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A B S T R A C T   

The role of strain hardening on the resistance of metals to water droplet erosion is investigated for the first time. 
A stainless steel (17–4PH) was heat treated to various conditions to achieve different sets of mechanical prop
erties. Erosion tests were then performed at 250 and 300 m/s impact speeds and incubation time and erosion rate 
were measured. It was found that higher strain hardening is conducive to higher erosion resistance as demon
strated by longer incubation time. Strain hardening was also found to dictate the influence of other mechanical 
properties, such as yield strength and resilience, on the initial stages of erosion. It is concluded that erosion 
resistance is a synergistic combination of mechanical properties that includes a stain hardening parameter.   

1. Introduction 

Water droplet erosion (WDE) is a form of material wear caused by the 
repetitive impingements of liquid droplets on solid surfaces. WDE 
damage is mostly seen on blades of gas, steam, and wind turbines [1,2] 
where it poses a serious reliability concern. For this reason, under
standing the fundamental aspects of droplet impact damage and devel
oping practical solutions to the problem are subjects of intensive recent 
investigations [3–8]. 

The fundamental studies of WDE focus on (i) understanding the 
physics surrounding the high-strain-rate liquid-solid interaction taking 
place during single droplet impact event and on (ii) the mechanics of 
damage accumulation due to the repetitive impacts [9]. In the case of a 
single droplet impact event, it is so far known that the impingement of a 
liquid droplet on a solid surface results in a high contact pressure 
(known as water hammer pressure) [10]. Water hammer pressure, then, 
acts as a dynamic loading parameter -over a certain duration- with 
which the droplet induces stresses on the solid target by means of stress 
wave propagation [11]. As the duration of impact pressure ends and the 
pressurized liquid starts releasing, the droplet spreads away and forms 
sideways jets that also subject the surface to shear stresses [9]. There is 
no evidence that the two stress components (i.e. direct stress from 
impact pressure and shear stress from lateral jetting) overlap and su
perimpose to result in greater magnitude of overall stress. It is known 
however that single droplet impact seldom causes detectable damage on 

the solid surface, and erosion in almost all cases is a product of repetitive 
impingements of multiple droplets in a fatigue-like fashion [8]. 

The mechanics of damage accumulation due to repetitive impacts are 
still poorly understood. Empirically, it has been observed [12] that 
initial droplet impingements result in the plastic deformation of the 
surface. During this stage (commonly referred to as the incubation 
period), only an increase in surface roughness is seen without noticeable 
erosion damage. Subsequent impingements of the surface results in large 
erosion pits that indicate the beginning of material damage (end of the 
incubation period). Once started, the erosion damage in terms of mass 
loss proceeds linearly with continuous exposure to droplet impacts in 
what is commonly referred to as steady-state maximum erosion rate 
stage. Though other stages of droplet impact erosion exist, the incuba
tion period and the steady-state erosion rate are often considered the 
most important stages in water droplet erosion [13]. 

In both aspects of WDE (i.e. physics of single impact and mechanics 
of damage accumulation due to repetitive impacts), mechanical prop
erties of the solid target play a fundamental role. In single impact event, 
even though the magnitude of the water hammer pressure is considered 
to be independent of the target properties, stresses generated from the 
pressure largely depend on the density, elastic modulus, sound and 
waves speed of the solid [11]. The work of Blowers [14], for example, 
analytically demonstrated how the response of an elastic solid to a 
droplet impact is dictated by the elastic modulus, sound and wave 
properties of the solid. The role of the mechanical properties appears to 

* Corresponding author. 
E-mail address: mmedraj@encs.concordia.ca (M. Medraj).  

Contents lists available at ScienceDirect 

Tribology International 

journal homepage: www.elsevier.com/locate/triboint 

https://doi.org/10.1016/j.triboint.2022.107649 
Received 18 March 2022; Received in revised form 27 April 2022; Accepted 17 May 2022   

mailto:mmedraj@encs.concordia.ca
www.sciencedirect.com/science/journal/0301679X
https://www.elsevier.com/locate/triboint
https://doi.org/10.1016/j.triboint.2022.107649
https://doi.org/10.1016/j.triboint.2022.107649
https://doi.org/10.1016/j.triboint.2022.107649
http://crossmark.crossref.org/dialog/?doi=10.1016/j.triboint.2022.107649&domain=pdf


Tribology International 173 (2022) 107649

2

be more significant with the case of the repetitive multiple impacts. 
Many studies attempted to identify the mechanical properties that 

are fully responsible or partially contributing to the materials’ resistance 
to water droplet erosion. Attempts to correlate materials’ erosion 
resistance to individual-intrinsic properties such as hardness, fracture 
toughness, fatigue strength, and tensile properties have been made. 
Hardness received considerable attention due the fact that it successfully 
indicates the ability of metallic surfaces to resist other wear phenomena. 
For instance, some studies [12] showed that resistance to water droplet 
erosion is proportional to hardness raised to the power 2. However, 
Ahmad et al. [15] have recently demonstrated how hardness corelates to 
erosion resistance when different alloys are considered. The role of 
fracture toughness in water droplet erosion was also studied [16,17]. 
However, this was only for ceramic materials. 

