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ABSTRACT 

The effect of salinity is assessed on the corrosive wear behaviour of a low-alloy steel (UNS G43400) and 

three stainless steels (UNS S15500, UNS S31600 and UNS S32760). Erosion-corrosion testing was conducted 

using a submerged impingement slurry jet test-rig. Three salinities were evaluated; 0.05%NaCl, 3.5%NaCl 

and 10%NaCl. Total volume losses (TVL) and a volumetric analysis technique were used to assess the 

damage in the directly-impinged zone (DIZ) and outer area (OA). Under all measured parameters, material 

loss for the stainless steels increased marginally with increased salinity. In terms of TVL and OA volume 

loss, the low alloy steel exhibited significantly greater material loss from 0.05%NaCl to 3.5%NaCl conditions, 

however, no further increase was evident when the salinity was raised to 10%NaCl.  
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1. INTRODUCTION 

Corrosive wear is a damage mechanism that affects materials in contact with an aqueous solution and is 

the combined effect of corrosion and wear by the agitation of surrounding fluids, especially if they contain 

abrasive/erosive particles. This causes accelerated component failure and is prevalent in industries such as 

oil and gas production and mining, affecting fluid transport components. Due to the significant problem 

that it poses, a large amount of work has been conducted in recent years by researchers to understand 

how corrosive wear is affected by a multitude of different factors [1]. These factors have been consolidated 

into three groups by Poulson [2], and Neville et al. [3], namely:  

• material composition and  properties such as hardness, toughness, etc. [4];  

• hydrodynamic conditions such as the velocity and angle of attack of the solution across the material 

surface [5, 6], and the flow regime [7];  

• environmental properties such as solution temperature and pH [8, 9], and sand loading [7].  
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Another important factor that must be considered is the influence of salinity (total dissolved solids, TDS) of 

the aqueous fluid and its effects on material degradation. 

Water salinity will vary from different sources, regionally as well as internationally [10]. This means that 

the same type of fluid-transport equipment may be deployed in locations with widely differing water 

salinities. For example, seawater in the Persian Gulf can contain more than 5%TDS, compared to the world 

average of about 3.5%TDS, and desalination processes can have fluids of widely different salt contents 

throughout the system [11]. Additionally, industry is increasingly looking to recycle water used in processes 

to combat scarcity restrictions and sustainability demands [12–17]. Often such recycled water, e.g. 

flowback water in oil/gas extraction and wastewater from mining operations, tends to be more saline than 

when first utilised [18–22]. In light of this, it is clear that understanding the effect of salinity on the corrosive 

wear performance of engineering materials is worth investigating in detail. 

Previous studies [23–26] have given some attention to the influence of salinity on the corrosion behaviour 

of carbon- and low-alloy steels in differing aqueous solution chemistries (such as neutral, alkaline and 

CO2/H2S-containing solutions). However, few experimental investigations have been conducted to assess 

the effect of salinity in corrosive wear conditions. Earlier investigations assessing corrosive wear have 

largely been carried out to compare the corrosive wear performance of materials, including stainless steels, 

in a single solution salinity [4, 27].  Often, the corrosive wear results are separated into the three main 

damage mechanisms of erosion, corrosion and synergy (erosion-enhanced corrosion and corrosion-

enhanced erosion). The scope of such studies should be enhanced by expanding the range of salinities in 

which materials are tested. 

An early comprehensive study by Uhlig and Morrill [28] explored the effect of sodium chloride 

concentration on the pure corrosion of 18Cr-8Ni stainless steel and mild steel in slightly turbulent 

conditions. Tests were conducted at 90°C for 24 hours in a salinity range of 0-25%NaCl. The study showed 

that the mass loss of both materials increased as the salinity of the solution increased from distilled water; 

both materials had a maximum mass loss at a certain salinity (4%NaCl for the 18Cr-8Ni stainless steel and 

2%NaCl for the mild steel), and the mass losses decreased past the maximum towards 25%NaCl. With both 

steel grades, therefore, the maximum damage through corrosion occurred around the average salinity of 

seawater (3.5%NaCl) and the relationship was particularly sensitive in that salinity region. 

Zhao et al. [29] reported, in their study on the corrosive wear behaviour and corrosion resistance of AISI 

316 stainless steel, that the damage measured on samples in jet impingement experiments using “sea sand” 

was greater than with silica sand. The water used for experiments was tap-water, so NaCl salt crystals 

present in the “sea sand” (0.21wt%Cl–) dissolved and marginally raised the salinity of the aqueous solution. 

As a result, corrosion of the stainless steel was accelerated throughout the duration of “sea sand” 
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experiments and the mass losses were correspondingly higher than with silica sand (roughly 20% higher 

after 6 hours and 43% higher after 12 hours, at 60° impact angle). 

Studies, which directly investigate the effect of salinity on the corrosive wear of materials in a controlled 

manner, have tended to make use of only two salinities, namely 3.5%NaCl (mimicking seawater) and 

freshwater (nominally 0.05%NaCl). One such study was conducted by Neville and Hodgkiess [30] and 

assessed the corrosive wear of an austenitic stainless steel (UNS S31603). The mass loss of the stainless 

steel was 7.4% greater in the higher salinity solution after 1-hour impingement. A breakdown of the erosive, 

corrosive and synergistic mass losses showed that, in the seawater solution, the corrosion component had 

grown from 0.4% to 2% of the total mass loss, while the synergy (corrosion enhanced erosion) had grown 

from 0.6% to 16.8%. Combining the corrosion and synergy components revealed that the mass loss 

influenced by corrosion in the higher salinity solution constituted 18.8% of the total mass loss, up from 1% 

in freshwater. Therefore, not only did the salinity affect the electrochemical (corrosive) damage but also 

the mechanical damage by amplifying the synergy component. Another study by Neville et al. [31] 

performed similar analysis on a grey cast iron (BS 1452) and found that, at various levels of sand loading in 

solid-liquid impingement erosion-corrosion conditions, the material degradation of the cast iron was lower 

in the lower salinity conditions compared to 3.5%NaCl by nearly 50%.  

