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A B S T R A C T   

The present work investigates the role of surface hardening and roughening on the damage accumulation during 
the incubation period in water droplet erosion (WDE). Water droplet erosion tests were carried out on Ti–6Al–4V 
alloy at an impact velocity of 250 m/s. The evolution of hardness and surface roughness during the incubation 
period were evaluated using microhardness tester and Confocal Laser Scanning Microscope (CLSM). Scanning 
Electron Microscopy (SEM) was conducted on the impact area at several intervals during the incubation period. 
Finite Element (FE) simulations were performed to obtain the impact stresses on both smooth and rough surfaces. 
It was found that the solid surface plastically deforms by the action of the initial impingements, and as a result, 
hardness and surface roughness increase progressively until the end of the incubation period. The cyclic increase 
in hardness results in gradual improvement in the erosion strength, making the surface more resistant to the 
subsequent droplet impacts. However, the finite element results revealed that the dynamic surface roughening 
process results in higher impact stresses for the same impact pressure due to geometrical stress concentration. It 
is concluded that the increase in impact stresses resulting from surface roughening negates the improvement in 
the erosion resistance due to hardening. Hence, cyclic hardening and roughening are crucial parameters in the 
damage accumulation process during the incubation period.   

1. Introduction 

The gradual loss of material due to repetitive high-speed impinge-
ment of water droplets has been a major reliability concern in several 
power generation components, such as steam turbines [1,2], compressor 
of gas turbines [3], aero-engine fans [4], and wind turbine blades [5]. 
The phenomenon is synonymously referred to as Water Droplet Erosion 
(WDE) [6], Liquid Impingement Erosion (LIE) [7], Leading Edge Erosion 
(LEE) [8], or Rain Erosion (RE) [9]. WDE damage appears in form of 
surface pitting that eventually results in imbalance and vibration of 
rotating components, such as the compressor in gas turbines and the 
blades of the low pressure stage of steam turbines [5]. As such, under-
standing the mechanics of WDE damage and predicting its occurrence 
have been the focus of several recent investigations [1,3,4,6,10–16]. 

The mechanics of WDE have traditionally been studied under two 
main tasks; (i) understanding the action of a single impact and (ii) the 
accumulation of damage due to repetitive impacts. Generally, the 
collision of a single water drop on a solid surface is a complex dynamic 
process that involves two main closely phased actions [17,18]; a 

pressure build-up phase characterized by a peak value (i.e. loading 
phase), and pressure release phase featured by high velocity lateral 
outflow as the drop collapses onto the surface (i.e. unloading phase). 
Both phases are thought to induce stresses in the material. That is, water 
hammer pressure acts as a direct impact loading parameter that prop-
agates stress waves into the solid and shape its stress and strain fields. 
Whereas the lateral outflow can potentially exert shear stress on surface 
irregularities [7,19]. Repetitive impacts on the same area are usually 
needed to initiate erosion damage, in a way analogous to fatigue [7]. 
Experimental studies of repetitive WDE have shown that WDE is a 
time-dependent phenomenon that, with the continuous exposure to 
droplet impacts, exhibits a nonlinear progression of damage (i.e., 
different erosion rates at different time intervals [20]). For most of bulk 
materials, the product of this time dependency is a well-known erosion 
curve that consists of five different stages of erosion, each has a different 
erosion rate. Details about the erosion curve and its stages are discussed 
in Refs. [20,21]. The present work focuses on the first stage which is 
commonly known as the incubation period. During this period, the re-
petitive droplet impacts do not - yet - produce any measurable material 
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loss. Rather, impact stresses are being accumulated in the material, and 
only a slight change of surface roughness is observed [17]. The incu-
bation period ends when the stresses have accumulated to a point where 
further droplet impacts result in local fracture of the material. The 
fracture is usually observed in the form of small erosion pits and/or the 
beginning of mass loss from the surface. 