Studies aiming to correlate erosion resistance of metallic materials to 
fatigue properties were also reported in the literature [18,19]. This was 
mainly motivated by the analogy between water droplet erosion and 
fatigue, particularly in the damage accumulation aspect of the two 
phenomena. However, recent studies [20,21] have applied surface 
treatments to metallic samples, which are known inhibitors of fatigue, in 
order to delay erosion. It was concluded that fatigue is not a predomi
nantly contributing erosion mechanism as no improvements in erosion 
performance were observed due to surface treatments. It was reasoned 
that the embrittlement due to strain hardening from surface treatments 
negates the beneficial effects of fatigue crack inhibiting compressive 
residual stresses. It is therefore imperative to study the role of strain 
hardening. Also, Adler [11] concluded from microscopic observation 
that fatigue could play only a secondary role at moderate to high impact 
velocities in metals. He [11] proposed that hydraulic penetration and 
tunneling are the predominant mechanism. Moreover, fatigue properties 
(e.g., endurance limit, fatigue strength, etc.) are difficult to precisely 
quantify for certain materials. For these reasons, correlating erosion 
resistance to fatigue properties is not always appropriate. 

The role of tensile properties (such as yield, tensile, and fracture 
strength) on the erosion resistance of metallic materials have also been 
considered. These properties along with the stress-strain curve are seen 
as particularly significant when plastic strain accumulation is consid
ered as the mechanism leading to erosion. Early investigations in this 
direction have focused on the individual tensile properties. For instance, 
the work of Hoff et al. [22] concluded that erosion resistance of metals is 
proportional to the ultimate tensile strength raised to the power of 1.8. 
Yield strength has also been considered in the work of Thiruvengadam 
et al. [23]. It has increasingly become evident that a combination of 
properties rather than an individual property is more representative to 
erosion resistance of metals. In this regard, strain energy and resilience 
have received considerable attention. Thiruvengadam [18] was the first 
to conclude that erosion rate in both cavitation and liquid impingement 
is inversely proportional to strain energy to fracture. On the other hand, 
both ultimate and elastic resilience have been considered. Hobbs [24] 
for example, found that ultimate resilience fits erosion resistance of 
metals more accurately than strain energy or tensile strength alone. The 
more recent work of Ahmad [15] argued that elastic resilience best fits 
erosion resistance of several metals such as stainless steel and titanium 
alloys. 

The previous attempts to investigate the role of tensile properties on 
the erosion response (incubation period and/or steady-state erosion 
rate) overlooked two important aspects: (i) the role of the grain size and 
(ii) the influence of strain hardening on the process of damage accu
mulation. Even with comparable properties, grain size influences the 
erosion response of materials [25,26]. Nonetheless, most previous 
studies [15,22,23,27] utilized data (both erosion test results and me
chanical properties) of various metallic alloys that have different grain 
sizes. 

The role of strain hardening in water droplet erosion has not been 
taken into consideration in previous studies. Given the repetitive nature 
of the WDE problem, the strain hardening rate of the material is likely to 

influence the damage accumulation process, and hence, the erosion 
response of the materials. In some studies [22], it has been shown that 
hardness increases steadily (i.e., work hardening) during the incubation 
period due to droplet impacts. This impact hardening process depends 
on the strain hardening properties of the material. At the same time, as 
the hardness change, the instantaneous erosion resistance of metals also 
changes, which influences the damage accumulation process. As such, 
the strain hardening exponent of the material might have a strong in
fluence on the length of the incubation period. This has not been studied 
before. To investigate the role of strain hardening in water droplet 
erosion, a suitable material must be selected. Such material or set of 
materials should offer variation in tensile properties with a range of 
strain hardening behaviors, while exhibiting minimal to no difference in 
the grain size, which is known to influence erosion [25,26]. This can best 
be achieved through selecting a single material that is then heat treated 
at different conditions to achieve precipitation hardening. Precipitation 
hardenable alloys such as 17–4 PH, 17–7 PH stainless steels and 
Copper-Beryllium alloys offer the possibility of changing the mechanical 
properties without changing the grain structure. 

