volume losses on both segmented wear regions for all materials in 0.05%NaCl 

solid-liquid conditions 

Material 

DIZ (A=0.2cm²) OA (A=11cm²) 

Ecorr (mV) 

Corrosion 
current 
density 

(mA/cm²) 

Corrosion 
volume 

loss 
(mm³/hr)  

Ecorr (mV) 

Corrosion 
current 
density 

(mA/cm²) 

Corrosion 
volume 

loss 
(mm³/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 4.5: Measured free corrosion potentials (Ecorr), corrosion current densities and 
calculated volume losses on both segmented wear regions for all materials in 3.5%NaCl 

solid-liquid conditions 

Material 

DIZ (A=0.2cm²) OA (A=11cm²) 

Ecorr (mV) 

Corrosion 
current 
density 

(mA/cm²) 

Corrosion 
volume 

loss 
(mm³/hr)  

Ecorr (mV) 

Corrosion 
current 
density 

(mA/cm²) 

Corrosion 
volume 

loss 
(mm³/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 4.6: Measured free corrosion potentials (Ecorr), corrosion current densities and 
calculated volume losses on both segmented wear regions for all materials in 10%NaCl 

solid-liquid conditions 

Material 

DIZ (A=0.2cm²) OA (A=11cm²) 

Ecorr (mV) 

Corrosion 
current 
density 

(mA/cm²) 

Corrosion 
volume 

loss 
(mm³/hr)  

Ecorr (mV) 

Corrosion 
current 
density 

(mA/cm²) 

Corrosion 
volume 

loss 
(mm³/hr)  

UNS 
G43400 

-590 1.5 0.04 -555 0.600 0.882 

UNS 
S15500 

-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 1.1 0.03 -433 0.018 0.026 

 

Figures 4.14 ς 4.16 illustrate the anodic and cathodic polarisations for the full specimens 

(38mm diameter) of each test material under solid-liquid conditions for the three different 

salinity levels. The anodic and cathodic polarisations of the test materials under static and 

flowing conditions are given in Appendix A. The electrode potentials are normalised for an 

easier comparison. In each test condition and environment, the low alloy steel exhibited 

active behaviour and the largest current densities compared to the stainless steels. Under 

solid-liquid impingement conditions, the stainless steels exhibited the periodic de-

passivation/re-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 surface for 

the cathodic reaction to occur. 
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Figure 4.14: Anodic and cathodic polarisation scans on the full specimen of the tested 
materials in 0.05%NaCl solid-liquid conditions 

 

Figure 4.15: Anodic and cathodic polarisation scans on the full specimen of the tested 
materials in 3.5%NaCl solid-liquid conditions 
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Figure 4.16: Anodic and cathodic polarisations on the full specimen of the tested materials 
in 10% solid-liquid conditions 

The Ecorr values along with corrosion current density and calculated volume loss for the full 

size specimens are given in Tables 4.7ς4.15 for each test material under each test condition 

and salinity. In general, there was an increase (less negative) in Ecorr values from static to 

liquid impingement conditions, this is due to the increase in oxygen available at the surface 

from the flowing water and hence, there will be increased cathodic rates. Generally, there 

was an increase in corrosion current density and hence, volume loss due to corrosion as the 

test conditions became more aggressive (from static to solid-liquid conditions). The low 

alloy steel exhibited the greatest corrosion rates compared to the other test materials in all 

environments as would 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 previous limited studies for low alloy and stainless steels [4.15, 4.16, 4.18]. In flowing 

conditions, there was found to be an increase in corrosion rates from 0.05%NaCl to 

3.5%NaCl but corrosion rates were found to decrease or remain the same when the salinity 

was increased to 10%NaCl for all test materials (except UNS S15500 where the corrosion 

rates increased with increasing salinity). In solid-liquid conditions, the corrosion rates of the 
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corrosion rates of the UNS S32760 and UNS S31600 were found to increase from 0.05%NaCl 

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

Table 4.7: Measured free corrosion potential (Ecorr), corrosion current density and calculated 
corrosion volume loss for the full specimen of the tested materials in 0.05% static conditions 

Material Ecorr (mV) 
Corrosion current 
density (mA/cm²) 

Corrosion volume 
loss (mm³/hr) 

UNS G43400 -574 0.0320 0.0485 

UNS S15500 -139 0.0005 0.0007 

UNS S32760 -138 0.0004 0.0005 

UNS S31600 -120 0.0005 0.0007 

 

Table 4.8: Measured free corrosion potential (Ecorr), corrosion current density and calculated 
corrosion volume loss for full specimens of the tested materials in 0.05%NaCl flowing 
conditions 

Material Ecorr (mV) 
Corrosion current 
density (mA/cm²) 

Corrosion volume 
loss (mm³/hr) 

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 4.9: Measured free corrosion potential (Ecorr), corrosion current density and calculated 
corrosion volume loss for full specimens of the tested materials in 0.05%NaCl solid-liquid 
conditions 

Material Ecorr (mV) 
Corrosion current 
density (mA/cm²) 

Corrosion volume 
loss (mm³/hr) 

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 4.10: Measured free corrosion potential (Ecorr), corrosion current density and 
calculated corrosion volume loss for full specimens of the tested materials in 3.5%NaCl static 
conditions 

Material Ecorr (mV) 
Corrosion current 
density (mA/cm²) 

Corrosion volume 
loss (mm³/hr) 

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 4.11: Measured free corrosion potential (Ecorr), corrosion current density and 
calculated corrosion volume loss for full specimens of the tested materials in 3.5%NaCl 
flowing conditions 

Material Ecorr (mV) 
Corrosion current 
density (mA/cm²) 

Corrosion volume 
loss (mm³/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 4.12: Measured free corrosion potential (Ecorr), corrosion current density and 
calculated corrosion volume loss for full specimens of the tested materials in 3.5%NaCl solid-
liquid conditions 

Material Ecorr (mV) 
Corrosion current 
density (mA/cm²) 

Corrosion volume 
loss (mm³/hr) 

UNS G43400 -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 4.13: Measured free corrosion potential (Ecorr), corrosion current density and 
calculated corrosion volume loss for full specimens of the tested materials in 10%NaCl static 
conditions 

Material Ecorr (mV) 
Corrosion current 
density (mA/cm²) 

Corrosion volume 
loss (mm³/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 4.14: Measured free corrosion potential (Ecorr), corrosion current density and 
calculated corrosion volume loss for full specimens of the tested materials in 10%NaCl 
flowing conditions 

Material Ecorr (mV) 
Corrosion current 
density (mA/cm²) 

Corrosion volume 
loss (mm³/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 4.15: Measured free corrosion potential (Ecorr), corrosion current density and 
calculated corrosion volume loss for full specimens of the tested materials in 10%NaCl solid-
liquid conditions 

Material Ecorr (mV) 
Corrosion current 
density (mA/cm²) 

Corrosion volume 
loss (mm³/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: 

¶ The corrosion rate of the low alloy steel generally increased with salinity due to the 

increased conductivity of the aqueous solution which caused an increase in 

corrosion current density. 

¶ The corrosion rate of the stainless steels did not alter much with the increase of 

salinity with the exception in static conditions from 0.05%NaCl to 3.5%NaCl. 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 interpretation for the 

increase from 0.05%NaCl to 3.5%NaCl is that the increase in chloride concentration 

from freshwater to seawater brought about a slight reduction in integrity of passive 

film. It is well known that chloride ions are detrimental to passive films [4.26]. 

¶ In all salinities, the corrosion 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 solid-liquid conditions increases the 

availability of oxygen at the metal-fluid 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. 

¶ The corrosion rates of the stainless steels also increased with the aggressiveness of 

the hydrodynamic conditions, particularly in solid-liquid conditions as their passive 

films were removed which exposed the surface to the aqueous solution. 

¶ The Superduplex alloy (UNS S32760) demonstrated the lowest corrosion rate at 

10%NaCl in flowing and solid-liquid 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 measurements ς SACP 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 solid-liquid conditions. 

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

around -940mV and decreased to around -1030mV 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 under solid-liquid conditions. The galvanic 

potential between the low alloy steel and Zinga coating began more negative than -800mV 

before it increased to around -640mV at the end of the test. This increase can be attributed 

to the reduction in zinc particles within the paint as they are being consumed rapidly under 

solid-liquid conditions. However, as the galvanic potential is more negative than the free 

corrosion potential of the low alloy steel under solid-liquid conditions (-530mV), the Zinga 

coating will be providing some protection to the low alloy steel, although at longer test 

durations the Zinga coating will no longer be effective. 

 

Figure 4.17: Measured electrode potentials for the galvanic couples (UNS G43400 with zinc 
anode and Zinga coating) under solid-liquid conditions (3.5%NaCl) 

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). In static conditions (3.5%NaCl aqueous solution), the coating was able to provide 

full cathodic protection (more negative than -800mv) for about 100 hours before reaching 

the free corrosion potential of the low alloy steel under static conditions (3.5%NaCl 

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%NaCl. 
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Figure 4.18: Measured electrode potentials for the galvanic couple ς UNS G43400 with 
Zinga coating under static conditions in 3.5%NaCl aqueous solution 

 

 

Figure 4.19: Measured electrode potentials for the galvanic couple ς UNS G43400 with 
Zinga coating under liquid impingement conditions in 3.5%NaCl conditions 

4.5.3 Post-test examination 

4.5.3.1 Surface topography 

4.5.3.1.1 Macro examination 

Figure 4.20 illustrates the macroscopic views of the post-test surfaces directly after the one 

hour, free-erosion 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 (Figure 4.20a). Whereas, it is evident that there are no corrosion products on 

the surface of the stainless steels (Figure 4.20b-d) which highlights their superior corrosion 

resistance.  