The incubation period has been the subject of several investigations 
[3,22,23] due to the fact that its length largely determines the inherent 
resistance of the solid surface to water droplet erosion (i.e., erosion 
strength of the material). Several mechanisms have been proposed to 
explain the accumulation of damage and the sequence of microscopic 
events leading to the end of the incubation period. Fatigue, for example, 
received considerable attention as the principal underlying mechanism 
responsible for erosion damage accumulation [24,25]. This is mainly 
due to the repetitive nature of the WDE loading, and the resemblance 
between the threshold impact velocity (i.e. below which erosion is not 
likely to occur) and the concept of endurance limit [26]. Incubation 
prediction models entirely based on fatigue have been developed [23, 
25]. However, some researchers argued that fatigue might not be a 
dominant mechanism in water droplet erosion. For example, Adler’s 
earlier work [17] pointed out, after a closer look at the microstructural 
damage caused by erosion in metals, that fatigue plays only a secondary 
role in WDE damage, if any. He suspected that initial impacts are 
responsible for topological changes in the surface while the damage is 
caused mainly by lateral jetting and hydraulic penetration. Additionally, 
fatigue-based models reported in Refs. [23,25] were found to result in 
very high prediction errors when used to reproduce the experimental 
incubation period data from the literature [26]. 

Accumulation of plastic strain leading to fracture of surface frag-
ments has been another hypothesis put forward to explain the course of 
events during the incubation period. For example, after microscopic 
observations, Rieger [27] postulated that ductile metals, as an initial 
response to repetitive droplet impingements, will experience plastic 
deformation and accumulate plastic strains. After a sufficient number of 
impingements, a state of deformation is reached, where the density and 
concentration of dislocations becomes very high. At these locations, the 
internal stresses exceed the fracture strength of the metal and cracks are 
formed. Material removal process is then thought of to be through 
extension and joining of these cracks. 

The plastic deformation due to droplet impact results in - and is 
usually evidenced by - the hardening of impact area. For instance, it was 
demonstrated in Refs. [26,28] that metals do strain harden by the action 
of droplet impact before signs of erosion are detected, where hardness 
was observed to increase until the end of the incubation period. 
Generally, the hardening process cyclically alters the mechanical prop-
erties of the surface, which in turn, control the surface response to 
subsequent impacts. The dynamic change in the surface properties and 
its role in the damage accumulation process have never been considered 
in predicting the incubation period. 

Another important factor - yet overlooked in the prediction of the 
incubation period - is the dynamic change in surface topology caused by 
the impingement process. Previous studies [15,29] investigated the in-
fluence of the initial (starting) surface roughness on the length of in-
cubation period. It was concluded [15] that pre-existing surface 
irregularities in rough surfaces result in shorter incubation periods 
compared to that of smooth surfaces. This is because a rough surface 
puts the material one-step ahead in the damage process by eliminating 
the roughening stage that constitutes an important part of the incuba-
tion period [29]. It is therefore equally important to study the evolution 
of roughness with time or exposure to droplet impingements and its role 
on the WDE process [30,31]. This is because different roughening pro-
files could alter the magnitude and distribution of the impact stress due 
to variation in stress concentration behavior. As such, the course of the 
incubation period could be significantly influenced by how the rough-
ness changes with the cyclic droplet impingement. 

The present work attempts to address the role of the change in 

surface condition (i.e., roughening and hardening) on the damage 
accumulation process during the incubation period. Experimental 
erosion test is carried out on Ti–6Al–4V, which exhibits impact hard-
ening behavior. Roughness and hardness profiles during the incubation 
period are evaluated. Finite element analysis is utilized to quantify the 
stress concentration due to the presence of surface irregularities. 

2. Experimental and numerical analysis 

2.1. Material 

The material selected for this work is the Ti–6Al–4V (ASTM B265, 
Grade 5) alloy. It is commonly used as a compressor blade material in 
gas turbines, and is the most studied metallic alloy for water droplet 
erosion purposes. Sheets of Ti–6Al–4V were received in their annealed 
condition from Titanium Industries Inc. (Montreal, Canada). The 
chemical composition of the Ti–6Al–4V alloy is outlined in Table 1, 
whereas the microstructure of the as-received Ti–6Al–4V samples is 
shown in Fig. 1. The microstructure consists of equiaxed α grains rep-
resenting the matrix of the alloy along with uniformly distributed β 
phase. Some of the basic properties of Ti–6Al–4V relevant to the present 
work are listed in Table 2. 