Chen et al. [32] examining the tribocorrosion behaviour of Inconel 625 sliding against 316 stainless steel, 

found that the wear on both materials was greater in 3.5%NaCl solution compared to distilled water at two 

sliding forces (100N and 400N). Another finding was that the maximum corrosion rate of the Inconel 625 

alloy occurred in 3%NaCl solution after conducting potentiodynamic polarisation scans on the alloy in a 

range of solutions from 0.5%NaCl to 4%NaCl. This maximum corrosion rate and subsequent corrosion rate 

decrease beyond 3%NaCl was attributed to the synergism of salinity and oxygen concentration. Chen et al. 

[32] also stated that, because the higher conductivity of more saline water increases the corrosion rate, 

and in corrosive wear scenarios passive films are quickly removed, increased solution salinity accelerates 

wear loss in tribocorrosion. 

There has also been some investigation of salinity effects under cavitation conditions. Gou et al. [33] tested 

ASTM 1045 carbon steel in a broad range of salinities to explore the effect of silica sand on this 

phenomenon. Vibratory cavitation tests were carried out on the steel for 260 minutes in seven different 

solution concentrations (“tap water”, 0.5%NaCl, 1%NaCl, 1.5%NaCl, 3.5%NaCl, 10%NaCl and 15%NaCl) 

before assessing the damage by measuring the ensuing mass loss. As the salinity increased, damage by 

cavitation, abrasion and corrosion increased sharply before stabilising around 3.5%NaCl, beyond which the 

mass loss increased at a significantly reduced rate. It was postulated by the authors that the increased 
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salinity restricts the average diameter of cavitation bubbles, thus limiting the mass loss above seawater 

conditions. 

A further study by Wu et al. [34] examined the effect of salinity on corrosive wear, focused on cavitation 

erosion in particular, and found no difference in mass loss, surface roughness and hardness after 300-

minute duration cavitation erosion testing of five alloys (SUS304 stainless steel, a Ni-based self-fluxing alloy 

– Ni-17wt.%Cr-3.3wt.%B-4.3wt.%Si-4.2wt.%Fe-0.9wt.%C, Ti49Ni51, Ti50Ni50 and Ti50Ni40Cu10) in freshwater 

and 3.5%NaCl solutions. This was due to the excellent corrosion resistances of the tested alloys [34]. 

However, in a study investigating the corrosive wear of pure iron and selected cast irons in cavitation 

conditions, Tomlinson and Talks [35] were able to show that, for these metals, salinity does affect the 

cavitation rate. Grey cast irons are particularly susceptible to severe cavitation erosion damage because of 

weak graphite flakes present throughout large volumes of the metal matrix. The materials were tested in 

distilled water, 0.02%NaCl solution and 3%NaCl solution and, in almost every case, the cavitation rate 

increased with rising salinity. The cavitation-erosion rate of pure iron increased by a factor of 1.4 as the 

salinity was raised from distilled water to 3%NaCl. Most of the cast iron grades tested exhibited an increase 

in erosion rate of 4 or 5 times, while one grade (carbide network in pearlite with a 25µm nitrided layer) had 

a cavitation rate 19.6 times greater in the higher salinity conditions. 

In summary, there has been almost universal evidence from previous work of enhanced corrosive and 

corrosive wear degradation of materials at moderate levels of salinity.  At salt concentrations exceeding 

3.5%, however, investigations have been rare and the findings are less consistent with some evidence of 

different material loss/salinity relationships between different engineering steels. 

This study seeks to extend the scope of work which evaluates the effect of salinity on the corrosive wear of 

engineering steels. One feature of the investigation was to probe the response of different classes of steels 

to a range of salt concentrations. In addition to assessing the behaviour of a high-strength, low-alloy steel, 

the work included the comparative examination of the influence of steel microstructure (martensitic, 

austenitic and duplex) in three grades of stainless steels. A jet impingement apparatus was used to direct 

a two-phase flow of water and silica sand onto the test subjects. The effect of salinity on the corrosive wear 

damage of the alloys was evaluated using a comprehensive experimental/analytical procedure. This 

involved measuring the total volume losses sustained followed by topographical analysis of tested 

specimens [36] that allowed the material loss to be distinguished between two hydrodynamic regions on 

the specimen surface. Additional understanding of the deterioration mechanisms was obtained from 

undertaking post-test microstructural examination of specimens. 
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2. MATERIALS AND METHODS 

The four alloys considered in this study comprised a medium carbon low-alloy steel (UNS G43400), a 

precipitation hardened martensitic stainless steel (UNS S15500), an austenitic stainless steel (UNS S31600) 

and a superduplex stainless steel (UNS S32760). Microstructural images of the four test materials are 

illustrated in Figure 1. 2% Nital was used to reveal the microstructure of UNS G43400, whereas, the stainless 

steel alloys were electrolytically (1V DC) etched with 10% oxalic acid. Thus, any effect of stainless steel 

microstructure was also assessed. The nominal chemical composition of each steel is presented in Table 1, 

and the measured hardness and nominal density of each steel are displayed in Table 2. 

 

Figure 1: Microstructure images of A - tempered martensite of UNS G43400; B – tempered martensite 

with retained austenite of UNS S15500; C – ferrite/austenite duplex structure of UNS S32760; D – 

austenite with delta ferrite stringers in UNS S31600  

Mass loss tests were carried out in free erosion-corrosion (FEC) solid-liquid impingement conditions with a 

recirculating submerged impingement slurry jet test-rig [37]. The duration of the tests was 1 hour. Slurry 

impinged at an angle of 90° upon the specimen surface through a nozzle of 4mm diameter at 18m/s with a 

temperature of 40±2°C. The nozzle was offset from the specimen surface by 5mm. Three slurries were 

employed to observe the effect of salinity and they consisted of 500μm spherical silica sand particles 

suspended in 0.05%NaCl, 3.5%NaCl and 10%NaCl aqueous solution. The sand concentration was measured 

to be 0.5g/l. The specimens (38mm diameter and 17mm thick) were ground to 1200 grit paper prior to 
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testing. A mass balance with an accuracy of ±0.1mg was used to measure the mass loss of the test samples. 