 

 

 

  

 

 

 

 

 

 

 

  

 

Figure 4.20: Post-test surfaces of the test materials after 3.5%NaCl solid-liquid conditions: 
UNS G43400 ς A; UNS S15500 ς B; UNS S32760 ς C; UNS S31600 ς D 

Figure 4.21 shows the macroscopic post-test views of the low alloy steel after free erosion-

corrosion conditions in 0.05%NaCl and 10%NaCl aqueous solutions. In 0.05%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 4.21: Post-test surface of UNS G43400 after solid-liquid conditions in 0.05%NaCl; - A; 
10%NaCl ς 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 zinc anode and SACP 

with Zinga coating were able to suppress corrosion and, hence, no corrosion products were 

formed on the surface. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.22: Post-test surfaces of the UNS G43400 after solid-liquid conditions: ICCP ς A; 
SACP with zinc anode ς B; SACP with Zinga coating - C 
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4.5.3.1.2 Micro examination 

Microscopic views of the post-test surfaces after 3.5%NaCl solid-liquid experiments were 

also recorded to assess the corrosive wear damage in the DIZ and the OA. Figure 4.23 

illustrates the typical crater-type 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 impact the surface 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 (Figure 4.24) also exhibited pitting damage in the 

OA due its poor corrosion resistance. The stainless steels only exhibited sliding abrasion 

damage, an example is demonstrated in Figure 4.25. 

 

Figure 4.23: Crater damage in the DIZ of the UNS G43400 in 3.5%NaCl solid-liquid conditions 



Chapter 4: Assessment of fluid end materials and effect of environmental 
conditions 

 

116 

 

 

Figure 4.24: Sliding abrasion marks and pitting damage in the OA of the UNS G43400 in 
3.5%NaCl solid-liquid conditions 

 

Figure 4.25: Sliding abrasion damage in the OA of the UNS S15500 in 3.5%NaCl solid-liquid 
conditions 
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4.5.3.1.3 Wear scar profile scans 

To assess the behaviour of the four alloys in the wear scar, surface profile scans were 

conducted on the post-test surfaces using the surface topography technique described in 

Chapter 3.5.2. The scans were conducted for each salinity level in FEC and also in ICCP 

conditions. Figure 4.26 shows a representative set of wear scar depth plots with the 

remaining graphs located in Appendix A. Figure 4.27 compares the wear scar profile scans 

for the low alloy steel in FEC, ICCP, SACP with the zinc anode 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. 

 

Figure 4.26: Wear scar profiles for UNS S32760 in each testing environment in solid-liquid 
conditions 

 

-70

-60

-50

-40

-30

-20

-10

0

10

0 1 2 3 4 5 6

W
e

a
r 

sc
a

r 
d

e
p

th
 (µ

m
) 

Wear scar width (mm) 

0.05%NaCl 3.5%NaCl 10%NaCl ICCP

-100

-80

-60

-40

-20

0

20

0 1 2 3 4 5 6

W
e

a
r 

sc
a

r 
d

e
p

th
 (µ

m
) 

Wear scar width (mm) 

FEC ICCP Zinc anode Zinga Coating



Chapter 4: Assessment of fluid end materials and effect of environmental 
conditions 

 

118 

 

Figure 4.27: Wear scar profiles for UNS G43400 with the effect of cathodic protection in 
3.5%NaCl solid-liquid conditions 

The wear scar depths were broadly similar to the findings observed with the wear scar 

volume losses. Therefore, the measured wear scar depth graphs are located in Appendix A 

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

4.5.3.2 Volumetric analysis 

The volume measurement of the UNS S15500 stainless steel in the direct impinged zone 

after a solid-liquid 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 topography method described in Chapter 3.5.2 was 

followed. 

  

Figure 4.28: Volumetric analysis on the wear scar of the UNS S15500 stainless steel surface 
after solid-liquid conditions 

The volume losses in the DIZ for each test material under each 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 compared 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 materials. 

 

Figure 4.29: 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 alloy steel 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 loss compared to the other test 

conditions.  
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Figure 4.30: Comparison of volume losses in the DIZ for the UNS G43400 under solid-liquid 
conditions in FEC and for the three different cathodic protection methods 

4.6 Discussion 

4.6.1 Total Volume Loss (TVL) in free erosion-corrosion (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 loss in the low alloy steel as the salinity was increased from freshwater (0.05%NaCl) 

to seawater (3.5%NaCl). When the salinity was increased to a brine (10%NaCl), the total 

volume loss of the low alloy steel was found to be similar to that of seawater conditions. 

The trend in this study of the stainless steel and the low alloy steel in increasing salinity 

matches well with findings from previous studies [4.18, 4.19]. The poor erosion-corrosion 

resistance of the low alloy steel compared to the stainless steels have also been observed in 

past studies [4.1ς4.4]. The main cause of this finding is a result of the poor corrosion 

resistance of the low alloy steel which is detrimental to its overall erosion-corrosion 

performance, whereas, the passive film of the stainless steels provides some resistance to 

corrosion damage and, hence, results in an improved erosion-corrosion 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%NaCl solid-liquid conditions. In all test environments, 

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 proportion of the 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 erosion-

corrosion resistance of UNS S32760 was found in the DIZ, where high angle erosion occurs, 

and that its erosion-corrosion 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 material hardness [4.27ς4.29]. Therefore, the 

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

 

 

Figure 4.31: Breakdown of the total volume loss into volume loss in the two distinct wear 
regions under 0.05%NaCl solid-liquid conditions 
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Figure 4.32: Breakdown of the total volume loss into volume loss in the two distinct wear 
regions under 3.5%NaCl solid-liquid conditions 

 

Figure 4.33: Breakdown of the total volume loss into volume loss in the two distinct wear 
regions under 10%NaCl solid-liquid conditions 

Figures 4.34-4.36 show the quantitative volume 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%NaCl, 3.5%NaCl 

and 10%NaCl). Each degradation process will be discussed separately in subsequent 

subsections. 

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

TVL VL DIZ VL OA

V
o

lu
m

e
 lo

ss
 (

m
m³

) 

UNS S31600 UNS S15500 UNS G43400 UNS S32760

0

0.5

1

1.5

2

2.5

3

3.5

4

TVL VL DIZ VL OA

V
o

lu
m

e
 lo

ss
 (

m
m³

) 

UNS S31600 UNS S15500 UNS G43400 UNS S32760



Chapter 4: Assessment of fluid end materials and effect of environmental 
conditions 

 

123 

 

 

Figure 4.34: Discrimination between the different material degradation processes on the 
tested materials under 0.05% NaCl solid-liquid conditions 

 

Figure 4.35: Discrimination between the different material degradation processes on the 
tested materials under 3.5% NaCl solid-liquid conditions 
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Figure 4.36: Discrimination between the different material degradation processes on the 
tested materials under 10% NaCl solid-liquid conditions 
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of 12%. In 10%NaCl aqueous solution solid-liquid 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 that the corrosion 

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 substantially when the salt 

content is increased, however, the 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 under FEC, ICCP and both SACP applications under 3.5%NaCl 

solid-liquid 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 process. However, in the OA, there was a significant reduction (up to 85%) 

in volume loss when CP was applied. 

 

Figure 4.37: Breakdown of the total volume loss into the two distinct wear regions for the 
low alloy steel in FEC, ICCP and both SACP under 3.5%NaCl solid-liquid conditions 
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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 were observed 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 depths in a previous study 

[4.2]. 

.ȅ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ƳŀǘŜǊƛŀƭΩǎ ƘŀǊŘƴŜǎǎ ƛƴ Table 4.2, no obvious linkage could be connected 

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 4.6.6. Another 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 4.16: 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 (mm³) 

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 high-strain rate conditions which occur during a high 

velocity impingement erosion-corrosion experiment [4.30].  

4.6.4 Corrosion and synergy in the direct impingement zone (DIZ) 

From Figures 4.34-4.36, the volume losses due to corrosion and synergy in the wear scar 

were found to be negligible for all materials in each testing environment. 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%NaCl solid-liquid conditions where 37% of the damage was 

attributed to synergy.  

The negligible corrosion damage was shown by the estimated volume loss due to corrosion 

from the anodic polarisation scans of the segmented samples, shown in Tables 4.6-4.8. 

Even though the passive films were destroyed by impacting sand particles, it appears that 

the intermittent de-passivation/re-passivation 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 outer area (OA) 

The sliding abrasion damage of the materials was calculated by rearranging Eq. 3.6, as 

shown below in Eq. 4.1. 

 Ὓὃ  Ὕὠὒ  Ὁ  Eq. 4.1  

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 to have the poorest sliding abrasion resistance. This implies 

that the correlation between increased hardness and abrasion resistance is more complex 

than suggested in previous research [4.27ς4.29]. Work conducted by Xu et al. suggests that 

an increase in hardness of steels does not necessarily increase abrasion wear resistance and 

is in fact influenced more by grain size, grain morphology and amount of retained austenite 

[4.31].  

4.6.6 Corrosion in the outer area (OA) 

The anodic polarisation scans conducted on the segmented samples (Figures 4.11 ς 4.13 

and in Appendix A) gave an indication of the 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 overall damage (6%). However, in the higher salt content the 

proportion of the damage increased significantly (65% - 3.5%NaCl, 30% - 10%NaCl). The 

stainless steels exhibited negligible OA corrosion in freshwater, seawater and brine 

conditions (less than 5% of 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 low alloying content and the greater conductivity of the solution resulted in 

substantial volume losses due to corrosion from 0.05%NaCl to 3.5%NaCl saline conditions. 

The decrease in volume loss due to corrosion from 3.5%NaCl to 10%NaCl for the low alloy 

steel in the OA may be explained by the reduction of oxygen in the aqueous solution. The 

poor corrosion resistance of low alloy steels under erosion-corrosion conditions were 

observed in previous studies  [4.2ς4.4]. 

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 from the calculated total volume loss in the OA, as 

demonstrated below in Eq. 4.2. 