2.2. Erosion tests 

Rotating erosion test rig, shown in Fig. 2, was used to carry out water 
droplet erosion tests in accordance with ASTM G73 standard [21]. The 
rig consists of a disc rotating horizontally in a vacuum chamber. Samples 
are mounted on the periphery of the disc, and water droplets are injected 
through a nozzle located immediately above the sample. The impact 
velocity is considered as the linear speed of the rotating disc at the point 
of impact, which can be varied up to 500 m/s (20,000 rpm). 

Samples were cut into test coupons having the dimensions required 
for the water droplet erosion experiment. The test coupons were then 
mounted on sample holders (see the sample-holder assembly in 
Ref. [33]) and attached to the periphery of the rotating disc (as illus-
trated in Fig. 2). After attaining the desired rotational speed, water was 
introduced through the nozzle such that the surface of the coupons 
impacted the droplets at an angle of 90 ◦, as illustrated in Fig. 3. The test 
was interrupted at several intervals to examine the impacted area. At 
each time the test is interrupted, hardness and surface roughness were 
evaluated before the test is resumed. The test is finalized when the 
material reaches the end of the incubation period, which is indicated by 
the appearance of visible erosion pits. 

Test parameters used in this study are summarized in Table 3. The 
250 m/s impact velocity was chosen because it results in a relatively 
longer incubation period (>15min). This enables several interruptions 
(intervals) during the test, which helps in capturing the different 
microscopic events taking place during the incubation period. The 
nozzle used in the experiment generates water droplets of varying sizes 
that are usually represented by a normal distribution, as reported in 
Mahdipoor et al. [34]. The 600 μm represents the predominant droplet 
size in the distribution [34], and hence, used in this study to indicate the 
average droplet size. Furthermore, these droplets lies within the range of 
droplets impacting the blades of steam turbine and compressor in gas 
turbine [35,36], which are often made of Ti–6Al–4V. Hence, making the 
choice of droplet size relevant to real in-service impact conditions. 

2.3. Surface characterization 

Optical imaging was employed to macroscopically observe the pro-
gression of erosion damage during erosion tests. Macrographs of the 
impact area were obtained at each interruption interval. The impact area 
was also examined after certain test intervals during the incubation 
period using Scanning Electron Microscope (SEM, Hitachi S-3400 N). 
This was done to reveal and measure damage features on the surface as 
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well as to identify erosion damage mechanisms. 

2.4. Hardness measurement 

Measurement of surface hardness was carried out using Vickers 
hardness testing device (Mitutoyo MVK-H1). Load of 300 gf for a holding 

time of 15 s was utilized. An average of 10 readings was considered for 
each hardness data point. The initial hardness of the tested coupons was 
measured before the erosion test. Then, hardness of the impacted area 
was measured at several intervals to evaluate the hardening process that 
occurs during the incubation period due to droplet impingements. 

To avoid the influence of indentations on the droplet impact process, 
hardness at each erosion time was measured on different line on the 
sample. That is, a specific location on the sample was exposed to droplet 
impacts for 4 min, and then hardness was measured on that location. 
Then, a different location on the sample was exposed to continuous 8 

Table 1 
Chemical composition of the Ti–6Al–4V.  

Element Ti Al V Fe O C N H 

Content (wt.%) 87–91 5.5–6.75 3.5–4.5 ≤ 0.4 ≤ 0.2 ≤ 0.08 ≤ 0.05 ≤ 0.015  

Fig. 1. Microstructure of the as-received Ti–6Al–4V samples.  

Table 2 
Relevant properties of Ti–6Al–4V at room temperature [32].  

Property Value (unit) 

Density 4.43 (g/cm3) 
Speed of Sound 5072 (m/s) 
Poisson’s Ratio 0.323 
Modulus of Elasticity 114 (GPa) 
Yield Strength 880 (MPa) 
Tensile Strength 950 (MPa)  

Fig. 2. Erosion test rig at Concordia University.  

Fig. 3. Sample dimension and the impinged droplets.  

Table 3 
Erosion test parameters.  

Parameter Value 

Impact Velocity (m/s) 250 
Average Droplet Size (μm) 600 
Impact Angle (degrees) 90 
Impact Area (mm2) 6 
Number of impinged droplets per revolution 4  
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min of droplet impingements, then hardness was measured. The process 
was repeated for 12 min and 16 min. In this way, it was ensured that 
there is no contribution of hardness indentations on the course of the 
erosion damage, because new impact area is used after the hardness 
measurement is carried out. 