After FEC tests, the UNS G43400 samples were briefly immersed in an inhibited acidic solution (Clark’s 

solution) to remove corrosion product from the test surface. The measured mass losses were converted to 

volume losses using the nominal density of the respective steel. Macro-hardness measurements of the test 

materials were taken with a calibrated Vickers hardness testing apparatus with a 5kgf load. 

Impressed current cathodic protection (ICCP) tests were also performed to isolate the pure mechanical 

damage.  The electrode potential for the CP tests was set at -0.8V (Ag/AgCl) – this being the generally-

adopted target, used in industry, for carbon steels and low-alloy steels.  For consistency, the same potential 

was adopted for the three stainless steels after establishing that back-extrapolation of anodic polarisation 

plots indicated (for example: Figure 2) residual anodic rates at -0.8V, below 0.0005 mA/cm2 which 

represents negligible rates of metal loss. 

 

Figure 2: Typical anodic polarisation plots with back extrapolation demonstrating negligible corrosion 

rates at an applied electrode potential of -0.8V (Ag/AgCl) 

Post-test surface analysis of FEC specimens was facilitated using SEM (Hitachi SU-6600) with a 15kV 

accelerating voltage. The wear scar topography (depth and volume) of the tested materials (FEC and ICCP) 

was assessed using an Alicona InfiniteFocus 3D optical profilometer with a wear scar volume accuracy of 

±0.02mm3. Such surface profiling facilitates the separation of material losses between the directly-

impinged zone and the outer regions of the specimens.  In combination with the results from the 

application of cathodic protection, the influence of salinity on pure mechanical and corrosion-related 

phenomena was assessed.   The corrosion-related damage figures quoted herein of course include the sum 

of pure corrosion plus the synergy (composed of ‘Erosion-enhanced corrosive attack’ and ‘Corrosion-
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enhanced erosion damage’).  The focus of this paper, however, has been to report the major overall findings 

in terms of how salinity affects the total corrosive wear damage, as well as in two different hydrodynamic 

zones together with an assessment of the role of cathodic protection in eliminating the corrosion (including 

synergy) role. The sub-division of the corrosion-related damage into its separate components (including 

synergy) will be considered in a later paper [38]. 

Table 1: Nominal chemical composition (%wt) of the tested steels. 

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

UNS 
G43400 

0.37-
0.43 

0.7-
0.9 

1.6
5-2 

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 

1max. 1max. - 
0.03  
max. 

- 0.04 
2.5-
4.5 

- Bal. 

UNS 
S31600 

0.08 
max. 

16-
18 

10-
14 

2max. 
0.75 
max. 

2-3 
0.03 
max. 

0.1 
max. 

0.045 
max. 

- - Bal. 

UNS 
S32760 

0.03 
max. 

24-
26 

6-8 1max. 1max. 3-4 
0.01 
max. 

0.2-0.3 
0.03 
max. 

0.5-
1 

0.03
max. 

Bal. 

 

Table 2: Measured hardness with standard deviation and nominal density of the tested materials. 

Material Hardness (HV – 5kgf) Density (g/cm3) 

UNS G43400 300 ± 9 7.85 

UNS S15500 360 ± 11 7.80 

UNS S31600 170 ± 5 8.00 

UNS S32760 265 ± 7 7.80 

 

3. RESULTS  

3.1 Volume loss measurements 

Figure 3 displays the total average volume loss (TVL) results for each of the four test materials after solid-

liquid erosion-corrosion testing in all three salinities, and with the application of ICCP. The error bands 

represent the experimental scatter of results from at least three test replicates. The low-alloy steel (UNS 

G43400) was observed to experience much greater corrosive wear damage across the range of salt 

concentrations compared to the stainless steels, particularly at the higher salinities. The experimental 

scatter exhibited by the low-alloy steel can be attributed to material loss which has been predominately 

caused by corrosion-related damage associated with non-uniform distribution of non-metallic inclusions. 

Of all the tested materials, the superduplex stainless steel (UNS S32760) performed the best, with the 

lowest TVL in every test condition.  

 As shown in Table 3, all three stainless steel alloys exhibited continual increases in TVL as the salinity 

increased with evidence that the incremental change in material loss was maintained up to 10%NaCl. This 

was especially evident for the UNS S31600 and UNS S15500 alloys. In contrast, the TVL of the low-alloy 
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steel increased sharply from 0.05%NaCl to 3.5%NaCl (Figure 3). As the concentration was raised to 

10%NaCl, however, there was no obvious increase in erosion-corrosion damage.  

When ICCP was applied to evaluate the pure mechanical damage, the volume loss of the UNS G43400 

dropped dramatically (21%, 70% and 65% reductions compared to 0.05%NaCl, 3.5%NaCl and 10%NaCl FEC 

volume losses respectively), highlighting the large proportion of corrosive wear damage in low-alloy steels 

which is associated with corrosion-related deterioration. ICCP also had some effect in reducing the material 

loss of the stainless steel alloys, particularly in the high saline solution of 10%NaCl (26-29% reductions in 

material loss). These results show that there is an increase in corrosion-related damage for stainless steels 

as the salt content is increased, though to a far smaller degree than with the low alloy steel. This reduction 

in TVL provided by ICCP has been demonstrated in previous studies in 3.5%NaCl which assessed a wide 

range of materials such as a carbon steel, austenitic, martensitic, superaustentic and duplex stainless steels 

[4, 27, 39, 40].   

 

Figure 3: Total volume loss of all tested materials in each salinity and ICCP 

Table 3: Percentage differences in TVL for the tested steel alloys with increasing salinity 

Test material 
Percentage difference  

0.05%NaCl → 3.5%NaCl  
Percentage difference 
3.5%NaCl → 10%NaCl 

UNS S31600 8% increase 20% increase 

UNS S15500 8% increase 20% increase 

UNS S32760 16% increase 10% increase 

UNS G43400 162% increase 14% decrease 
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3.2 Post-test surface topography and analysis 

Three-dimensional surface topography was conducted on each of the FEC and ICCP test specimens to 

quantify the material loss in the wear scar – directly under the impinging jet - an example of which is shown 

in Figure 4. 