 Ὓ  Ὕὠὒ  Ὓὃ  ὅ  Eq. 4.2  

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%NaCl test 

conditions, the synergy in 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%NaCl, the 

synergy damage was found to increase for all materials (7% UNS S31600, 34% UNS G43400, 

15% UNS S32760 and 18% UNS S15500). A reason for synergy in the austenitic stainless 

steel was suggested by Matsumura et al. who suggested that corrosion removes the work 

hardened layer which in turn causes the stainless steel to be more susceptible to 

mechanical damage [4.33]. Duplex stainless steel is an example of a multiphase material 

which can exhibit synergistic damage that is associated with micro-galvanic action at the 

phase boundaries. The latter phenomena has been shown in a number of erosion-corrosion 

systems, where the ferrite phase acts as an anode and the austenite phase acts as a 

cathode [4.34, 4.35]. Thus, an explanation for UNS S32760 and UNS 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 the low 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 damage. Corrosion roughens the 

surface causing micro-turbulence, this would be exacerbated  by corrosion pits [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 salinity of the hydraulic fracturing fluid 

from freshwater to seawater, will dramatically reduce the life of the low alloy steel fluid 

end. However, above 3.5%NaCl there appears to be little effect to the erosion-corrosion 

resistance to the low alloy steel. This study has 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 erosion-corrosion conditions. Due to 

the significant costs associated with UNS S32760 (Superduplex), with only marginally better 

resistance to erosion-corrosion than the cheaper stainless steel alloys (UNS S15500 and 

UNS S31600) economically, selecting Superduplex as an alternative fluid end material is 

unrealistic. Another aspect 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 occurring during operation. The modified UNS S15500 alloy developed by Weir Oil 

and Gas was 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 

sacrificial anode/coating were found to successfully reduce the erosion-corrosion 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 erosion-corrosion conditions. The most feasible 

option is zinc anodes which were found to effectively protect the low alloy steel from 

corrosion related damage and, therefore, enabled a significant increase in corrosive wear 

life. These could be designed and implemented much simpler into the fluid end 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 option is 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 hydraulic fracturing 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 dictate 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 research have 

enabled engineers in Weir Oil and Gas to 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 erosion-corrosion damage of the low alloy steel (UNS G43400). 

However, as the salinity was increased from 3.5%NaCl to 10%NaCl, the effect was 

found to be minimal as the overall volume loss was similar in both environments. 

The majority of the increase in damage was observed 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%NaCl). The increased 

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 to have significant 

erosion-corrosion 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 performance of the stainless steels under corrosive wear 

conditions and due to the lower associated costs, the high 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 erosion-corrosion experiments. For 

instance, the marginal superiority of the 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 low 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 substantially 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 benefit with reductions in 

overall damage of 29% for UNS S31600, UNS S32760 and UNS S15500 in 10%NaCl 

aqueous solution. 

6.  The application of cathodic protection by impressed current and sacrificial 

anode/coating was found to be extremely beneficial to the low alloy steel in 

3.5%NaCl aqueous solution under erosion-corrosion 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 environment. 

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.   

  



Chapter 4: Assessment of fluid end materials and effect of environmental 
conditions 

 

132 

 

4.9 References 

[4.1] !Φ bŜǾƛƭƭŜΣ ¢Φ IƻŘƎƪƛŜǎǎΣ ŀƴŘ WΦ ¢Φ 5ŀƭƭŀǎΣ ά! ǎǘǳŘȅ ƻŦ ǘƘŜ ŜǊƻǎƛƻƴ-corrosion behaviour 

ƻŦ ŜƴƎƛƴŜŜǊƛƴƎ ǎǘŜŜƭǎ ŦƻǊ ƳŀǊƛƴŜ ǇǳƳǇƛƴƎ ŀǇǇƭƛŎŀǘƛƻƴǎέ Wear, vol. 186ς187. pp. 

497ς507, 1995. 

[4.2] L. DƛƻǳǊƴǘŀǎΣ ¢Φ IƻŘƎƪƛŜǎǎΣ ŀƴŘ !Φ aΦ DŀƭƭƻǿŀȅΣ ά/ƻƳǇŀǊŀǘƛǾŜ ǎǘǳŘȅ ƻŦ ŜǊƻǎƛƻƴς

ŎƻǊǊƻǎƛƻƴ ǇŜǊŦƻǊƳŀƴŎŜ ƻƴ ŀ ǊŀƴƎŜ ƻŦ ǎǘŀƛƴƭŜǎǎ ǎǘŜŜƭǎέ Wear, vol. 332ς333, pp. 1051ς

1058, 2015. 

[4.3] !Φ bŜǾƛƭƭŜ ŀƴŘ /Φ ²ŀƴƎΣ ά9Ǌƻǎƛƻƴ-corrosion of engineering steels-Can it be managed 

ōȅ ǳǎŜ ƻŦ ŎƘŜƳƛŎŀƭǎΚέ Wear, vol. 267, no. 11, pp. 2018ς2026, 2009. 

[4.4] {Φ {Φ wŀƧŀƘǊŀƳΣ ¢Φ WΦ IŀǊǾŜȅΣ ŀƴŘ wΦ WΦ YΦ ²ƻƻŘΣ ά9Ǌƻǎƛƻƴςcorrosion resistance of 

ŜƴƎƛƴŜŜǊƛƴƎ ƳŀǘŜǊƛŀƭǎ ƛƴ ǾŀǊƛƻǳǎ ǘŜǎǘ ŎƻƴŘƛǘƛƻƴǎέ Wear, vol. 267, no. 1ς4, pp. 244ς

254, 2009. 

[4.5] [Φ DƛƻǳǊƴǘŀǎΣ ¢Φ IƻŘƎƪƛŜǎǎΣ ŀƴŘ !Φ aΦ DŀƭƭƻǿŀȅΣ ά9ƴƘŀƴŎŜŘ ŀǇǇǊƻŀŎƘ ƻŦ ŀǎǎŜǎǎƛƴƎ ǘƘŜ 

ŎƻǊǊƻǎƛǾŜ ǿŜŀǊ ƻŦ ŜƴƎƛƴŜŜǊƛƴƎ ƳŀǘŜǊƛŀƭǎ ǳƴŘŜǊ ƛƳǇƛƴƎŜƳŜƴǘέ Wear, vol. 338ς339, 

pp. 155ς163, 2015. 

[4.6] ¢Φ CƻƭŜȅ ŀƴŘ !Φ [ŜǾȅΣ ά¢ƘŜ ŜǊƻǎƛƻƴ ƻŦ ƘŜŀǘ-ǘǊŜŀǘŜŘ ǎǘŜŜƭǎέ Wear, vol. 91, pp. 45ς64, 

1983. 

[4.7] !Φ ±Φ [ŜǾȅ ŀƴŘ DΦ IƛŎƪŜȅΣ ά[ƛǉǳƛŘ-ǎƻƭƛŘ ǇŀǊǘƛŎƭŜ ǎƭǳǊǊȅ ŜǊƻǎƛƻƴ ƻŦ ǎǘŜŜƭǎέ Wear, vol. 

117, no. 2, pp. 129ς146, 1987. 

[4.8] K. S. E. Al-aŀƭŀƘȅ ŀƴŘ ¢Φ IƻŘƎƪƛŜǎǎΣ ά/ƻƳǇŀǊŀǘƛǾŜ ǎǘǳŘƛŜǎ ƻŦ ǘƘŜ ǎŜŀǿŀǘŜǊ ŎƻǊǊƻǎƛƻƴ 

behaviour of a ranƎŜ ƻŦ ƳŀǘŜǊƛŀƭǎέ Desalination, vol. 158, no. 1ς3, pp. 35ς42, 2003. 

[4.9] !Φ bŜǾƛƭƭŜ ŀƴŘ ¢Φ IƻŘƎƪƛŜǎǎΣ ά!ƴ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ǘƘŜ ŎƻǊǊƻǎƛƻƴ ōŜƘŀǾƛƻǳǊ ƻŦ ƘƛƎƘ-

grade alloys in seawater at elevated temperature and under a high velocity 

ƛƳǇƛƴƎƛƴƎ Ŧƭƻǿέ Corros. Sci., vol. 38, no. 6, pp. 927ς956, 1996. 

[4.10] ·Φ Iǳ ŀƴŘ !Φ bŜǾƛƭƭŜΣ ά¢ƘŜ ŜƭŜŎǘǊƻŎƘŜƳƛŎŀƭ ǊŜǎǇƻƴǎŜ ƻŦ ǎǘŀƛƴƭŜǎǎ ǎǘŜŜƭǎ ƛƴ ƭƛǉǳƛŘ-solid 

ƛƳǇƛƴƎŜƳŜƴǘέ Wear, vol. 258, no. 1ς4, pp. 641ς648, 2005. 

[4.11] !Φ bŜǾƛƭƭŜ ŀƴŘ ·Φ IǳΣ άaŜŎƘŀƴƛŎŀƭ ŀƴŘ ŜƭŜŎǘǊƻŎƘŜƳƛŎŀƭ ƛƴǘŜǊŀŎtions during liquidς



Chapter 4: Assessment of fluid end materials and effect of environmental 
conditions 

 

133 

 

solid impingement on high-ŀƭƭƻȅ ǎǘŀƛƴƭŜǎǎ ǎǘŜŜƭǎέ Wear, vol. 251, pp. 1284ς1294, 

2001. 

[4.12] IΦ aŜƴƎΣ ·Φ IǳΣ ŀƴŘ !Φ bŜǾƛƭƭŜΣ ά! ǎȅǎǘŜƳŀǘƛŎ ŜǊƻǎƛƻƴ-corrosion study of two 

ǎǘŀƛƴƭŜǎǎ ǎǘŜŜƭǎ ƛƴ ƳŀǊƛƴŜ ŎƻƴŘƛǘƛƻƴǎ Ǿƛŀ ŜȄǇŜǊƛƳŜƴǘŀƭ ŘŜǎƛƎƴέ Wear, vol. 263, pp. 

355ς362, 2007. 

[4.13] 5Φ !Φ [ƽǇŜȊΣ WΦ tΦ /ƻƴƎƻǘŜΣ WΦ wΦ /ŀƴƻΣ !Φ ¢ƻǊƻΣ ŀƴŘ !Φ tΦ ¢ǎŎƘƛǇǘǎŎƘƛƴΣ ά9ŦŦŜŎǘ ƻŦ 

particle velocity and impact angle on the corrosionςerosion of AISI 304 and AISI 420 

ǎǘŀƛƴƭŜǎǎ ǎǘŜŜƭǎέ Wear, vol. 259, no. 1ς6, pp. 118ς124, 2005. 

[4.14] ¢Φ WΦ DŀƭƭŜƎƻǎΣ .Φ !Φ ±ŀǊŜƭŀΣ {Φ {Φ IŀƛƴŜǎΣ ŀƴŘ aΦ !Φ 9ƴƎƭŜΣ άIȅŘǊŀǳƭƛŎ ŦǊŀŎǘǳǊƛƴƎ ǿŀǘŜǊ 

ǳǎŜ ǾŀǊƛŀōƛƭƛǘȅ ƛƴ ǘƘŜ ¦ƴƛǘŜŘ {ǘŀǘŜǎ ŀƴŘ ǇƻǘŜƴǘƛŀƭ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ƛƳǇƭƛŎŀǘƛƻƴǎέ Water 

Resour. Res., vol. 51, no. 7, pp. 5839ς5845, 2015. 