2.5. Roughness measurement 

Surface roughness was measured using Confocal Laser Scanning 
Microscope (CLSM, LEXT-OLS4000, Olympus). CLSM enables a non- 
destructive scanning of the 3D surface topography, which helps in 
assessing surface roughness of the tested samples at various intervals 
during the incubation period. The standard based on which roughness 
parameters are calculated using the confocal microscope is the ISO 4278 
standard. 

In this work, at every roughness measurement, the confocal micro-
scope was set to scan an area of 0.5 × 0.5 mm2, out of which, roughness 
parameters are calculated. Then, 10 scans were made for each impact 
line (i.e., erosion duration). The san area of 0.5 × 0.5 mm2 was selected 
because it is slightly smaller than the width of the impact area, which 
ensures that the change in roughness due to droplet impacts is captured. 
Important roughness parameters such as average surface roughness (Sa) 
and skewness (Ssk) were first evaluated for the polished samples before 
the erosion tests. Then, roughness measurements were performed after 
every WDE test interval, such that the evolution of surface roughness 
due to droplet impacts was quantified. The use of average surface 
roughness and skewness is favored due to their consistency in terms of 
trend seen in the variation of values between each interval during 
erosion tests [22]. 

2.6. Numerical analysis 

The numerical analysis of water droplet erosion in this work was 
done in two parts. The first part represents a fluid-solid interaction (FSI) 
framework that enables the evaluation of the spatial and temporal dis-
tribution of the impact pressure (water hammer pressure). In the second 
part of the analysis, Finite Element Method (FEM) is utilized to obtain 
the stress-strain field in the solid target that results from the impact 

pressure. These are detailed in the ensuing discussion. 

2.6.1. Spatiotemporal evolution of impact pressure 
A Fluid-Solid Interaction (FSI) framework (developed earlier in Refs. 

[37,38]) has been utilized in this work to obtain the spatiotemporal 
evolution of impact pressure. The framework consists of compressible 
Volume of Fluid (VOF) model with a two-dimensional axisymmetric 
geometry for spherical droplets. It utilizes the ideal gas model for the air 
and Tait’s Equation of State (EOS) for water. Full description as well as 
the validation of the model can be found in Refs. [37–41]. 

In the present work, the FSI model was employed to simulate the 
compressible impact of a 600 μm spherical water droplet impinging a 
flat rigid surface at a velocity of 250 m/s. The simulation was performed 
in OpenFoam® software. The obtained spatiotemporal evolution of the 
impact pressure corresponding to the simulated impact condition is 
illustrated in Fig. 4. 

2.6.2. Finite Element Analysis (FEA) 
The impact pressure obtained from the fluid simulation was im-

ported to the finite elements analysis software (ANSYS®) and used as 
time-step loading boundary condition on the surface of the Ti–6Al–4V 
sample. The sample (which is shown in Fig. 3) was modeled using the 2D 
cross section of the coupon (i.e., 8 mm by 3 mm) as illustrated in Fig. 5. 
Isotropic material properties of Ti–6Al–4V were applied to the 2D 
model. Then, two-dimensional quadrilateral mesh with a width of 20 μm 
(30 cells per diameter of the water droplet) was generated in ANSYS® 
Mechanical for transient structural modelling in Cartesian coordinate 
system, as shown in Fig. 6. The top 500-μm layer was meshed with 
square 20-μm elements and a growth rate of 1.015 was applied to the 
mesh along the depth, from the top surface toward the bottom surface, to 
reduce the number of total elements (=38000). A grid sensitivity anal-
ysis was performed to ensure that further grid refinement does not 
change the overall maximum stress in the plate. It is worth mentioning 
that the grid size used in the Computational Fluid Dynamics (CFD) 
simulations for this case was 1 μm, which is considered very fine. This 
was done to capture the compressible region in the fluid and the high- 
pressure emergence due to the ejection of the lateral jets. This re-
quires the imported pressure distribution to be mapped (20 CFD nodes 

Fig. 4. Spatiotemporal evolution of pressure for a compressible impact of a 600-μm spherical droplet impinging on a flat rigid surface at a velocity of 250 m/s.  
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on to 1 FEM node). As such, a mapping with profile preserving and 
triangulation weighting was applied while importing the pressure load. 