The present work aims to investigate the role of strain hardening 
along with the known influencers of erosion i.e., mechanical properties 
like yield strength, hardness and elastic resilience. 17–4 PH stainless 
steel that can offer a range of strain hardening exponents (n) and me
chanical properties without significantly changing the grain structure as 
it is precipitation strengthened is carefully selected. The mechanical 
properties are quantified using tensile test and Vickers hardness. Erosion 
tests are then performed using an advanced erosion test rig. The influ
ence of strain hardening, strength and elastic resilience on the incuba
tion period and steady-state erosion rate are qualitatively analyzed. 

2. Experimental procedure 

2.1. Material and heat treatment 

17–4 PH stainless steel is selected for the present study. This is 
because it is a commonly used blade material in steam and gas turbines, 
which are subject to water droplet erosion. More importantly, it has 
relatively simpler heat treatment procedures [28] that provide a wide 
range of properties. That is, the formation of copper-rich precipitates 
within the laths of martensitic matrix of the 17–4 PH stainless steel 
enables variation in strain hardening and mechanical properties 
[29–31] while the grain size remains the same. 

Plates of 17–4 PH (with a chemical composition of about 17% 
chromium, 4% nickel and 4% copper) have been obtained in the solution 
treated condition. The as-received solution treated condition will be 
referred to as ‘Condition-A′. Then, two aged conditions are used in this 
work; namely H925 and H1025. These conditions are achieved by aging 
the Condition-A for 4 h at 495 ◦C and 550 ◦C, respectively, followed by 
air cooling. ASTM A693 standard [28] is followed for the precipitation 
hardening treatments of 17–4 PH stainless steel. 

2.2. Microstructure and surface characterization 

Prior to erosion testing, microstructure and surface characterization 
has been performed on the three conditions of the 17–4 PH. This was 
done mainly to identify any variation in the grain structure and/or in the 
surface conditions that may influence the erosion performance of the 
alloys. Scanning electron microscope (SEM) (Hitachi S-3400N) was used 
to examine Condition-A, H925 and H1025 conditions. Back Scattered 
Electrons (BSE) mode was utilized to observe the cross-section of each 
condition. Samples in each condition were prepared by sectioning, 
polishing and etching them with Fry’s reagent. Confocal laser scanning 
microscope (Olympus LEXT OLS4100) with a resolution of 10 nano
meters was also used to measure the surface roughness of the samples. A 
representative area of 1225 µm x 1225 µm was selected from each 
sample surface. For each sample, average line roughness (Ra) 
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measurements were taken from 20 random lines and their mean value is 
calculated. 

Fig. 1 shows that equiaxed martensitic grains of about 30–50 µm are 
observed in each condition of 17–4 PH stainless steel. In other words, no 
significant changes in grain size were observed due to aging treatments. 
This is in accordance with previous studies [29,30] where the formation 
of copper rich precipitates of the order of 10–20 nm within the 
martensitic matrix is known to cause variation in the mechanical 
properties without noticeable changes in the grain structure. 

An average line surface roughness prior to erosion testing of each 
condition is calculated from roughness measurements along 20 sampling 
lines for each sample which was progressively ground to a 1200grit 
finish before taking the surface measurements. The average surface 
roughness of the samples is found to be consistent at about 0.012 µm 
with a standard deviation of 0.002 µm. This also demonstrates the 
consistency of the surface preparation process. Similar surface rough
ness among the samples is ascertained as different surface roughness 
may change the erosion incubation time for the same impact conditions 
[32]. 

In the absence of observable microstructural changes and surface 
roughness variations among the studied conditions of the 17–4 PH, any 
difference in the erosion performance can only be attributed to the 
variation in the mechanical properties. This the motivation of this study 
and was not taken into consideration in previous investigations. 

2.3. Evaluation of mechanical properties 

The mechanical properties in this work are assessed principally 
through tensile and hardness test. 

2.3.1. Hardness test 
Surface microhardness of 17–4 PH stainless steel of each condition 

having a 1200 grit surface finish was measured prior to the erosion tests 
using microhardness testing machine (Mitutoyo MVK-H1). A 500-gf load 
was applied for a duration of 15 s for each measurement. An average of 
ten readings was taken for each sample. 

2.3.2. Tensile test 
A universal testing machine (Instron-3382) was used to carry out 

tensile tests. Tensile dog-bone specimens were first machined according 
to the ASTM E8/E8M standard [33] in Condition-A. Some of the speci
mens were then heat treated to H925 and H1025 conditions. The sam
ples were pulled at a crosshead speed of 1 mm/minute which amounts to 
a strain rate of about 0.003/minute. Two samples were tested at each 
condition to ascertain the repeatability of the results. Stress-strain curve 
for each condition is constructed, where the elastic modulus, 0.2% yield 
strength, tensile strength, elastic resilience, and strain hardening expo
nent are obtained. Elastic resilience is calculated by measuring the area 
under the elastic region of the engineering stress versus engineering 
strain curves whereas the strain hardening exponent and strength co
efficient are calculated using Hollomon’s equation, as reported in the 
literature for this material [34,35]. 