[4.15] D. .ǊƻƴŘŜƭΣ wΦ 9ŘǿŀǊŘǎΣ !Φ IŀȅƳŀƴΣ 5Φ IƛƭƭΣ ŀƴŘ ¢Φ {ŜƳŜǊŀŘΣ ά/ƻǊǊƻǎƛƻƴ ƛƴ ǘƘŜ hƛƭ 

LƴŘǳǎǘǊȅέ Oilf. Rev., pp. 4ς18, 1994. 

[4.16] IΦ IΦ ¦ƘƭƛƎ ŀƴŘ aΦ /Φ aƻǊǊƛƭƭΣ ά/ƻǊǊƻǎƛƻƴ ƻŦ му-8 Stainless Steel in Sodium Chloride 

{ƻƭǳǘƛƻƴǎέ Ind. Eng. Chem., vol. 33, no. 7, pp. 875ς880, 1941. 

[4.17] .Φ hΦ IŀǎŀƴΣ ά9ŦŦŜŎǘ ƻŦ {ŀƭǘ /ƻƴǘŜƴǘ ƻƴ ¢ƘŜ /ƻǊǊƻǎƛƻƴ wŀǘŜ ƻŦ {ǘŜŜƭ tƛǇŜ ƛƴ 

¢ǳǊōǳƭŜƴǘƭȅ CƭƻǿƛƴƎ {ƻƭǳǘƛƻƴǎέ Nahrain Univeristy, Coll. Eng. J., vol. 13, no. 1, pp. 

66ς73, 2010. 

[4.18] J. Chen, J. Wang, B. Chen, F. Yan, J. Chen, J. Wang, B. Chen, and F. Yan, 

ά¢ǊƛōƻŎƻǊǊƻǎƛƻƴ .ŜƘŀǾƛƻǊǎ ƻŦ LƴŎƻƴŜƭ снр !ƭƭƻȅ {ƭƛŘƛƴƎ ŀƎŀƛƴǎǘ омс {ǘŜŜƭ ƛƴ {ŜŀǿŀǘŜǊέ 

Tribol. Trans., vol. 54, pp. 514ς522, 2011. 

[4.19] ²Φ WΦ ¢ƻƳƭƛƴǎƻƴ ŀƴŘ aΦ DΦ ¢ŀƭƪǎΣ ά9Ǌƻǎƛƻƴ ŀƴŘ ŎƻǊǊƻǎƛƻƴ ƻŦ ǇǳǊŜ ƛǊƻƴ ǳƴŘŜǊ 

cavitating conditionǎέ Ultrasonics, vol. 29, no. 2, pp. 171ς175, 1991. 

[4.20] !Φ aƻƳōŜǊΣ ά/ƻǊǊƻǎƛƻƴ ŀƴŘ ŎƻǊǊƻǎƛƻƴ ǇǊƻǘŜŎǘƛƻƴ ƻŦ ǎǳǇǇƻǊǘ ǎǘǊǳŎǘǳǊŜǎ ŦƻǊ ƻŦŦǎƘƻǊŜ 

ǿƛƴŘ ŜƴŜǊƎȅ ŘŜǾƛŎŜǎ όh²9!ύέ Mater. Corros., vol. 62, no. 5, pp. 391ς404, 2011. 

[4.21] !Φ ¸ƻǳƴƎ ŀƴŘ ¢Φ IƻŘƎƪƛŜǎǎΣ ά¦ǎe of sacrificial coatings for cathodic protection of low 



Chapter 4: Assessment of fluid end materials and effect of environmental 
conditions 

 

134 

 

ŀƭƭƻȅ ǎǘŜŜƭ ƛƴ ŀǉǳŜƻǳǎ ŜƴǾƛǊƻƴƳŜƴǘǎΦέ Unpublished work, University of Glasgow, 

2008 

[4.22] ¢Φ hƪŀŘŀΣ YΦ !ǿŀȊǳΣ ŀƴŘ IΦ YŀǿŀǎŀƪƛΣ άLnfluence of cavitation erosion on corrosion 

fatigue and the effect of surface coatings on resistanceέ Wear, vol. 63, pp. 51ς70, 

1980. 

[4.23] A. S. Yaro, H. Al-WŜƴŘŜŜƭΣ ŀƴŘ !Φ !Φ YƘŀŘƻƳΣ ά/ŀǘƘƻŘƛŎ ǇǊƻǘŜŎǘƛƻƴ ǎȅǎǘŜƳ ƻŦ ŎƻǇǇŜǊ-

zinc-ǎŀƭƛƴŜ ǿŀǘŜǊ ƛƴ ǇǊŜǎŜƴŎŜ ƻŦ ōŀŎǘŜǊƛŀέ Desalination, vol. 270, no. 1ς3, pp. 193ς

198, 2011. 

[4.24] !Φ bŜǾƛƭƭŜ ŀƴŘ ¢Φ IƻŘƎƪƛŜǎǎΣ ά/ƘŀǊŀŎǘŜǊƛǎŀǘƛƻƴ ƻŦ ƘƛƎƘ-grade alloy behaviour in 

severe erosion-ŎƻǊǊƻǎƛƻƴ ŎƻƴŘƛǘƛƻƴǎέ Wear, vol. 233ς235, pp. 596ς607, 1999. 

[4.25] bΦ !ƴŘǊŜǿǎΣ [Φ DƛƻǳǊƴǘŀǎΣ !Φ aΦ DŀƭƭƻǿŀȅΣ ŀƴŘ !Φ tŜŀǊǎƻƴΣ ά9Ǌƻǎƛƻƴ-corrosion 

behaviour of zirconia, WC-6Co, WC-сbƛ ŀƴŘ ¦b{ {омсллέ Int. J. Refract. Met. Hard 

Mater., vol. 48, pp. 229ς237, 2015. 

[4.26] {Φ 5ŜƴƎΣ {Φ ²ŀƴƎΣ [Φ ²ŀƴƎΣ WΦ [ƛǳΣ ŀƴŘ ¸Φ ²ŀƴƎΣ άLƴŦƭǳŜƴŎŜ ƻŦ /ƘƭƻǊƛŘŜ ƻƴ tŀǎǎƛǾŜ CƛƭƳ 

Chemistry of 304 Stainless Steel in Sulphuric Acid Solution by Glow Discharge Optical 

9Ƴƛǎǎƛƻƴ {ǇŜŎǘǊƻƳŜǘǊȅ !ƴŀƭȅǎƛǎέ Int. J. Electrochem. Sci., vol. 12, pp. 1106ς1117, 

2017. 

[4.27] !Φ bΦ WΦ {ǘŜǾŜƴǎƻƴ ŀƴŘ LΦ aΦ IǳǘŎƘƛƴƎǎΣ ά²ŜŀǊ ƻŦ IŀǊŘŦŀŎƛƴƎ ²ƘƛƭŜ /ŀǎǘ LǊƻƴǎ .ȅ {ƻƭƛŘ 

tŀǊǘƛŎƭŜ 9Ǌƻǎƛƻƴέ Wear, vol. 186, no. 1, pp. 150ς158, 1995. 

[4.28] wΦ WΦ [ƭŜǿŜƭƭȅƴΣ {Φ YΦ ¸ƛŎƪΣ ŀƴŘ YΦ CΦ 5ƻƭƳŀƴΣ ά{ŎƻǳǊƛƴƎ ŜǊƻǎƛƻƴ ǊŜǎƛǎǘŀƴŎŜ ƻŦ ƳŜǘŀƭƭƛŎ 

ƳŀǘŜǊƛŀƭǎ ǳǎŜŘ ƛƴ ǎƭǳǊǊȅ ǇǳƳǇ ǎŜǊǾƛŎŜέ Wear, vol. 256, no. 6, pp. 592ς599, 2004. 

[4.29] L. Giourntas, F. Brownlie, G. Karafyllias, T. Hodgkiess, and !Φ aΦ DŀƭƭƻǿŀȅΣ ά9ŦŦŜŎǘ ƻŦ 

ŎƻǊǊƻǎƛƻƴ ƻƴ ŀōǊŀǎƛǾŜ ǿŜŀǊ ƛƴ ŀ ǊŀƴƎŜ ƻŦ ƳŀǘŜǊƛŀƭǎέ ƛƴ BHR Group - 23rd 

International Conference on Fluid Sealing 2016, 2016. 

[4.30] DΦ {ǳƴŘŀǊŀǊŀƧŀƴΣ ά¢ƘŜ ǎƻƭƛŘ ǇŀǊǘƛŎƭŜ ŜǊƻǎƛƻƴ ƻŦ ƳŜǘŀƭƭƛŎ ƳŀǘŜǊƛŀƭǎΥ ¢ƘŜ ǊŀǘƛƻƴŀƭƛȊŀǘƛƻƴ 

of the iƴŦƭǳŜƴŎŜ ƻŦ ƳŀǘŜǊƛŀƭ ǾŀǊƛŀōƭŜǎέ Wear, vol. 186ς187, no. PART 1, pp. 129ς144, 

1995. 



Chapter 4: Assessment of fluid end materials and effect of environmental 
conditions 

 

135 

 

[4.31] ·Φ ·ǳΣ ²Φ ·ǳΣ CΦ IΦ 9ŘŜǊǾŜŜƴΣ ŀƴŘ {Φ ±ŀƴ 5ŜǊ ½ǿŀŀƎΣ ά5ŜǎƛƎƴ ƻŦ ƭƻǿ ƘŀǊŘƴŜǎǎ 

ŀōǊŀǎƛƻƴ ǊŜǎƛǎǘŀƴǘ ǎǘŜŜƭǎέ Wear, vol. 301, no. 1ς2, pp. 89ς93, 2013. 