 

Figure 4:  3D surface topography scan on the wear scar of the UNS S15500 stainless steel surface after 

solid-liquid impingement 

Volume losses in the directly impinged zone (DIZ), as ascertained through the 3D surface topography scans 

for all tested materials in each test condition, are displayed in Figure 5. These volume losses universally 

increase (by different proportions as shown in Table 4) with salinity, strongly suggesting a link between 

salinity and the erosion-corrosion process within the DIZ. The superduplex stainless steel (UNS S32760) had 

the lowest DIZ volume loss of all the tested materials and the low-alloy steel (UNS G43400) had the highest, 

mirroring the observed TVL behaviour shown in Figure 3.  Both lower-grade stainless steels, UNS S31600 

and UNS S15500, exhibited greater volume loss compared to UNS S32760 in the high saline 10%NaCl 

solution. Similar trends to TVL were observed in terms of material loss increase for the stainless steels with 

increasing salinity. Both UNS S31600 and UNS S15500 demonstrated lower percentage increases in material 

loss from 0.05%NaCl to 3.5%NaCl compared to UNS S32760. However, when salinity was increased from 

3.5%NaCl to 10%NaCl, both UNS S31600 and UNS S15500 experienced significantly greater percentage 

increase in material loss compared to UNS S32760. This trend was similar to that observed in Table 3 for 

TVL. 
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A notable feature was that the influence of ICCP was relatively minor for the low-alloy steel but still 

significant for the stainless steel alloys. These aspects demonstrate that, as in terms of TVL, there was a 

significant component of corrosive attack within the DIZ for stainless steels but not so for the low-alloy 

steel. The ICCP results also confirm the appreciable role of corrosive attack in the DIZ at higher salinities in 

that there are clearly measurable differences between the volume losses incurred at the highest salinity 

compared to those experienced when cathodic protection was applied.  

 

Figure 5: DIZ volume loss of all tested materials in each salinity and ICCP 

Table 4: Percentage increases in DIZ volume losses with increasing salinity for each test material 

Test material 
Percentage increase  

0.05%NaCl → 3.5%NaCl  
Percentage increase 

3.5%NaCl → 10%NaCl 

UNS S31600 15% 23% 

UNS S15500 2% 30% 

UNS G43400 9% 8% 

UNS S32760 24% 10% 

 

The volume losses in the outer area, VLOA, are determined by subtracting the volume losses in the DIZ, VLDIZ, 

from the total volume loss, TVL, as shown in Eq. 1. 

𝑉𝐿𝑂𝐴 = 𝑇𝑉𝐿 −  𝑉𝐿𝐷𝐼𝑍 Eq. 1. 

These volume losses in the OA for all test materials in all test conditions are shown in Figure 6. Table 5 

shows the percentage differences in OA material loss with increasing salinity for each test material. An 

interesting feature of the data in Figure 6 and Table 5 is that, whilst the OA volume losses for the stainless 

steels increase with solution salinity, there does not appear to be any significant benefit accrued from the 
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higher-alloyed stainless steel, UNS S32760. In some contrast, the OA material losses for the low-alloy steel 

follow a similar trend to the total volume losses (Figure 3) in that there is an increase from 0.05%NaCl to 

3.5%NaCl but no further discernible OA material loss in the highest salinity solution. The percentage 

increases for OA material loss, shown in Table 5, demonstrate a generally similar trend to both TVL (Table 

3) and DIZ (Table 4) material losses. 

The material losses observed under ICCP conditions: 

• again demonstrate that a substantial proportion of corrosive wear attack, on the low-alloy steel, 

occurs in the OA zone. 

• are all measurably lower than found at the highest salinity for the stainless steels, thus replicating 

the trends observed in the DIZ. 

 

Figure 6: OA volume loss of all tested materials in each salinity and ICCP 

Table 5: Percentage differences in OA volume losses with increasing salinity for each test material 

Test material 
Percentage difference 

0.05%NaCl → 3.5%NaCl 
Percentage difference 
3.5%NaCl → 10%NaCl 

UNS S31600 4% increase 27% increase 

UNS S15500 16% increase 23% increase 

UNS G43400 242% increase  18% decrease 

UNS S32760 17% increase 10% increase 
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3.3 Post-test microscopic observations 

In order to obtain a deeper understanding of the degradation mechanisms and differences in the material 

losses caused by the effect of salinity on the different test materials under corrosive wear conditions, post-

test surfaces were observed using a SEM. Figures 7 and 8 illustrate the typical damage observed for all 

materials and salinities; the post-test examinations on the SEM revealed two common features:  

• in the DIZ (Figure 7), the sand particles have resulted in the formation of small impact craters 

caused by the particles directly impacting the material surface. As all test materials were 

engineering steels, the impacting sand particles cause plastic deformation of the ductile metallic 

surface, where the surface is indented at high impact angle, material is smeared to the lip of the 

impact crater. Continuing impacts have caused the surface to roughen due to the repeated plastic 

deformation and smearing of the ductile metallic material. Subsequently, the thin smeared 

material can be easily removed by the impacting sand particles [41, 42].    

• in the OA (Figure 8), sliding abrasion damage marks are apparent, caused by sand particles 

impacting the test surface at low angles. This results in a cutting-type mechanism on the 

soft/ductile metallic material which causes it to plastically deform and smear in the direction of the 

flow of the impacting sand particles [4, 37]. 

 

Plastic deformation 
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Figure 7: Example post-test SEM image of typical impact crater and plastic deformation damage 

observed in DIZ; image shown of DIZ of UNS G43400 in 0.05%NaCl 

 

 

 

 

Figure 8: Example post-test SEM image of typical sliding abrasion damage observed in OA; image shown 

of OA of UNS S15500 in 3.5%NaCl  

A noticeable difference was observed between the OA of the low alloy steel compared to the stainless 

steels. Both corrosion pitting and sliding abrasion damage was evident in the low alloy steel, UNS G43400, 

in all test salinities (Figure 9a and 9c). However, for the stainless steels, sliding abrasion damage was only 

evident whilst corrosion pitting was absent, as demonstrated in Figure 9b.  