2.4. Water droplet erosion tests 

Water droplet erosion tests were carried out on an advanced erosion 
test rig at Concordia University, Montreal, Canada, in accordance with 
the ASTM G73 standard [36]. A schematic of the water droplet erosion 
rig is shown in Fig. 2(a). The rig consists of an 18-inch rotating disc on 
which a pair of sample holders is mounted. The disc is placed horizon
tally in an air-tight chamber, where a vacuum pressure of 30–50 mbar is 
attained. The vacuum reduces the air friction and eventual rise in the 
temperature of the test chamber, which could lead to droplet evapora
tion. Rotational speeds of up to 20,000 rpm which corresponds to a 
linear impact speed of about 500 m/s can be achieved on this rig. Water 
droplets are introduced to the test chamber through a nozzle that is 
placed immediately above the surface of the test sample. 

The 17–4 PH samples in each condition were machined to the test 
coupon shape and the test surface of each was finished using a 1200 grit 
SiC paper. The coupons are mounted on the sample holder as shown in 
Fig. 2(b). The sample-holder is then fixed on the disc of the erosion test 

Fig. 1. SEM micrographs of the test conditions (a) Condition-A, (b) H925 and (c) H1025.  

Fig. 2. (a) schematic of erosion test rig and (b) components of the sample 
holder assembly. 
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rig. The disc is driven by an air turbine. After the desired speed (test 
impact velocity) is achieved, water droplets (having an average size of 
460 µm and a droplet count of 6 per the sample width of 8 mm each 
rotation upon impact [21,32]) are introduced through the nozzle. The 
droplets impact the surface of samples at 90◦ impact angle, which is the 
most severe impact angle for droplet erosion [37], where the erosion is 
more pronounced and hence making differences apparent. The erosion 
test parameters used in this study are summarized in Table 1. 

The erosion test is periodically interrupted to track the erosion mass 
loss as it progresses with time. Samples are weighed after each cycle of 
testing on a balance with ± 0.0001 g accuracy. The measured mass loss 
and exposure time are used to plot the cumulative mass loss versus 
exposure time curve (i.e. erosion curve) for each test. Two important 
erosion responses are then extracted from the erosion curve; (i) the in
cubation period, which indicates the exposure duration needed to start 
the mass loss, and (ii) the steady-state maximum erosion rate, which is 
represented by the linear portion of the erosion curve. 

Two identical 17–4 PH samples in Condition-A were initially tested 
to examine the consistency of the tested materials and the repeatability 
of the erosion results. These initial tests were done at two impact ve
locities: 250 and 300 m/s. The difference in mass loss after 40 and 
250 min of exposure to droplet impact, for respective impact velocity, as 
well as the difference in the steady-state maximum erosion rate were 
evaluated. The uncertainty ranges for 250 and 300 m/s are summarized 
in Table 2. It can be seen from Table 2 that the maximum difference in 
the mass loss is found to be about 2 and 1.1 mg at 250 and 300 m/s, 
respectively. The difference in maximum erosion rate was found to be 
about 0.05 mg/min at each speed. Moreover, the erosion curves were 
observed to be repeatable and this demonstrates the uniformity in 
conditions and hence making the erosion performance of samples 
comparable. The relationship between the observed mechanical attri
butes and strain hardening and WDE performance in terms of incubation 
period and erosion rate is then studied. 

3. Results 

3.1. Mechanical properties 

3.1.1. Microhardness 
The average Vickers microhardness of 17–4 PH stainless steel for 

each condition along with the standard deviation are shown in Table 3. 
Condition-A is the softest among the three with 321 HV0.5. The aged 
conditions of H925 and H1025 have relatively high and moderate sur
face hardness values of 401 and 347 HV0.5, respectively. The micro
hardness values of each condition are close to the ones reported in the 
literature [29–31]. It is to be noted that the peak hardness of 17–4 PH 
can be achieved at aging temperature of about 480ºC [30]. As such, 
condition H925 -being close to the optimum aging treatment- has the 
greatest hardness. The lower hardness of H1025 compared to H925 
could indicate overaging, which is known to reduce the mechanical 
properties of the 17–4 PH [29,30]. 