[4.32] L. Giourntas, ¢Φ IƻŘƎƪƛŜǎǎΣ ŀƴŘ !Φ aΦ DŀƭƭƻǿŀȅΣ ά9ƴƘŀƴŎŜŘ ŀǇǇǊƻŀŎƘ ƻŦ ŀǎǎŜǎǎƛƴƎ ǘƘŜ 

ŎƻǊǊƻǎƛǾŜ ǿŜŀǊ ƻŦ ŜƴƎƛƴŜŜǊƛƴƎ ƳŀǘŜǊƛŀƭǎ ǳƴŘŜǊ ƛƳǇƛƴƎŜƳŜƴǘέ Wear, vol. 338ς339, 

pp. 155ς163, 2015. 

[4.33] M. Matsumura, Erosion-Corrosion: An Introduction to Flow Induced Macro-Cell 

Corrosion. Bentham Science Publishers, 2012. 

[4.34] J.-S. Lee, K. Fushimi, T. Nakanishi, Y. Hasegawa, and Y.-{Φ tŀǊƪΣ ά/ƻǊǊƻǎƛƻƴ ōŜƘŀǾƛƻǳǊ 

of ferrite and austenite phases on super duplex stainless steel in a modified green-

ŘŜŀǘƘ ǎƻƭǳǘƛƻƴέ Corros. Sci., vol. 89, pp. 111ς117, 2014. 

[4.35] ¸Φ IΦ ¸ŀǳ ŀƴŘ aΦ !Φ {ǘǊŜƛŎƘŜǊΣ άDalvanic corrosion of duplex FeCr-10%Ni alloys in 

reducing acidsΦέ Corrosion, vol. 43, no. 6, pp. 366ς373, 1987. 

[4.36] ¢Φ WΦ IŀǊǾŜȅΣ WΦ !Φ ²ƘŀǊǘƻƴΣ ŀƴŘ wΦ WΦ YΦ ²ƻƻŘΣ ά5ŜǾŜƭƻǇƳŜƴǘ ƻŦ ǎȅƴŜǊƎȅ ƳƻŘŜƭ for 

erosionςŎƻǊǊƻǎƛƻƴ ƻŦ ŎŀǊōƻƴ ǎǘŜŜƭ ƛƴ ŀ ǎƭǳǊǊȅ Ǉƻǘέ Tribology, vol. 1, no. 1, pp. 33ς47, 

2007. 



 

 

 

 

 

 

 

Chapter 5 

Wear mechanisms of valve 

and valve seats and the 

validation of a novel 

repetitive impact test rig



Chapter 5: Wear mechanisms of valve and valve seats and the validation of a 
novel repetitive impact test rig 

 

137 

 

5.1 Introduction 

Following the previous chapter 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 seats 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 rig was validated 

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 and two 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 

άǘǊƛǇƭŜȄέ όǘƘǊŜŜ ŎƘŀƳōŜǊǎύ ǇƻǎƛǘƛǾŜ ŘƛǎǇƭŀŎŜƳŜƴǘ pump contains six valves and six seats, 

ǿƘƛƭŜ ŀ άǉǳƛƴǘŜȄέ όŦƛǾŜ ŎƘŀƳōŜǊǎύ ǇƻǎƛǘƛǾŜ ŘƛǎǇƭŀŎŜƳŜƴǘ ǇǳƳǇ Ŏƻƴǘŀƛƴǎ ŀ ǘƻǘŀƭ ƻŦ ǘŜƴ ǾŀƭǾŜǎ 

and ten seats.  

The operational life of the valve and seat has become one of the major issues with 

hydraulic fracturing pumping 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 in-service valves and seats are typically exchanged for new valve and seats 

after 50-150 hours (2-6 days) of operation. A hydraulic fracturing operation may take 1-2 

months to complete. Therefore, the valve and seats last only for a fraction of the hydraulic 

fracturing cycle [5.1].  

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

Some hydraulic fracturing pumps handle only ƭƛǉǳƛŘ όƻŦǘŜƴ ǘŜǊƳŜŘ ŀǎ άŎƭŜŀƴέ ǇǳƳǇǎύ ǿƘƛƭŜ 

other hydraulic fracturing pumps handle both the liquid and proppant (often termed as 

άŘƛǊǘȅέ ǇǳƳǇǎύΦ !ǘ ǎƻƳŜ ǎǘŀƎŜ ŘǳǊƛƴƎ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ŦǊŀŎǘǳǊƛƴƎ ǇǊƻŎŜǎǎΣ ǘƘŜ άŘƛǊǘȅέ ǇǳƳǇǎ 

require maintenance downtime in order to exchange the in-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. ²ƘŜƴ ǘƘŜ άŘƛǊǘȅέ ǇǳƳǇόǎύ ǊŜǉǳƛǊŜ ƳŀƛƴǘŜƴŀƴŎŜΣ ǘƘŜȅ ŀǊŜ ŜȄŎƘŀƴƎŜŘ 

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

Figure 5.1 illustrates a valve seat prior to being in-service and Figures 5.2 and 5.3 show a 

valve seat and a valve which have been in-service. 

 

Figure 5.1: Valve seat prior to being in-service 

 

Figure 5.2: Valve seat after being in-service showing step developed between areas A and B 

A 

B 
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Figure 5.3: Valve after being in-service showing enhanced damage in region C 

It is clear from Figures 5.2 and 5.3, that both the valve and seat display copious amounts of 

corrosive wear damage. On the surface of the seat, which is in contact with the valve, a 

deformation step (which is typical observed) 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 of the valve. The region which 

experienced less corrosion damage was in contact with the urethane material (blue 

polymer (D) in Figure 5.3), while the area with extensive corrosion damage was in contact 

with the metal area of the valve (C). There was also extensive corrosion damage present 

inside the bore of the valve seat. 

{ƻƭǳǘƛƻƴǎ ǘƻ ǘƘŜ ƭƻǿ ƻǇŜǊŀǘƛƻƴŀƭ ƭƛǾŜǎ ƻŦ ǘƘŜǎŜ ŎƻƳǇƻƴŜƴǘǎ ǳǎŜŘ ƛƴ ǘƘŜ άŘƛǊǘȅέ ǇǳƳǇǎ ƘŀǾŜ 

been hindered by a lack of understanding of the complex material degradation processes 

involved. Four possible material deterioration mechanisms were identified as: 

¶ Corrosion due to the aqueous hydraulic fracturing fluid 

¶ Erosion-corrosion caused by the opening of the valve which results in a high 

velocity flow of the hydraulic fracturing fluid with suspended solid proppants   

¶ Repetitive metal-metal impact wear caused by the cyclic motion of the valve 

opening and closing onto the seat 

¶ Impact-ŀōǊŀǎƛǾŜ ǿŜŀǊ ŎŀǳǎŜŘ ōȅ ǘƘŜ ǾŀƭǾŜ ŎƭƻǎƛƴƎ ŀƴŘ άŎǊǳǎƘƛƴƎέ ǇǊƻǇǇŀƴǘǎ ƻƴǘƻ 

the contact surface of the seat. 

C 

D 
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One or a combination of these mechanisms is a probable cause of the poor service life of 

the valve and seats. At this stage it is unclear which degradation process(es) is the major 

deterioration mechanism. Therefore, it is crucial to identify which mechanism(s) 

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

5.2.2 Previous studies of alternative valve seat materials in the WARC erosion-corrosion 

laboratory experiments 

Previous experiments conducted at WARC focused on the erosion-corrosion resistance of 

various surface engineering treatments. The first experimental phase [5.2] compared: the 

current valve and seat material (carburised UNS G86200). Alternative materials investigated 

include; the base material (UNS G86200), boronised and carbo-boronised UNS G86200, 

nitrided 905M39 steel, hard chromium electroplated UNS G10400 and a martensitic 

stainless steel (UNS S42000). Erosion-corrosion tests were conducted for 1 hour at both 

normal incidence (90̄ ) and low angle (20̄) with a testing temperature between 19-26°C.  

Two distinct groups of materials were observed, those which possessed poor corrosion 

resistance (untreated, carburised, boronised and carbo-boronised UNS G86200) and those 

which possessed good corrosion resistance (nitrided 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 20̄). Whereas, the good corrosion resistant materials performed 

substantially better with mass loss less than 10mg at 90 ̄and less than 7.5mg at 20̄.  

However, when comparing wear scar depths, the carburised steel demonstrated the lowest 

wear scar depth of all the tested materials which highlighted its ability to withstand high 

angle erosion-corrosion. 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, with the 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 next industrial experimental phase in WARC [5.3] consisted of a hardened 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. Erosion-corrosion testing was 

conducted for 1 hour at normal incidence (90̄) and low angle impingement (20̄) and under 

similar conditions to the previous experimental phase. 

Similarly with the previous industrial experimental phase in WARC, there 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 

mass loss of the materials in the erosion-corrosion tests with the carburised and induction 

hardened steels having mass loss greater than 9mg in 90 ̄and 8mg in 20̄ tests. The nitrided 

steels and martensitic stainless steel demonstrated total mass losses less than 7mg in 90̄ 

and 3.5mg in 20̄ tests 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. The nitrided steel (120 hours) demonstrated the highest wear scar 

depth at 90̄ impingement angle, with the induction hardened steel demonstrating the 

highest wear scar depth at 20̄ impingement angle.  

From both previous industrial experimental phases in WARC, the martensitic stainless steel 

(UNS S42000) and the nitrided steel (72 hours) exhibited the best erosion-corrosion 

resistance of the tested materials and so indicated that these may be attractive material 

candidates for the valve seat [5.2, 5.3]. It was decided 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 stainless steel were 

manufactured for field trials as a result of the erosion-corrosion studies previously 

conducted [5.2, 5.3]. A standard carburised UNS G86200 valve seat was used as the 

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

Table 5.1: Field trial operating conditions 

Valve seat 
material 

Run Time 
(hours) 

Average Pressure 
(bar) 

Sand per hour 
(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 post-service valve seats are illustrated in 

Figure 5.4. Cross sections were obtained from each valve seat to analyse the transition 

region from the metal-urethane to metal-metal contact regions and to assess the hardness 

profile for each region.  
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Figure 5.4: Field Trial valve seats: carburised UNS G86200 (1), nitrided 905M39 steel (2), 
UNS S42000 (3). Showing metal-urethane region (denoted A) and metal-metal region 

(denoted B) 

The carburised UNS G86200 steel valve seat exhibited an extensive amount of corrosion 

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 metal-metal contact 

region. The martensitic stainless steel (UNS S42000) did not show any visible corrosion 

product. Another noticeable feature for all valve seats was that there was a clear 

displacement step between the metal-metal and metal-urethane contact regions. Figure 

5.5 illustrates a cross section obtained from the carburised 8620 valve seat.  