Flow direction 



 14 

 

Figure 9: Post-test SEM images of A - UNS G43400 OA in 0.05%NaCl; B - UNS S15500 OA in 10%NaCl; C - 

UNS G43400 OA in 10%NaCl 

Figures 10 and 11 illustrate cross section images of the wear scars of UNS S15500 and UNS S 32760 

respectively after FEC tests in 3.5%NaCl.  The SEM images do not appear to be indicating any preferential 

wear on specific phases. Both wear scars demonstrate a sub-surface zone which is highly plastically 

deformed as a result of the impacting sand particles [43]. An additional, minor feature in Figure 11 is that 

the UNS S32760 alloy is also exhibiting sub-surface cracking. Semi-quantitative EDS analysis (Table 6) was 

conducted around the cracks and indicated that both the ferrite (spectrum 2 and 3 – greater Cr and Mo) 

and austenite (spectrum 1 and 4 – greater Ni) phases were present on either side of the crack. This 

potentially leads to the conclusion that the cracks may be occurring preferentially along phase boundaries. 

There was some indication of initiation of sub-surface micro-cracks in the UNS S31600 stainless steel after 

FEC tests but no such cracks were evident in the UNS S15500 alloy. It is felt that the sub-surface cracking 

was of such a small extent that it does not play a significant role in the overall erosive wear damage – which 

is dominated by the well-established results of severe plastic deformation. 
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Figure 10: Example of post-test SEM cross-sectional image of plastically deformed region in the 

DIZ of UNS S15500 after FEC test in 3.5%NaCl 

 

Figure 11: Micro-cracking occurring at surface of UNS S32760 wear scar 

Table 6: Semi-quantitative EDS analysis of phases observed in Figure 11 

Spectrum Si Cr Fe Ni Mo 
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Spectrum 1 0.5 27 61 7.8 3.8 

Spectrum 2 0.6 28 61 6.2 4.4 

Spectrum 3 0 29 61 5.4 5.4 

Spectrum 4 2.7 26 61 7.8 3.0 

 

4. DISCUSSION 

This work extends previous studies in this field [29, 30, 33, 35] which only evaluate low (circa. 0%NaCl) to 

intermediate salinities (circa. 3.5%NaCl). These studies [29, 30, 33, 35] demonstrate an increase in material 

loss with increasing salinity and a variety of interesting aspects have been observed by the present 

comparative study on engineering steels under corrosive wear conditions. A general aspect of the influence 

of salinity on corrosive wear is that increases in salt concentration are associated with more severe attack 

on all four alloys with exception to the behaviour of the low alloy steel under low angle corrosive wear. For 

this situation, there appears to be a substantial enhancement of damage in aqueous solutions containing 

3.5%NaCl compared to the lowest salinity solution (0.05%NaCl) investigated, but the damage is not further 

exacerbated when the salt concentration rises to 10%NaCl. This feature mirrors other investigations of pure 

corrosion with salinity relationships [23, 28, 44].  Whilst detailed explanations of these trends are still 

unresolved, as argued by Sani et al. [23], in searching for a rationalisation of these corrosion rate/salinity 

trends, a simple correlation with the elevated electrical conductivity [32], and hence, increased corrosivity 

of saline solutions is unlikely to suffice. Additionally, it is difficult to rationalise a simple corrosion 

rate/electrical conductivity relationship with the observations of reduced deterioration rates at salt 

concentrations above approximately 3.5%NaCl.  Alternative mechanisms that are considered in detail 

elsewhere [45] include:- 

• the influence of salinity on the competition between adsorption of different anions, e.g. chloride 

and hydroxyl, in determining the progress of the anodic part of the overall corrosion reaction on 

low alloy steel [23, 24, 46]. 

• the influence of reduced dissolved oxygen concentrations at higher salinities [47] upon the oxygen 

reduction cathodic reaction. 

The low-alloy steel (UNS G43400) has much greater corrosive wear damage across the range of salinities 

compared to the stainless steels due to its poor corrosion resistance, as has been observed in previous 

studies [3], 48]. This poor corrosion resistance stems from the absence of alloying elements in the metal 

matrix, such as chromium, which form passive films on the material surface, providing a physical barrier for 

corrosion reactions. The low-alloy steel was vulnerable to increased damage even in the 10%NaCl aqueous 

solution in the directly impinged regions, where mechanical erosive damage dominates.    
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Most studies into solid-liquid jet impingement employ a specimen that is much larger than the impinging 

jet diameter and report material losses of the entire specimen – like Figure 3 herein – which are, in essence, 

average material losses over the two zones, DIZ and OA. The advantage of the analytical approach [36] 

adopted in the current work  is that it provides a means of assessing the behaviour of the two regions 

separately. This facilitates a more comprehensive understanding of the corrosive-wear material 

degradation processes involved during the impinging jet erosion-corrosion experiments. This is also a 

feature of many operational aspects when a slurry strikes particular regions of a component surface. In the 

present study, the influence of salinity upon the material loss of the low-alloy steel in the outer zone (Figure 

6) follows the same general trend as that indicated by the overall measurements (Figure 3), but in the DIZ, 

the material loss appears to increase continuously with salinity (Figure 5). Moreover, the volume loss 

measurements on the directly-impinged zone have revealed that the resistance to pure erosion, i.e. when 

ICCP is applied, of the UNS G43400 steel is relatively inferior to that of the stainless steels. Additionally, 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 findings would not have been evident by only 

considering the total volume loss under CP conditions. 