3.1.2. Tensile properties 
Table 4 shows the tensile properties obtained for the solution treated 

condition-A, and H925 and H1025 aged conditions from their 

engineering stress-strain curves. It can be noticed that the modulus of 
elasticity (E) is about 195 GPa for both H925 and H1025 aged condi
tions, whereas Condition-A has a slightly lower value at 187 GPa. This is 
consistent with Rack et al. [35] results. Moreover, Condition-A has the 
lowest yield and tensile strengths, which upon aging to H925 results in 
the highest yield and tensile strengths among the three conditions. 
H1025 has a relatively intermediate yield and tensile strength. Elastic 
resilience and strain hardening exponent (n) have also been evaluated 
for the three conditions of the 17–4 PH steel. The Elastic resilience 
(which depends on the yield strength and the elastic modulus of the 
material) is found to be 3.35, 6.68 and 5.65 MJ/m3 for Condition-A, 
H925 and H1025, respectively. The strain hardening exponent (n) of 
Condition-A is the highest among the three conditions at about 0.15 and 
that of H1025 is the lowest at about 0.02. H925 condition has an in
termediate n-value of about 0.06. As discussed in the introduction, 
elastic resilience and strain hardening exponent will be used in the 
analysis of erosion results along with the yield strength of each condi
tion. Strength coefficient is used to plot the ideal true stress versus true 
strain curves as shown in shown in Fig. 3. 

True stress-strain curves are plotted for the three conditions of the 
17–4 PH using the Hollomon’s equation. These curves will be used to 
interpret the results of the erosion performance. Relevant to analyzing 
erosion results, is the fracture strength of the materials (last point in 
each curve). It can be observed from Fig. 3 that the fracture strength of 
Condition-A is higher than that of H1025, even though Condition-A has 
lower yield strength value. This is due the high strain hardening expo
nent value of Condition-A. Condition H925 has the highest fracture 
strength. 

3.2. Erosion performance 

The erosion curves of Condition-A versus H925 and Condition-A 
versus H1025 at impact speed of 250 m/s are shown in Fig. 4 and  
Fig. 5. Incubation time is estimated from the erosion curve by extending 
the maximum erosion rate to the ordinate intersection. Condition-A 
resisted erosion only for about 50 min of WDE exposure in each case, 
whereas the incubation period was, respectively, about 160 and 75 min 
long for H925 and H1025. The maximum erosion rate is found to be the 
same, considering the uncertainty range (Table 2), at about 0.1 mg/min 
for each condition. A significant difference in the incubation times of 
H925 and Condition-A (3.2 times) is clearly visible. In contrast, the 
H1025 condition, despite clearly having greater yield strength and 
elastic resilience, exhibits a marginally longer incubation (1.5 times) 
compared to Condition-A. The macrographs in Fig. 6 show the test 
surface of each sample, which appear to be consistent with the obser
vations from erosion curves. 

The erosion curves of Condition-A versus H925 and H1025 at impact 
speed of 300 m/s are shown in Fig. 7 and Fig. 8. At 300 m/s, the incu
bation time is the same at about 15 min for Condition-A and H1025, 
whereas H925 has a greater incubation time of about 21 min. The 

Table 1 
Erosion test parameters.  

Parameters Variants 

Linear impact speed (m/s) 250, 300 
Average droplet size (µm) 460 
Impact angle (◦) 90 
Test chamber pressure (mbar) 30–50 
Initial waterline pressure (psi) 30 
Waterline pressure during test (psi) 1 
Flow rate (liters/min) 0.05  

Table 2 
Uncertainty range in mass loss and erosion rate.  

Impact speed (m/s) Mass loss accuracy range Erosion rate accuracy range 

250 ±2.0 mg ±0.05 mg/min 
300 ±1.1 mg ±0.05 mg/min  

Table 3 
Vickers micro-hardness of 17–4 PH stainless steel.  

Condition Average micro-hardness (HV0.5) Standard deviation 

Condition-A  321  5.4 
H925  401  5.7 
H1025  347  4.0  
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maximum erosion rate is about 0.333 mg/min for H925 (Fig. 7), 
0.5 mg/min for Condition-A and 0.433 mg/min for H1025 (Fig. 8). The 
observed results are in accordance with the appearance and evolution of 
craters seen in the macrographs of Condition-A versus H925 (Fig. 9(a)) 
and Condition-A versus H1025 (Fig. 9(b)). 

The incubation time, number of impingements corresponding to in
cubation time and the maximum erosion rate for each condition are 

summarized in Table 5. It is to be noted that the same exposure time 
results in different number of droplet impingements for WDE tests 
conducted at different impact speeds. This difference arises due to the 
different rotational speeds that are used to achieve the desired impact 
speeds. The number of droplet impingements over a period can be 
calculated from exposure time using Eq. (1), where the average number 
of droplet impingements per rotation is 6 droplets per the width of the 

Table 4 
Tensile properties of 17–4 PH stainless steel in each condition.  