3 

1 2 
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Figure 5.5: 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 scanner. The average 

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 5.2: Average displacement and displacement rates of the valve seat 

Field trial valve seat 
material 

Average Displacement (mm) Displacement rate (mm/hr) 

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 seat demonstrated the lowest displacement rate of all 

the field trial materials. The martensitic stainless steel (UNS S42000) performed the poorest 

with a significantly greater displacement rate. It should be noted that the rate of 

Metal-urethane 

Metal-metal 

Transition step 

Displacement 



Chapter 5: Wear mechanisms of valve and valve seats and the validation of a 
novel repetitive impact test rig 

 

145 

 

displacement was assumed to be linear, 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 metal-urethane contact regions. The roughness measurements are denoted in 

Table 5.3. 

Table 5.3: Average roughness values for each field trial material in both contact regions 

Field trial valve seat 
material 

Average roughness (µm): 
metal-metal contact 

region 

Average roughness (µm): 
metal-urethane contact 

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 attributed to the large amount of corrosion product which was 

found on the worn surface. Both the nitrided 905M39 steel and UNS S42000 demonstrated 

rough metal-metal contact surfaces which again are mainly attributed to corrosion product 

and plastic deformation from the 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 metal-urethane contact region are 

illustrated in Figure 5.6. The nitrided 905M39 steel initially had the greatest surface 

hardness (>1000HV), however, this 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 UNS G86200 demonstrated the greatest hardness. The 

hardness of the carburised UNS G86200 was constant up to the measured depth of 1.5mm.  



Chapter 5: Wear mechanisms of valve and valve seats and the validation of a 
novel repetitive impact test rig 

 

146 

 

 

 

Figure 5.6: Microhardness profile for each field trial material in the metal-urethane contact 
region 

The microhardness profiles for the field trial materials in the metal-metal 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 was still present. An interesting 

feature was that the hardness at the surface of the carburised layer in the metal-metal 

contact region was approximately 200HV harder than the carburised layer in the metal-

urethane contact region. The nitrided 905M39 steel and the 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 5.7: Microhardness profile for each field trial material in the metal-metal contact 
region 

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

UNS S42000 valve seats in the metalςurethane contact region. All valve seat materials 

exhibited subsurface cracking which led to material removal. 

 

Figure 5.8: Subsurface cracking leading to material removal in carburised UNS G86200 
metal-urethane contact region 
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Figure 5.9: Subsurface cracking leading to material removal in nitrided 905M39 metal-
urethane contact region 

 

Figure 5.10: Subsurface cracking leading to material removal in UNS S42000 metal-
urethane region 

40.0µm 
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Figure 5.11 ς 5.13 show SEM images of the carburised UNS G86200, nitrided 905M39 and 

UNS S42000 valve seat materials in the metal-metal contact region. The carburised UNS 

G86200 steel exhibited subsurface cracking (as the carburised layer is a hard/brittle 

material, hence, it has a low fracture toughness, therefore, it is more susceptible to 

cracking) which 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 near the surface and around the cracks is highly strained 

and plastically deformed. 

 

Figure 5.11: Subsurface cracking leading to material removal in carburised UNS G86200 
metal-metal contact region 

30.0µm 
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Figure 5.12: Extensive network of subsurface cracking in nitrided 905M39 steel metal-metal 
contact region 

 

Figure 5.13: Extensive network of subsurface cracking in UNS S42000 metal-metal contact 
region 
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The field trial results indicate that the nitrided 905M39 steel and UNS S42000 performed 

better than the carburised UNS G86200 steel in the metal-urethane contact region. This 

was concluded through the macro-views of the post-field trial valve seats (Figure 5.4) as no 

visible 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 metal-metal 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 images. 

Both the nitrided 905M39 steel and UNS S42000 exhibited an extensive network of 

subsurface cracks in the metal-metal contact region. This indicates that erosion-corrosion 

was not the only material degradation process in the metal-metal contact region as they 

would be expected to perform better than the carburised UNS G86200 steel (previous 

erosion-corrosion experimental programmes, Chapter 5.1.2) It was evident that further 

investigation was required into all of the complex deterioration mechanisms, highlighted 

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 in-depth literature review 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 test rigs were identified: modified pin on disk, pivot hammer, 

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

5.3.1 Modified pin on disk ς compound and sliding impact tests 

The pin on disk wear testing method is typically used to assess 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). Testing parameters 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 apparatus 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 machine, three subsurface zones were found to be 

present after each test: non-deformed base material, plastically deformed base material 

and a white compound layer with a compositional mixture (Figure 2.24) [5.4ς5.6].  

 

Figure 5.14: Reciprocating pin on disk repetitive impact test rig [5.4] 

It was found that the three subsurface zones (non-deformed base material, plastically 

deformed base material and the white compound layer) were dependent upon velocity, 

stress, material, test duration and loading [5.5]. A greater velocity with a large number of 

cycles produced a thicker zone three (white compound layer). The depth of zone 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 compound layer (zone 3) was 

found to be of same depth regardless of the stress which was applied. However, the 

plastically deformed zone was found to be slightly deeper with a larger applied stress. The 

subsurface zones were found to form quickly and are maintained in 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 (30HRC) on a hard disk (44HRC). 
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IƻǿŜǾŜǊΣ ǘƘŜǊŜ ǿŜǊŜ ƛǎǎǳŜǎ ǿƛǘƘ ǘƘŜ ǎƻŦǘ Ǉƛƴ ŘǳŜ ǘƻ ŀ άƳǳǎƘǊƻƻƳƛƴƎέ ŜŦŦŜŎǘ ŀƴŘ ƳŀǘŜǊƛŀƭ 

transfer occurred at the contact interface. It was also found that all UNS S17400 steel 

specimens developed the three subsurface zones regardless of their 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. However, ploughing 

and delamination were also found to contribute to the material degradation process. 

ά¢ƻǳƎƘέ ǎǇŜŎƛƳŜƴǎ όŀƎŜŘ ŀǘ пллϲCκнлпϲ/ύ ƘŀŘ ƎǊŜŀǘŜǊ ǿŜŀǊ ǊŜǎƛǎǘŀƴŎŜ ǘƘŀƴ άǎǘǊƻƴƎέ 

specimens (aged at 950°F/510°C).   

Rice also observed the three subsurface zones in a titanium alloy (UNS R54560) and an 

aluminium-copper alloy (UNS A92011) [5.8]. However, there were only two clear zones 

(white compound layer and base material) found in aluminium alloy, UNS A92124. The 

aluminium-copper alloy (UNS A92011) favoured crack nucleation which resulted in voids 

and cracks forming in the compound layer and, hence, delamination occurred. The UNS 

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

Further work by Rice observed that short, stiff UNS 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 transfer [5.9]. 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 zones have also been observed by Menezes et al. [5.10]. 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 lubricated 

conditions. 
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Nowotny et al. studied the repetitive impact sliding wear of a tool steel (CPM-10V crucible 

particle metallurgy) pin and a UNS S17400 counterface [5.11]. The tool steel exhibited a 

high resistance to compound impact wear and both materials exhibited the subsurface 

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 sliding [5.12]. It 

was observed 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 transformations were also observed. 

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

with different beta phase content and morphology [5.13]. It was found that the material 

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

ǾŜƭƻŎƛǘȅΣ ŘǳǊŀǘƛƻƴ ŀƴŘ ǘŜǎǘ ŜƴǾƛǊƻƴƳŜƴǘΦ Lǘ ǿŀǎ ŀƭǎƻ ƻōǎŜǊǾŜŘ ǘƘŀǘ ʰ ŀƴŘ ʲ ǇƘŀǎŜǎ ƛƴ ǘƘŜ 

ǘƛǘŀƴƛǳƳ ŀƭƭƻȅǎ ǿŜǊŜ ŎǊƛǘƛŎŀƭ ǘƻ ǘƘŜ ǿŜŀǊ ōŜƘŀǾƛƻǳǊΦ CƻǊ ŜȄŀƳǇƭŜΣ ǘƘŜ ǇǊŜŘƻƳƛƴŀǘŜƭȅ ʰ ŀƭƭƻȅǎ 

exhibited an increase in material transfer as the transverse velocity was increased, 

ǿƘŜǊŜŀǎΣ ǘƘŜ ǇǊŜŘƻƳƛƴŀǘŜƭȅ ʲ ŀƭƭƻȅ ŘƛŘ ƴƻǘ ŜȄƘƛōƛǘ ŀƴȅ ƳŀǘŜǊƛŀƭ ǘǊŀƴǎŦŜǊ ǳƴǘƛƭ ƘƛƎƘŜǊ 

transverse velocities.  

A study by Su et al. used an inclined impact-sliding wear testing apparatus to test a 

TiN/Al2O3/TiCN multilayer coating on three different WC-TiC-Co cemented carbide 

substrates (commercially named ς PM10C, PM25C and PM30C) [5.14]. The work showed 

that harder substrates produced more fatigue cracks in the coating, this 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 sliding speed. The 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 coating was most effective in 

withstanding both impact and sliding wear components.  
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Li et al. conducted repetitive impact wear tests on Cr3C2ςNiCr coatings prepared by plasma 

and HVOF sprays [5.15]. 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 plastic smearing and breaking-off. Subsurface 

micro-cracks formed a network of cracks around the lamellae. The merging of these cracks 

resulted in the coatings breaking-off. 

In summary, the 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 present ς a white compound layer, a plastically 

deformed layer and un-deformed 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 sprays, etc.) 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 5.15). The test conditions for pivot hammer tests range from 

2-200N applied load, up to 109 cycles and operate at a frequency up to 50Hz.  

 

Figure 5.15: Pivot hammer repetitive impact test rig [5.16] 

Engel and Millis studied surface topography due to repetitive impact wear on carbon steel 

test plates with tool steel hammers [5.17]. 2D and 3D surface profile scans exhibited plastic 

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

polished and bead-blasted); however, no benefits were found with any surface finish. 