Turning to the behaviour of the stainless steel alloys studied in this work, in many circumstances (especially 

in the low impingement angle, OA), these materials exhibit considerably superior corrosive wear resistance 

compared to the low alloy steel, but are susceptible to higher material losses as the salinity is raised. This 

factor shows that the degree of erosion/abrasion domination, in the behaviour of the stainless steels, is 

reduced at the highest salt concentration. This also results in a reduced margin of superiority over UNS 

G43400 in the highest salinity solution, primarily in the DIZ.  It is persuasive to attempt to link these 

observations to the roles of water salinity and stainless steel composition drawing on the well-established 

relationships relating these factors to the susceptibility of stainless steels to localised corrosion (pitting, 

crevice attack) via breakdown of the passive film due to increases in chloride content [49]. Such links have 

been suggested by others [50], but the following factors are also likely to be relevant: 

• under solid-liquid erosion-corrosion conditions, periodic de-passivation and re-passivation occur 

[4, 37, 40]  

• the influence of erosive damage to passive films on the progress of the oxygen reduction cathodic 

reaction [45]  

Of all the tested materials, the superduplex stainless steel (UNS S32760) performed the best in terms of 

the lowest TVL and DIZ volume loss in every test condition. This is not surprising since it is the most 

corrosion resistant stainless steel investigated in this study, with the highest proportion of alloying 
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elements encouraging the formation of more stable passive films. However, this observation was not 

evident in the lack of improved performance of UNS S32760 in the OA.  

The application of cathodic protection provided a substantial reduction in material loss on the low alloy 

steel but demonstrated that the erosion-corrosion damage on the stainless steels also involved a significant 

contribution of corrosion-related damage, even under high-angle impingement where the damage is 

typically erosion dominated.  

Another interesting aspect of the study demonstrated that there were no clear relationships between 

material hardness and corrosive wear resistance. Some studies in the past have shown that there are 

relationships between abrasive wear and hardness [51, 52]. However, in this study, the material with the 

lowest hardness (austenitic stainless steel - UNS S31600) has similar pure mechanical material losses 

compared to the material with the greater hardness of the tempered martensite alloys (UNS G43400 and 

UNS S15500) in low angle impingement conditions. A plausible explanation for this is work hardening 

effects caused by the sand particles impacting at low angles and also austenite to martensite 

transformation which has been observed in other studies [53, 54]. The improved erosion-corrosion 

resistance of UNS S32760 (Superduplex stainless steel – ferrite/austenite microstructure) is likely to be 

associated with both its high corrosion resistance as well as its potential to work harden due to the presence 

of the austenite phase [55]. It is likely that correlations between hardness and wear resistance only apply 

in relation to specific groups of materials with similar microstructures. 

5. CONCLUSIONS 

1. This study showed that increasing the salinity from 0.05%NaCl (freshwater) to 3.5%NaCl (mimicking 

seawater) substantially increased the corrosive wear damage of UNS G43400. However, as the 

salinity was increased from 3.5%NaCl to 10%NaCl (‘brine”), there was no additional volume loss. 

Volumetric analysis revealed that the majority of the increase in volume loss compared to 

freshwater originated from the OA, of which a significant proportion was corrosion-related damage 

equating to 36%, 82% and 78% of the total OA volume loss in freshwater, seawater and brine 

solutions respectively. These findings indicate a good correlation between corrosive-wear 

deterioration and pure corrosion trends reported in the literature. 

2. The stainless steels, in many circumstances, exhibited much lower sensitivity to solution salinity 

than the low alloy steel in terms of corrosive wear. Nevertheless, it was notable that, in the DIZ, 

there was a significant contribution of corrosion-related damage to the total material loss. In the 

most severe situations – the most-saline water in the directly-impinged zone – the margin of 

superiority of the two lower-grade stainless steels over the low-alloy steel was significantly 
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compromised. However, the superdupex stainless steel maintained its advantage over the low alloy 

steel. 

3. The directly-impinged zone of specimens was erosion-dominated. Nevertheless, for all four 

materials there was a consistent trend of increased material loss with solution salinity. 

4. One noticeable feature was the observed differences in effects of salinity on material loss for the 

low alloy steel in the DIZ (continual increase) compared to the material loss in terms of TVL and OA 

in line with measurements of pure corrosion rates in previous studies, where material losses were 

observed to increase from circa 0%NaCl to circa 3.5%NaCl before decreasing. 

5. Cathodic protection significantly improved the performance of the low alloy steel with total volume 

loss reductions of up to 70%, to the extent of substantially reducing the ‘deficit’ of this steel 

compared to the stainless steels. Cathodic protection provided little benefit to the stainless steels 

in freshwater (2-4% TVL reduction) but noticeably reduced the damage at higher salinities, 

providing at least 25% TVL reduction at 10%NaCl. This again is a demonstration of the significant 

role of corrosion-related damage on nominally corrosion-resistant materials. 

6. In all test conditions investigated in this study, there was no evidence of a direct correlation 

between material hardness and material loss.  

ACKNOWLEDGMENTS 

The authors would like to acknowledge the support for this study, which was provided by the Weir Group 

PLC (WARC2011- SAA1, 2011) via its establishment of the Weir Advanced Research Centre (WARC) at the 

University of Strathclyde. 

REFERENCES  

[1] R. Kuruvila, S. T. Kumaran, M. A. Khan, and M. Uthayakumar, “A brief review on the erosion-

corrosion behavior of engineering materials,” Corros. Rev., vol. 36, no. 5, pp. 435–447, 2018. 

[2] B. Poulson, “Complexities in predicting erosion corrosion,” Wear, vol. 233–235, pp. 497–504, 1999. 

[3] A. Neville, T. Hodgkiess, and J. T. Dallas, “A study of the erosion-corrosion behaviour of engineering 

steels for marine pumping applications,” Wear, vol. 186–187, pp. 497–507, 1995. 

[4] L. Giourntas, T. Hodgkiess, and A. M. Galloway, “Comparative study of erosion–corrosion 

performance on a range of stainless steels,” Wear, vol. 332–333, pp. 1051–1058, 2015. 

[5] J. G. Liu, W. L. BaKeDaShi, Z. L. Li, Y. Z. Xu, W. R. Ji, C. Zhang, G. Cui and R. Y. Zhang, “Effect of flow 

velocity on erosion–corrosion of 90-degree horizontal elbow,” Wear, vol. 376–377, pp. 516–525, 

2017. 