Sample condition Young’s modulus 
(GPa) 

0.2% offset Yield strength 
(MPa) 

Tensile strength 
(MPa) 

Strain hardening exponent ‘n′ Elastic resilience 
(MJ/m3) 

Strength Coefficient ‘K′ (MPa) 

Condition-A  187  830  1056  0.15  3.35  1940 
H925  195  1257  1324  0.06  6.68  1757 
H1025  196  1133  1153  0.02  5.65  1292  

Fig. 3. Ideal true stress versus true strain curves of 17–4 PH stainless steel in 
each condition. 

Fig. 4. Erosion curves of Condition-A versus H925 at impact speed of 250 m/s.  

Fig. 5. Erosion curves of Condition-A versus H1025 at impact speed of 
250 m/s. 

Fig. 6. Macrographs of erosion samples in (a) Condition-A vs H925 and (b) 
Condition-A vs H1025 tested at impact speed of 250 m/s. 

Fig. 7. Erosion curves of Condition-A versus H925 at impact speed of 300 m/s.  
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sample (i.e. 8 mm as discussed in the Section 2.4); WDE test speeds of 
250 and 300 m/s are achieved at 10,000 and 12,000 RPM respectively; 
and the exposure time is in minutes. 

Number of droplets
(
Ndrop

)
= Ndrop/rotation × RPM × time (1) 

The influence of impact speed on erosion is well established in the 
literature [12,38]. The acceleration of erosion with increase in impact 
speed is due to increase in the number of impacts, impact pressures, 
lateral jetting speeds and the kinetic energy, which are all proportional 
to impact speed [12]. What is interesting in this work, is the change in 
the materials’ response (in particular the steady-state maximum erosion 
rate) with the impact speed. Given the uncertainty range, the three 
conditions of the 17–4 PH steel have nearly identical maximum erosion 
rate when tested at an impact speed of 250 m/s. However, the variation 
in the maximum erosion rate between the three conditions becomes 
appreciable as the impact speed is increased to 300 m/s. This may 
indicate a change in erosion damage mechanism with the impact speed 
at this stage of erosion damage. 

4. Discussion 

The effect of strain hardening exponent as well as the role of me
chanical properties (such as hardness, yield and tensile strength, and 
elastic resilience) on the erosion behavior of the three 17–4 PH condi
tions are discussed in this section. Prior to that, mechanics of damage 
accumulation during the incubation period are explained in terms of the 
true stress-strain curves. This explanation is put forward only to help 
understand and interpret the role of mechanical properties in the erosion 
process. 

Fig. 10 shows the true stress-strain curves of the three tested condi
tions of the 17–4 PH, where the yield and fracture points are high
lighted. Points A, J and P are the unstrained yield points, whereas F, O, 
and V are the fracture points of Condition-A, H1025 and H925 respec
tively. Two important assumptions are made in the present work 
regarding the impact strain and the accumulation of damage during the 
incubation period. The first assumption is that, for plastic strain to 
buildup in the material (and to eventually cause fracture), the portion of 
droplet impact energy transferred to the material must exceed the elastic 
resilience of the material in the impact affected region at every impact 
cycle. In other words, if the transferred impact energy is less than the 
elastic resilience, plastic deformation (and hence erosion) is avoided, 
and threshold condition prevails. This is supported by the results of 
Ibrahim and Medraj [8]. The second assumption is that the incubation 
period is terminated (and the mass loss begins) when the accumulated 
plastic strain due to cyclic impact exceeds the fracture strain of the 
material. Underlining this assumption is the idea that the yield point 
continuously shifts towards the fracture point by certain magnitude at 
every single impact due to work hardening. As such, the cyclic time (i.e. 
cumulative impact energy) needed to reach the fracture point is equiv
alent to the incubation time. The two assumptions (and hence the 

Fig. 8. Erosion curves of Condition-A versus H1025 at impact speed of 
300 m/s. 

Fig. 9. Macrographs of erosion samples in (a) Condition-A vs H925 and (b) 
Condition-A vs H1025 tested at impact speed of 300 m/s. 

Table 5 
Summary of incubation time and maximum erosion rate at 250 and 300 m/s.  