Since the length of the coupon (23.5 mm) is much larger than its 
thickness (3 mm), plane strain condition was applied to the z direction 
(assuming infinitely long solid bar). Deformation of the solid was set to 
the elastic mode that follows the Hooke’s law. The coupons are assumed 
to be at room temperature and the heat generated due to the impact is 
ignored. As such, all thermal stresses are neglected. The imported 
transient pressure distribution was applied on the top edge. The same 
impact pressure was applied at four equally-spaced locations on the 
model to represent the impact conditions of the erosion experiments (as 
described in Table 3 and Fig. 3). The bottom edge was set to zero 
displacement (since it is fixed to the coupon holder in the erosion rig). 
The left and right edges are not constrained and therefore free to deform. 
The Mechanical APDL solver was used, where Newton-Raphson method 
was employed for solving the nonlinear equations. Moderate speed dy-
namics with large deflection was enabled in the solver and an energy 
dissipation ratio of 10− 3 was selected. The stiffness coefficient was 
defined by direct input and both the stiffness and mass coefficients are 
set to 0. The convergence for force, moment and displacement are all 
controlled by the program automatically for better stabilization. The 
simulations were performed on a single processor of a local machine 
equipped with Intel® Core™ i7-6700 CPU @ 3.40 GHz with 16 GB 
installed RAM. The average computational time for each case was under 
1 h. 

Initially, the coupon was modeled as ideal solid material, free of 
defects and with a flat (smooth) surface. In addition to the flat surface, a 
series of simulations were performed on a surface containing uniform 
surface features, as shown in Fig. 7. This was done to simulate the 

influence of change in surface topology (i.e., presence of surface 
depression) on the magnitude of the impact stresses. In this regard, 9 
cases of uniformly distributed surface depression each having a rect-
angular shape have been considered. The dimension of the simulated 
depressions are listed in Table 4. The dimensions have been varied in 
such way that the influence of width and depth of surface roughness is 
studied. The size scale of the depression has been approximated from 
SEM micrographs taken at different intervals during the incubation 
period. 

Fig. 5. 2D model for finite element analysis.  

Fig. 6. Two-dimensional quadrilateral mesh used in FEM modelling.  

Fig. 7. Illustration of the surface depression; (a) model of uniform surface 
depression and (b) SEM micrographs of depression. 
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3. Results 

3.1. Erosion behavior and damage mechanisms 

Fig. 8 (a) shows the erosion curve of the tested Ti–6Al–4V alloy in 
which the cumulative material loss (in terms of mass loss in grams) is 
plotted against cumulative exposure duration (in terms of time in mi-
nutes). It is worth noting that the level of repeatability of the WDE tests 
has been established by Gujba et al. [42] where well-behaved erosion 
curves at 250 and 350 m/s were generated for Ti–6Al–4V. Images of the 
Ti–6Al–4V samples at different intervals during the erosion test are 
shown in Fig. 8 (b). The erosion line, representing the impacted area, can 
be seen in each image. The appearance of the line indicates that the 
material is still in the incubation period. The end of the incubation 
period in this work is considered as the time (or number of impacts) at 
which uniform erosion pitting appears on the impacted area. This also 
corresponds to a mass loss of 0.1 mg, which has historically been stan-
dardized as the criterion to mark the end of the incubation and was used 
in Refs. [3,15,33,34]. According to Fig. 8, the end of the incubation 
period occurs after 16 min of continuous exposure to droplets impacts. 