[6] N. Andrews, L. Giourntas, A. M. Galloway, and A. Pearson, “Effect of impact angle on the slurry 

erosion-corrosion of Stellite 6 and SS316,” Wear, vol. 320, no. 1, pp. 143–151, 2014. 



 20 

[7] M. Shehadeh, M. Anany, K. M. Saqr, and I. Hassan, “Experimental investigation of erosion-corrosion 

phenomena in a steel fitting due to plain and slurry seawater flow,” Int. J. Mech. Mater. Eng., vol. 9, 

no. 22, pp. 1–8, 2014. 

[8] S. Giddey, B. Cherry, F. Lawson, and M. Forsyth, “Effect of increased temperature on erosion-

corrosion under turbulent conditions in bayer liquor,” Corros. Sci., vol. 40, no. 4/5, pp. 839–842, 

1998. 

[9] N. B. Nelwalani and J. W. van der Merwe, “The Effect of pH on Slurry Erosion–Corrosion of Tungsten 

Carbide Overlays Alloyed with Ru,” J. Therm. Spray Technol., vol. 27, pp. 483–499, 2018. 

[10] K. Zakowski, M. Narozny, M. Szocinski, and K. Darowicki, “Influence of water salinity on corrosion 

risk - The case of the southern Baltic Sea coast,” Environ. Monit. Assess., vol. 186, pp. 4871–4879, 

2014. 

[11] A. Al-Odwani, M. Al-Tabtabaei, A. Al-Hashim, J. Carew, and F. Al-Atram, “Erosion of construction 

materials in a reverse osmosis plant utilizing seawater in Kuwait,” Desalination, vol. 129, no. 2, pp. 

137–145, 2000. 

[12] H. Chen and K. E. Carter, “Water usage for natural gas production through hydraulic fracturing in 

the United States from 2008 to 2014,” J. Environ. Manage., vol. 170, pp. 152–159, 2016. 

[13] J. M. Estrada and R. Bhamidimarri, “A review of the issues and treatment options for wastewater 

from shale gas extraction by hydraulic fracturing,” Fuel, vol. 182, pp. 292–303, 2016. 

[14] H. Yang, X. Huang, Q. Yang, J. Tu, S. Li, D. Yang H. Xia, R. J. Flower and J. R. Thompson, “Water 

Requirements for Shale Gas Fracking in Fuling, Chongqing, Southwest China,” Energy Procedia, vol. 

76, pp. 106–112, 2015. 

[15] S. Rassenfoss, “From Flowback to Fracturing: Water Recycling Grows in the Marcellus Shale,” J. Pet. 

Technol., vol. 63, no. 7, pp. 48–51, 2011. 

[16] L. Haibin and L. Zhenling, “Recycling utilization patterns of coal mining waste in China,” Resour. 

Conserv. Recycl., vol. 54, pp. 1331–1340, 2010. 

[17] R. Vera, F. Vinciguerra, and M. Bagnara, “Comparative study of the behavior of API 5L-X65 grade 

steel and ASTM A53-B grade steel against corrosion in seawater,” Int. J. Electrochem. Sci., vol. 10, 

pp. 6187–6198, 2015. 

[18] A. J. Kondash, E. Albright, and A. Vengosh, “Quantity of flowback and produced waters from 

unconventional oil and gas exploration,” Sci. Total Environ., vol. 574, pp. 314–321, 2017. 

[19] P. Boschee, “Produced and Flowback Water Recycling and Reuse: Economics, Limitations, and 

Technology,” Oil Gas Facil., vol. 3, no. 1, pp. 16–21, 2014. 

[20] V. C. Onishi et al., “Shale gas flowback water desalination: Single vs multiple-effect evaporation with 

vapor recompression cycle and thermal integration,” Desalination, vol. 404, pp. 230–248, 2017. 



 21 

[21] A. Zolfaghari, H. Dehghanpour, M. Noel, and D. Bearinger, “Laboratory and field analysis of flowback 

water from gas shales,” J. Unconv. Oil Gas Resour., vol. 14, pp. 113–127, 2016. 

[22] R. T. Rodrigues and J. Rubio, “DAF-dissolved air flotation: Potential applications in the mining and 

mineral processing industry,” Int. J. Miner. Process., vol. 82, no. 1, pp. 1–13, 2007. 

[23] F. M. Sani, B. Brown, Z. Belarbi, and S. Nesic, “An experimental investigation on the effect of salt 

concentration on uniform CO2 corrosion,” NACE Int. Corros. 2019, 2019. 

[24] Z. Zeng, R. S. Lillard, and H. Cong, “Effect of salt concentration on the corrosion behavior of carbon 

steel in CO2 environment,” Corrosion, vol. 72, no. 6, pp. 805–823, 2016. 

[25] S. Asakura and K. Nobe, “Electrodissolution Kinetics of Iron in Chloride Solutions Part 1. Neutral 

Solutions,” J. Electrochem. Soc., vol. 118, no. 7, pp. 13–18, 1971. 

[26] S. Asakura and K. Nobe, “Electrodissolution Kinetics of Iron in Chloride Solutions Part II. Alkaline 

Solutions,” J. Electrochem. Soc., vol. 118, no. 7, pp. 19–22, 1971. 

[27] S. Aribo, R. Barker, X. Hu, and A. Neville, “Erosion–corrosion behaviour of lean duplex stainless steels 

in 3.5% NaCl solution,” Wear, vol. 302, no. 1–2, pp. 1602–1608, 2013. 

[28] H. H. Uhlig and M. C. Morrill, “Corrosion of 18-8 Stainless Steel in Sodium Chloride Solutions,” Ind. 

Eng. Chem., vol. 33, no. 7, pp. 875–880, 1941. 

[29] Y. Zhao, F. Zhou, J. Yao, S. Dong, and N. Li, “Erosion–corrosion behavior and corrosion resistance of 

AISI 316 stainless steel in flow jet impingement,” Wear, vol. 328–329, pp. 464–474, 2015. 