Test 
speed 

Condition Incubation 
time (minutes) 

Number of 
impingements 
x103 

Maximum 
erosion rate 
(mg/min) 

250 m/ 
s 

Condition- 
A  

50  3000  0.107 

H925  160  9600  0.105 
H1025  75  4500  0.112 

300 m/ 
s 

Condition- 
A  

15  1080  0.5 

H925  21  1512  0.333 
H1025  15.5  1116  0.433  

Fig. 10. Schematic explaining the progression of yield point due to strain 
hardening in each condition of the 17–4 PH stainless steel. 
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current damage hypothesis) are limited to the end of the incubation 
period. This is because, as the erosion starts, other factors come into play 
such as erosion pit and crater shape and dimensions [11]. It is therefore 
difficult to make such analysis after the start of erosion. 

Admittedly, the proposed hypothesis for the incubation period does 
not take into consideration other phenomena such as crack initiation 
and propagation and how they lead to material’s removal. It also relies 
on bulk-static properties rather than localized-dynamic properties, 
which are more representative to the mechanics of water droplet impact. 
However, in the absence of a comprehensive theory of damage accu
mulation, this idealization is reasonable in so far as the role of me
chanical properties are to be investigated. In the light of this hypothesis, 
the role of strain hardening and mechanical properties on the erosion 
process are explored in the ensuing discussion. 

4.1. The role of strain hardening 

Based on the preceding discussion, the strain hardening exponent (n) 
can be seen as the main material parameter controlling the damage 
accumulation process in water droplet erosion. This can be based on two 
grounds. Firstly, reaching the fracture point in the true stress-strain 
curve (which represents the end of incubation period) depends on the 
initial yield point and strain hardening exponent (n) of the material. 
That is, having high strain hardening exponent results in high fracture 
strength and hence, longer incubation period. This is evidenced by the 
observed similarities between the incubation periods of Condition-A and 
H1025. Although the H1025 condition has significantly larger yield 
strength compared to Condition-A, they both have very similar fracture 
strength due to the high strain hardening exponent of Condition-A. This 
has resulted in almost identical incubation time when both conditions 
are tested at 300 m/s. Therefore, higher strain hardening exponent re
sults in longer incubation period due to its role in the rate at which the 
fracture strength is reached. 

Secondly, strain hardening exponent influences the length of the 
incubation period by controlling the cyclic increase in the hardness and 
yield strength (and the associated elastic resilience) and hence, the rate 
of damage accumulation. This is because it has been shown that hard
ness and yield strength of metals increase with exposure to droplet im
pacts [22]. In other words, every droplet impingement on the surface 
induces plastic strain in the material, and therefore causes the yield 
point (i.e. yield strength and strain) to shift towards the fracture point by 
certain magnitude. For instance, the yield points in Fig. 10 could pro
gressively shift respectively from point A to point B, from J to K, and 
from P to Q in Condition-A, H1025 and H925 after N cycles (which 
corresponds to a shift in the true strain values such as x, y, and z for 
Condition-A, H1025 and H925). Also, as the yield point moves, the 
elastic resilience at points B, K and Q is greater than that at points A, J 
and P respectively in Fig. 10. As such, the erosion resistance to each N 
cycles of droplet impacts is greater than that during the preceding N 
cycles by the virtue of increased yield strength and elastic resilience. The 
strain developed is progressively reduced until failure at a rate governed 
by the n-value of the condition. In other words, it is the strain hardening 
exponent that governs the continuous progression of yield point, and 
therefore, controls the rate of erosion damage accumulation. This can be 
supported by the present results. With Condition-A (n = 0.15) as refer
ence, H1025 (n = 0.02) has greater yield strength, which is known to 
increase erosion resistance from the literature, but the erosion perfor
mance is similar and the reason is that a lower strain hardening expo
nent of H1025 leads to lower gains in erosion resistance from work 
hardening due to droplet impacts. On the other hand, we have 
Condition-A (n = 0.15) as reference against H925 (n = 0.06), which has 
greater yield strength compared to both Condition-A and H1025 (but the 
yield strength of H925 is relatively closer to that of H1025). The erosion 
performance of H925 is expected to be better than both Condition-A and 
H1025. Although this is the case, the ‘significantly’ better performance 
of H925 can be explained by its greater yield strength along with its 

relatively moderate strain hardening capability. 
Based on the above analysis, it can be concluded that having greater 

strain hardening exponent is beneficial to erosion resistance of metals. 
The greater strain hardening exponent not only results in high fracture 
strength, but also in higher cyclic yield and elastic resilience, which is 
conducive to slower rates of impact damage accumulation. This analysis 
may however not be valid for the cases of already strained materials (e.g. 
mechanically treated surfaces). This is because, as proposed in [20,27], 
surface treatments introduce a certain amount of cold working in the 
material that later results in faster embrittlement and erosion failure. It 
is expected in such cases that lower strain hardening exponent is 
conducive to slower rate of damage accumulation and hence longer 
incubation period. Investigating of the role strain hardening in erosion 
performance of pre-strained materials is a subject of an ongoing inves
tigation by the present authors. 