Engel and Yang, found that there were three main stages of wear during repetitive pivot 

hammer impacts: an initial wear stage followed by a zero wear stage and finally a 

measurable wear stage [5.18]. The initial wear stage was a result of initial plastic 

deformation and no material was lost, this occurred in less than 10 cycles. Between 10 to 

2000 cycles the zero wear stage occurred, this was due to minor plastic deformation 

without any surface profile changes. The majority of wear occurred after 2000 cycles, 

where material was removed and more plastic deformation occurred. 

Another pivot hammer testing device was developed by Mahoney et al. [5.19] who 

assessed EN42 (070A72) spring steel test samples with EN31 (534A99) steel as the hammer 

material. Craters were formed in the EN42 spring steel specimens after 10,000 impacts. A 

break-in period was observed before the material started to rapidly degrade. This 

observation also links with the findings by Engel and Yang [5.18].   

Fricke and Allen were also interested in repetitive impact wear occurring in poppet valves 

and valves operating in hydropowered mining machinery [5.16]. The repetitive impact pivot 

hammer tests were performed in dry and wet environments 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 study found that pitting and surface traction were 

the two wear mechanisms under lubricated conditions and surface heating was the main 

wear mechanism in dry impacting wear. Favourable material characteristics were observed 

to be high hardness, low coefficient of adhesion, toughness and good corrosion resistance. 

They also found that martensitic steels performed better than austenitic steels due to less 

plastic deformation and it was observed that austenite was transformed to martensite 

under repetitive impact conditions. The study concluded that the best way to reduce 

impacting wear was to keep impact velocities low.  

Blau and Hanft also used a pivot hammer repetitive impacting device to investigate impact 

wear occurring in poppet valves and seats in automotive engines [5.20]. The materials 

which were assessed were alumina 995 and silicon nitride SN220M. Damage was visible in 
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both material after 1000 strikes, however, alumina demonstrated more micro-fracture and 

platelet formation than the silicon nitride test specimens. 

The pivot hammer testing 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 micro-fracture and platelet formation. 

5.3.3 High velocity impact guns 

High velocity impact guns are used for impacting individual particles at extremely high 

impact velocities (Figure 5.16). This type of testing apparatus has been developed to study 

the erosion processes occurring in applications such as mining, coal gasification, helicopter 

parts and short take-off and landing aircraft. Particles vary in size from 100µm 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, tungsten carbide and silicon nitride. The high 

velocity impact gun experiments are conducted in air. 

 

Figure 5.16: High velocity impact gun test rig [5.21] 

A study by Cenna et al. evaluated mild steel (grade undefined) at 90m/s impact velocity and 

at three different impacting angles (30°, 60° and 90°) [5.22]. The study found that the 
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maximum crater depth occurred at 60° and smallest at 30°. A laser scanning confocal 

microscope (LSCM) was used to measure the craters. The measured craters from the LSCM 

were found to be in relation with a predictive wear model developed by Neilson and 

Gilchrist [5.23] as long as no plastically deformed lip occurred. 

Lindroos et al. assessed four different types of wear resistant steels (grades undefined) at 

three different impact angles (15°, 30° and 60°) [5.21]. Spherical WC-Co cermet projectiles 

were used to impact the specimens. An impacting force of 2-15kN was observed during the 

high velocity impact testing. It was postulated that heat 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 pile-up (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. This was explained by increased localisation 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 strain. This led to fracturing along the white shear bands (precursor for harder 

transformed bands at which failure tends to initiate [5.24]) 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 strain bands 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 bands led 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 (Eq. 5.1) was developed to define how much material was 

άŎǳǘέ ŀƴŘ Ƙƻǿ Ƴǳch was plastically deformed. Where, Vneg is the volume below the surface 

(inside the wear scar) and Vpos is 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 

material has been plastically deformed.  
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Murr et al. evaluated changes in microstructure of UNS R56400 titanium alloy impacted by 

UNS G43400 low alloy steel projectiles due to adiabatic shear band failure [5.25]. The 

impact velocities ranged from 633-1027m/s. The adiabatic 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 the microstructure and adiabatic shear bands formed during high 

velocity impact testing [5.26]. Sintered tungsten alloy (93W) projectiles were impacted on a 

medium carbon steel (undefined) and a 30CrMnMo steel. No adiabatic shear bands were 

observed on the carbon steel as the impact energy dissipated slowly. However, 30CrMnMo 

steel demonstrated evidence of adiabatic shear bands due to the quick dissipation of the 

impact energy. 

Naim and Bahadur conducted a single particle impact testing using hardened steel balls 

(grade undefined) to impact on 70-30 brass (UNS C26000) specimens at 120m/s [5.27]. It 

was observed that the impact damage increased as the levels of cold working increased. 

Unsurprisingly, the damage caused by the impact, also increased with increasing kinetic 

energy. Two distinct mechanisms were observed to occur during the impact testing: flake 

formation and lip fragmentation. Flake formation was the dominant wear mechanism in 

normal impact conditions; whereas, lip fragmentation was the dominant wear mechanism 

at oblique impact conditions. 

High velocity impact gun testing was conducted in air with particle sizes ranging from 

100µm 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 devices (Figure 5.17) use spherical balls, which are often tungsten 

carbide as the ball material, to create repetitive impact damage. The loads used in these 

studies are less than 1kN and are often in the magnitude of 103-106 cycles. They are 

commonly used to assess the adherence of thin surface coatings such as Diamond-like 

Carbon (DLC) and Physical Vapour Deposition (PVD) coatings [5.28ς5.35]. 

 

Figure 5.17: Schematic of ball on plate impact testing machine [5.35] 

Kuptsov et al. assessed the corrosion and impact behaviour of TiCN, TiSiCN, TiCrSiCN and 

TiAlSiCN coatings which had been deposited via DC magnetron sputtering (PVD process) 

onto WC-6Co and alumina substrates [5.36]. 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 micro-cracking which 

dramatically reduced the mechanical properties of the coating. The TiAlSiCN 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 effect of a duplex 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 non-nitrided coating (CrN only) was found to fail after only 1000 cycles, 

however, the nitrided coating was found to exhibit no cracking up to 50,000 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 and Ti-Al-N PVD coatings on 

UNS T30402 and WC-Co substrates against tungsten carbide balls [5.38]. The study found 

that the ratio, H3/E*2 (defined as the plastic deformation resistance of the specimen, where 

I ƛǎ ǘƘŜ ƘŀǊŘƴŜǎǎ ŀƴŘ 9ϝ ƛǎ ǘƘŜ ŜŦŦŜŎǘƛǾŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ό9ϝҐ9κόм-v2), note, v ƛǎ tƻƛǎǎƛƻƴΩǎ 

ratio), played an important role to the repetitive impact wear behaviour of the coating. A 

greater H3/E*2 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 treated (combined plasma and PVD) coatings on a UNS R56400 

substrate against a cemented carbide ball indenter [5.39]. 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 greatest resistance to repetitive impact. 

Huang et al. studied the repetitive impact of high silicon (1.65 Si) bainitic cast irons [5.40]. 

Slightly modified bainitic cast iron (with alloying addition of <0.15Ti) was observed to 

improve the repetitive 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 resistance of four different wear 

resistant steels (grades undefined) with cemented carbide indenters [5.41]. The study 

found that subsurface deformation increased 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 nucleation of micro-voids 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 flake-like fragments becoming detached once the cracks reached the 

surface.   
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Yang et al. studied the failure modes induced by white layers formed on a medium-high 

carbon low alloy steel (grade undefined) during repetitive impacts with bainitic steel (grade 

undefined) balls [5.42]. Two wear zones were found to form subsurface of the low alloy 

steel during testing, a white compound layer and a plastically 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 occurred due to 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 indenter (grade undefined) [5.43]. The study found that a 

substantial amount of plastic deformation occurred below the surface of the copper alloy. 

The material removal mechanism was found to occur due to surface cracking and flaking 

from a fatigue process caused by the sliding friction between the indenter and specimen 

and the formation of an inhomogeneous region formed from plastically 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 observed in some studies of metallic alloys as 

well as adiabatic shear bands. These often lead to nucleation of micro-voids as well as 

surface cracking and flaking. 

5.3.5 Repetitive impact with abrasion  

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

ǘŜǎǘ ǊƛƎǎ ƘŀǾŜ ōŜŜƴ ŘŜǎƛƎƴŜŘ ǘƻ ƛƴŎƻǊǇƻǊŀǘŜ ǘƘŜ ŘǊȅ ŀōǊŀǎƛǾŜ άŎǊǳǎƘƛƴƎέ ŜŦŦŜŎǘǎ ƻŦ ǊƻŎƪǎΣ ŀǎ 

seen in Figure 5.18. The test conditions include high loads up to 86kN and test durations up 

to 1000 cycles. 



Chapter 5: Wear mechanisms of valve and valve seats and the validation of a 
novel repetitive impact test rig 

 

163 

 

 

Figure 5.18: Repetitive impact with abrasion test rig [5.44] 

Ratia et al. assessed the repetitive impact with dry abrasion wear behaviour of structural 

steel S355 and three martensitic wear-resistant steels (Raex 400, 450 and 500) with granite 

rocks as the abrasive particles [5.44]. 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 micro-scratches.  

Work by Heino et al. studied the same materials as Ratia et al. [5.44] as well as WC-Co hard 

metal in a variety of compositions with granite as the abrasive particles [5.45]. 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 repetitive impact with dry abrasion wear 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 had better 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 the repetitive impact with dry abrasion wear behaviour of 

HVOF sprayed Ni-Cr and WC-Co on aluminium and mild steel substrates (grades undefined) 

with a tungsten carbide indenter [5.47]. The study found that coated and uncoated mild 
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steel samples exhibited 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 metal-matrix composites (MMCs) (50%WC with 50% high speed 

steel (high performance steel with high hardness at high temperatures up to 500°C) matrix 

and 70% high speed steel in manganese steel matrix) [5.48]. The MMCs and white cast iron 

exhibited the greatest resistance to repetitive impact with abrasion resistance compared 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 conditions. 

Page et al. assessed the repetitive impact with dry abrasion wear of a Ni hard-4 cast iron 

(grade undefined) with quartz sand abrasive particles [5.49]. 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 abrasive [5.50]. 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 abrasion tests were conducted with high loads and a low number of 

cycles. A good correlation was observed with increased hardness with increased resistance 

to impact-abrasion. The main wear mechanisms were indentation, plastic deformation and 

micro-scratches. Micro-cracking was observed in materials with carbides.  