[30] A. Neville and T. Hodgkiess, “Study of effect of liquid corrosivity in liquid-solid impingement on cast 

iron and austenitic stainless steel,” Br. Corros. J., vol. 32, no. 3, pp. 197–205, 1997. 

[31] A. Neville, T. Hodgkiess, and H. Xu, “An electrochemical and microstructural assessment of erosion-

corrosion of cast iron,” Wear, vol. 233–235, pp. 523–534, 1999. 

[32] J. Chen, J. Wang, B. Chen and F. Yan, “Tribocorrosion Behaviors of Inconel 625 Alloy Sliding against 

316 Steel in Seawater,” Tribol. Trans., vol. 54, no. 4, pp. 514–522, 2011. 

[33] W. Gou, H. Zhang, H. Li, F. Liu, and J. Lian, “Effects of silica sand on synergistic erosion caused by 

cavitation, abrasion, and corrosion,” Wear, vol. 412–413, pp. 120–126, 2018. 

[34] S. K. Wu, H. C. Lin, and C. H. Yeh, “A comparison of the cavitation erosion resistance of TiNi alloys, 

SUS304 stainless steel and Ni-based self-fluxing alloy,” Wear, vol. 244, no. 1–2, pp. 85–93, 2000. 

[35] W. J. Tomlinson and M. G. Talks, “Erosion and corrosion of pure iron under cavitating conditions,” 

Tribol. Int., vol. 29, no. 2, pp. 171–175, 1991. 

[36] L. Giourntas, T. Hodgkiess, and A. M. Galloway, “Enhanced approach of assessing the corrosive wear 

of engineering materials under impingement,” Wear, vol. 338–339, pp. 155–163, 2015. 

[37] F. Brownlie, C. Anene, T. Hodgkiess, A. Pearson, and A. M. Galloway, “Comparison of Hot Wire TIG 

Stellite 6 weld cladding and lost wax cast Stellite 6 under corrosive wear conditions,” Wear, vol. 



 22 

404–405, 2018. 

[38] F. Brownlie, T. Hodgkiess, A. Pearson, and A. M. Galloway, “Detailed breakdown of erosion-

corrosion mechanisms for engineering steels in different NaCl concentrations,” To be Published. 

[39] H. Meng, X. Hu, and A. Neville, “A systematic erosion-corrosion study of two stainless steels in 

marine conditions via experimental design,” Wear, vol. 263, pp. 355–362, 2007. 

[40] A. Neville and X. Hu, “Mechanical and electrochemical interactions during liquid–solid impingement 

on high-alloy stainless steels,” Wear, vol. 251, pp. 1284–1294, 2001. 

[41] I. M. Hutchings, “Mechanisms of the Erosion of Metals by Solid Particles,” Eros. Prev. Useful Appl. 

ASTM STP 664, p. 59*76, 1979. 

[42] R. Bellman and A. Levy, “Erosion mechanism in ductile metals,” Wear, vol. 70, no. 1, pp. 1–27, 1981. 

[43] S. L. Rice, H. Nowotny, and S. F. Wayne, “Characteristics of metallic subsurface zones in sliding and 

impact wear,” Wear, vol. 74, pp. 131–142, 1982. 

[44] D. Brondel, R. Edwards, A. Hayman, D. Hill, and T. Semerad, “Corrosion in the Oil Industry,” Oilf. 

Rev., pp. 4–18, 1994. 

[45] F. Brownlie, T. Hodgkiess, A. Pearson, and A. M. Galloway, “Electrochemical evaluation of the effect 

of different NaCl concentrations on low alloy- and stainless steels under erosion-corrosion 

conditions,” Submitted to Corrosion. 

[46] Y. Zheng, J. Ning, B. Brown, and S. Nesic, “Investigation of Cathodic Reaction Mechanisms of H2S 

Corrosion Using a Passive SS304 Rotating Cylinder Electrode,” Corrosion, vol. 72, no. 12, pp. 1519–

1525, 2016. 

[47] V. L. Snooeyink and J. Jenkins, Water Chemistry. New York: Wiley, 1980. 

[48] S. S. Rajahram, T. J. Harvey, and R. J. K. Wood, “Erosion–corrosion resistance of engineering 

materials in various test conditions,” Wear, vol. 267, no. 1–4, pp. 244–254, 2009. 

[49] S. Deng, S. Wang, L. Wang, J. Liu, and Y. Wang, “Influence of Chloride on Passive Film Chemistry of 

304 Stainless Steel in Sulphuric Acid Solution by Glow Discharge Optical Emission Spectrometry 

Analysis,” Int. J. Electrochem. Sci., vol. 12, pp. 1106–1117, 2017. 

[50] M. N. Majeed, “Understanding the Erosion – Corrosion Behaviour of Generic Types of Stainless 

Steels in a CO 2 – Saturated Oilfield Environment,” PhD thesis, University of Leeds, 2018. 

[51] A. N. J. Stevenson and I. M. Hutchings, “Wear of Hardfacing While Cast Irons By Solid Particle 

Erosion,” Wear, vol. 186, no. 1, pp. 150–158, 1995. 

[52] R. J. Llewellyn, S. K. Yick, and K. F. Dolman, “Scouring erosion resistance of metallic materials used 

in slurry pump service,” Wear, vol. 256, no. 6, pp. 592–599, 2004. 

[53] R. J. K. Wood, J. C. Walker, T. J. Harvey, S. Wang, and S. S. Rajahram, “Influence of microstructure 

on the erosion and erosion-corrosion characteristics of 316 stainless steel,” Wear, vol. 306, no. 1–



 23 

2, pp. 254–262, 2013. 

[54] T. Singh, S. N. Tiwari, and G. Sundararajan, “Room temperature erosion behaviour of 304, 316 and 

410 stainless steels,” Wear, vol. 145, no. 1, pp. 77–100, 1991. 

[55] D. He, X. Jiang, S. Li, and H. Guan, “Erosion and erosion-corrosion behaviors of several stainless steels 

in dual-phase fluid,” Corrosion, vol. 58, no. 3, pp. 276–282, 2002. 

 