4.2. The influence of mechanical properties on erosion performance 

Although it has been concluded before [2,15,39] that mechanical 
properties could not -individually- explain the erosion resistance of 
materials, the potential roles of yield strength, elastic resilience and 
hardness on the incubation period are discussed in this section. To help 
visualize the results, the radar chart shown in Fig. 11 is constructed, 
where the incubation time for the two test speeds (250 and 300 m/s) is 
plotted against the mechanical properties of the different conditions of 
the 17–4 PH steel. Fig. 11 indicates that the incubation time increase 
with yield strength and hardness. However, disproportional relationship 
is clearly observed between the erosion response and the mechanical 
properties. For instance, the difference in the yield strength between 
Condition-A and H925 is only slightly larger than that of Condition-A 
and H1025. However, the incubation time of H1025 is very close to 
that of Condition-A at both impact speeds, whereas the incubation time 
of H925 is significantly longer than that of Condition-A and H1025. The 
yield strength is reported to play a fundamental role at impact speeds 
below the threshold condition of the material [8,23] as it could control 
the plastic deformation, or the lack thereof, of the impacted layer. 
However, as the end of incubation period necessitates the formation of 
cracks and localized fracture, bulk yield strength can no longer single
handedly justify the variation in the incubation time between the three 
conditions of the 17–4 PH steel. The same can be said for the elastic 
resilience since its value depends on the yield strength and the elastic 
modulus. It should be remembered that the value of yield strength and 
elastic resilience of the impact affected region continuously change 
(with every impingement cycle) during the incubation period according 
to the stain hardening exponent of the material. As such, their influence 

Fig. 11. Radar chart showing mechanical properties and incubation time at 
250 and 300 m/s. 
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on erosion response cannot be quantitatively assessed irrespective of the 
strain hardening behavior of the material. 

As opposed to the yield strength and elastic resilience, the relation
ship between initial surface microhardness and incubation time exhibits 
a nearly linear proportionality. That is, Condition-A has a slightly lower 
hardness compared to that of H1025 (Table 3), while the hardness of 
H925 is markedly higher than the other two conditions. This is in line 
with the length of the incubation period of the three conditions. Unlike 
the strength of the bulk material, hardness controls localized surface 
deformation. As such, it may be more representative to the surface’s 
resistance to droplet impingements compared to the yield strength and 
elastic resilience. According to [15,40] hardness is usually a good index 
to erosion resistance when the same alloy or very similar alloys are 
tested at different hardness levels. However, erosion resistance of 
different alloys at the same hardness level may vary by an order of 
magnitude [40]. Moreover, studies [8,22] have shown that surface 
hardness continuously changes with cyclic impact during the incubation 
period due to hardening. This suggests that similar to strength proper
ties, the influence of hardness on the erosion response of the material 
cannot be accurately studied in isolation from localized hardening 
behavior. Therefore, it can be confirmed that intrinsic mechanical 
properties cannot individually account for the erosion resistance, and 
synergistic combination of properties is needed. It is the suggestion of 
the present work that such combination must include a stain hardening 
parameter. 

5. Conclusions 

In this work, the role of strain hardening in the initial stages of 
erosion is investigated by studying the erosion performance of 17–4 PH 
stainless steel in annealed, H925 and H1025 conditions. The samples 
were tested at impact speeds of 250 and 300 m/s with an average 
droplet size of 460 µm. In addition to strain hardening exponent, the 
influence of yield strength, elastic resilience, and hardness on erosion 
performance is also analyzed. It has been concluded that: 

1. At an impact speed of 250 m/s, H1025 has a small difference in in
cubation time with respect to Condition-A, whereas condition H925 
has a significantly longer incubation time. However, at an impact 
speed of 300 m/s, Condition-A and H1025 have a similar erosion 
incubation period while H925 has only a slightly improved erosion 
performance.  

2. No change in the maximum erosion rate is observed at 250 m/s 
impact speed while a slight change in maximum erosion rate is 
observed at 300 m/s.  

3. The different erosion performance of the 17–4 PH steel in the three 
studied conditions is due mainly to the variation in their mechanical 
properties as the microstructure is similar for these conditions.  

4. The strain hardening exponent is found to play an important role in 
the erosion performance of the 17–4 PH stainless steel. 

5. Hardness and tensile properties such as yield strength, elastic resil
ience, and fracture strength of each condition synergistically influ
ence the erosion incubation time. Strain hardening exponent is a 
significant factor in this synergy, because the strain hardening 
exponent influences the rate of cyclic change in hardness and yield 
strength due to droplet impacts. 
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