In summary, the literature study of repetitive impact test machines, demonstrated (perhaps 

unsurprisingly) that the main damage processes occurring during repetitive metal-metal 

impact are interactions between 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 conditions, etc.) are not especially relevant to the valve 

and seat deterioration situation. There appears to be no standard test rig which 
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incorporates repetitive impact with high compressive loads and abrasive sand particles in 

an aqueous solution. Therefore, it was clear that a purpose built rig was required to 

investigate this type of wear. The design and testing conditions of the custom built 

repetitive impact with slurry is discussed in Chapter 3.4 and 5.4. 

5.4 Materials and methods 

In order to obtain correlation between repetitive impact behaviour and material 

type/conditions a range of materials were assessed these are described by category below. 

Heat treated/surface engineered low-alloy steel 

¶ Carburised UNS G86200 ς a carburised low alloy steel 

¶ Induction hardened UNS G52986 ς an induction hardened high carbon low alloy 

steel  

¶ Quenched and tempered UNS G52986 ς a quenched and tempered high carbon low 

alloy steel 

¶ Induction hardened UNS G41400 ς an induction hardened low alloy steel 

¶ Nitrided 905M39 steel ς an ammonia gas nitrided low alloy steel 

Stainless steels 

¶ UNS S31600 ς austenitic stainless steel 

¶ UNS S42000 ς martensitic stainless steel, in heat treated and non-heat treated 

forms 

¶ UNS S44003 ς martensitic stainless steel with 0.75-0.95%C content 

¶ UNS S44004 ς martensitic stainless steel with 0.95-1.2% C content  

¶ UNS S32760 ς high alloy duplex stainless steel 

Chromium cast irons 

¶ Commercially available 27%Cr cast iron ς hypoeutectic chromium cast iron with a 

martensitic metal matrix and hard M7C3 carbides 

¶ Commercially available 37%Cr cast iron ς hypoeutectic chromium cast iron with an 

austenitic metal matrix and hard M7C3 carbides 
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Cermet coating 

¶ HVOF WC-10Ni ς commercially available HVOF sprayed coating with 90% tungsten 

carbide and 10% nickel metallic binder 

The nominal chemical composition (obtained from technical data sheets 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 material properties and repetitive impact wear resistance. 

Table 5.4: Nominal chemical composition (wt%) of the test materials 

Material C Cr Ni Mo S Mn Si N P Fe 

UNS 

G86200 

0.18-

0.23 

0.4-

0.6 

0.4-

0.7 

0.15-

0.25 
Җ0.04 

0.7-

0.9 

0.15-

0.35 
- Җ0.035 Bal. 

 UNS 

G52986 

0.98-

1.10 

1.3-

1.6 
- - ҖлΦлнр 

0.25-

0.45 

0.15-

0.30 
- ҖлΦлнр Bal. 

UNS 

G41400 

0.38-

0.43 

0.8-

1.1 
- 

0.15-

0.25 
0.04 

0.75-

1.00 

0.15-

0.30 
- 0.035 Bal. 

UNS 

S31600 
ҖлΦлу 

16-

18 

10-

14 
2-3 ҖлΦло ҖнΦл ҖлΦтр ҖлΦм 0.045 Bal. 

905M39 

steel 

0.35-

0.43 

1.4-

1.8 
- 

0.15-

0.25 
ҖлΦлнр 

0.40-

0.65 

0.1-

0.4 
- 0.025 Bal. 

UNS 

S42000 
ҖлΦмр 

12-

14 
- - ҖлΦло Җм Җм - ҖлΦлп Bal. 

UNS 

S44003 

0.75-

0.95 

16-

18 
- Җ0.75 Җ0.03 Җ1 Җ1 - Җ0.04 Bal. 

UNS 

S44004 

0.95-

1.20 

16-

18 
- ҖлΦтр ҖлΦло Җм Җм - ҖлΦлп Bal. 

UNS 

S32760 
ҖлΦло 

24-

26 
6-8 3-4 ҖлΦлм Җм Җм 

0.2-

0.3 
ҖлΦло Bal. 
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27%Cr 

cast iron 
3 27 - - - - - - - - 

37%Cr 

cast iron 
1.8 37 - - - - - - - - 

 

Table 5.5: Hardness, elastic modulus and yield strength of the test materials 

Material Hardness (HV) 
Elastic modulus 

(GPa) 
Yield strength (MPa) 

Carburised UNS 

G86200 
720 200 832 

Induction hardened 

UNS G52986 
720 200 1410 

Quenched and 

tempered UNS 

G52986 

825 200 1410 

Induction hardened 

UNS G41400 
655 200 - 

UNS S31600 170 193 285 

Nitrided 905M39 

steel 
1100 200 480 

UNS S42000 ς heat 

treated 
480 200 1360 

UNS S42000 ς non-

heat treated  
280 200 345 

HVOF WC-10Ni 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 cast iron 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 diameter of 6mm was used as the indenter 

material. A constant supply of hydraulic fracturing sand was fed between the impactor and 

the test sample with a sand concentration of 54g/l. Two replicates were assessed for each 

test material.  

5.5 Results and discussion 

This section 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 

ŀǎǎŜǎǎŜŘ ǘƘŜ ŎƻƴǘǊƛōǳǘƛƻƴ ƻŦ ŘŀƳŀƎŜ ōȅ ǘƘŜ άŎǊǳǎƘƛƴƎέ ƻŦ ǘƘŜ ǎŀƴŘ ǇŀǊǘƛŎƭŜǎΦ ¢ƘŜ Ƴŀƛƴ 

section of test results evaluates a wide range of materials under repetitive impact 

conditions. The sand particles before and after testing were also assessed to evaluate their 

circularity. A metallographic examination of the wear scars of the tested materials was also 

conducted, along with an assessment of relationship between material properties and 

repetitive impact wear resistance. 

5.5Φм ά/ǊǳǎƘƛƴƎέ ŜŦŦŜŎǘ ƻŦ ǎŀƴŘ   

Lǘ ǿŀǎ ƴŜŎŜǎǎŀǊȅ ǘƻ ŀǎǎŜǎǎ ǘƘŜ ŎƻƴǘǊƛōǳǘƛƻƴ ƻŦ ŘŀƳŀƎŜ ŦǊƻƳ ǘƘŜ άŎǊǳǎƘƛƴƎέ ŜŦŦŜŎǘ ƻŦ ǘƘŜ 

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 S31600 test specimens 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 5.19: UNS S31600 after testing: without slurry (left) and with slurry (right) 

 

 

Figure 5.20: Wear scar depth for UNS S31600 with and without slurry 
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Figure 5.21: Volume losses for the UNS S31600 with and without slurry 

Wear scar depths and volume losses both increased when sand particles were being 

crushed between the impactor and specimen demonstrating that the crushing of the sand 

particles contributes to the repetitive impact damage (20-30% of overall damage). 

However, it should be noted that a significant amount of the damage (70-80%) 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 WC-10Ni 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 depths. In 

general, materials with a martensitic microstructure (carburised UNS G86200, 27%Cr cast 

iron, UNS S42000 (480HV), induction hardened UNS G52986, etc.) had lower wear scar 

depths than materials with an austenitic microstructure (UNS S31600 and 37%Cr cast iron). 

This observation has been perceived in previous studies [5.15, 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%Cr cast iron and UNS S32760. 
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Figure 5.22: 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 Figure 5.23, materials with a 

volume loss with less than 0.2mm³ 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 HVOF WC-10Ni exhibited the greatest wear scar volume losses 

and the carburised UNS G86200 and 27%Cr cast iron demonstrated the lowest wear scar 

volume losses.  

11 19 
26 29 

245 

39 
17 

81 

175 

98 
103 

52 

8 

58 

0

50

100

150

200

250

300

W
e

a
r 

sc
a

r 
d

e
p

th
 (

µ
m

) 

Carburised UNS G86200 Induction hardened UNS G52986

Quenched & tempered UNS G52986Induction hardened UNS G41400

UNS S31600 Nitrided 905M39 steel

UNS S42000 (480HV) UNS S42000 (280HV)

HVOF WC-10Ni UNS S44003

UNS S44004 UNS S32760

27%Cr cast iron 37%Cr cast iron



Chapter 5: Wear mechanisms of valve and valve seats and the validation of a 
novel repetitive impact test rig 

 

172 

 

 

Figure 5.23: Wear scar volume losses of tested materials in repetitive impact with slurry 
conditions 

 

Figure 5.24: 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 mechanisms occurring inside the repetitively impacted wear scars 

were determined through SEM images of cross sectioned wear scars. A light microscope 

was used for an in-plane image of the HVOF WC-10Ni coating wear scar (Figure 5.38). A 

microhardness profile for the 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. 

¶ Soft/ductile materials (170HV-580HV) ς UNS S31600, UNS S42000 (280HV), UNS 

S44003, UNS S32760 

¶ Hard/brittle materials (720HV-1100HV) ς 27%Cr cast iron, carburised UNS G86200, 

Nitrided 905M39 Steel, HVOF WC-10Ni 

UNS S31600 

The main material degradation mechanism for the UNS S31600 was plastic deformation 

where regions within the wear ǎŎŀǊ ǎǳŦŦŜǊŜŘ ŦǊƻƳ ŀ ŎǳǘǘƛƴƎκǎƘŜŀǊƛƴƎ ŜŦŦŜŎǘ ŦǊƻƳ άŎǊǳǎƘƛƴƎέ 

sand particles (Figure 5.25). This type of damage is similar to cutting deformation wear as 

described by Hutchings [5.51], 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 and high 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 S31600 has been observed previously 

by a number of researchers [5.52ς5.54]. Singh et al. conducted air blasting experiments at 

normal incidence and found that the surface hardness of UNS S31600 increased from 

160HV to 430HV [5.53]. Similarly, Giourntas observed hardness increases of 100HK (Knoop                                                                                                                                                                                                                                                                                                                                                                  

hardness) in a wear scar of UNS S31600 after an impinging slurry jet experiment [5.54].   
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Figure 5.25: Plastically deformed material in UNS S31600 wear scar following repetitive 
impact wear testing 

 

 

Figure 5.26: Microhardness profile for UNS S31600 wear scar 
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