Fig. 9 shows SEM micrographs of the impact area at different in-
tervals during the incubation period of Ti–6Al–4V. The interaction be-
tween water droplets and Ti–6Al–4V surface leading to WDE damage at 
the end of the incubation period can be interpreted as follows. Initial 
droplet impacts (up to 4 min of exposure) seem to have little effects on 
the topography of surface of the alloy, where the surface remains rela-
tively smooth and unaffected. During this stage, the surface seems to 
absorb the kinetic energy of the impacting droplet and plastically de-
forms. The magnitude of plastic deformation at the early stage of erosion 
initiation can be deduced from surface hardening in the impact area. 
After 8 min of exposure, further droplet impingements result in in-
dentations on the surface, as shown in Fig. 9 (b). These indentations are 
often recognized in the erosion of ductile metals and commonly referred 
to as surface depressions [3,43,44]. The appearance of surface de-
pressions seems to be accompanied by networks of localized cracks. 
These cracks potentially stem from the deformation of the β phase 
causing its separation from the matrix of the Ti–6Al–4V alloy, as sug-
gested in Refs. [45,46]. These surface depressions cause an increase in 
the overall surface roughness of the alloy, which in turn influences the 
erosion process. 

As the end of the incubation period is approached, erosion pits 
develop on the surface of the alloy, as shown in Fig. 9 (c) and (d). 
Erosion pits may initiate from the coalescence of microvoids in the 
surface and intense cracking. Moreover, traces of tunneling process can 
be seen inside the erosion pits. This tunneling process accelerates 
erosion damage as large chunks of materials are removed from the inside 
and the periphery of the erosion pits, as shown in Fig. 9 (c). The 
tunneling process is enhanced by the brittle fracture of the β phase 
within the pits along with the increased formation of localized cracking 
within the grains, as can be supported by the work of Huang et al. [46]. 
As the exposure to droplet impacts continues, these tunnels deepen. The 
intense impact pressures within the tunnels seem to bend the overlying 
material at the edge of pits, resulting in material upheaval, as shown in 
Fig. 9 (d). Surface upheavals are likely to be removed or washed away by 
lateral jetting from subsequent impacts. Hence, the end of incubation 

Table 4 
Simulations performed in the finite element analysis.  

SIMULATION # DESCRIPTION WIDTH (μM) DEPTH (μM) 

1 Flat (smooth) surface 

2 Uniform surface depression (1) 10 10 
3 10 20 
4 10 30 

5 Uniform surface depression (2) 20 10 
6 20 20 
7 20 30 

8 Uniform surface depression (3) 30 10 
9 30 20 
10 30 30  

Fig. 8. Erosion Test on Ti–6Al–4V; (a) Erosion curve and (b) Optical images of the impacted area.  
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period (initiation of damage) can be seen as the combination of pitting 
and shearing of surface upheavals and irregularities (formed on the edge 
of erosion pits) by lateral jetting. 

3.2. Evolution of hardness and roughness during the incubation period 

In this work, the hardness (Hv) and average surface roughness (Sa, 
area roughness) of the initially polished sample were first evaluated. 
Then, hardness and average surface roughness were measured at 4 in-
tervals during the incubation stage of Ti–6Al–4V. The result is shown in 
Fig. 10. It can be seen from Fig. 10 that hardness increases almost lin-
early with the exposure to droplet impacts (i.e., linear hardening 
behavior). The percentage of hardness increase is approximately 15%. 
Hardening during incubation period stage has traditionally been 
attributed to the accumulation of plastic strain due to the deformation 
caused by droplet impact [17]. 

Fig. 10 also depicts how the average surface roughness changes 
simultaneously with hardness (i.e., roughening process) over the span of 
the incubation period. This increase in surface roughness comes from the 
interactions (i.e., the impact and spreading) of the droplets with the 
solid surface. It can be attributed also to the plastic deformation, which 
changes the topography of the impact area. Fig. 10 indicates that the 
magnitude of Sa increases only slightly during the first 8 min of exposure 
to droplet impacts. This is consistent with the microstructural observa-
tions in Fig. 9 and corresponds to the initial stages of the formation of 
crack networks and surface depression. Between 8 min and 12 min of 
exposure, a noticeable change in the average roughness occurs, possibly 
due to the increase in the formation of localized surface depressions and 
their distribution over the impact area. As the exposure to subsequent 
impacts continues after 12 min into the incubation period, the rate of 
surface roughening decreases. The overall increase in the average sur-
face roughness towards the end of the incubation period is more than 
50%. 

The change in skewness during the incubation period has also been 
measured to understand the nature of change in surface topography due 
to droplet impacts. The results are shown in Fig. 11. Skewness represents 
the deviation of the roughness profile from symmetry. A negative value 
of skewness indicates that the surface is made up mainly of valleys. It can 
be seen from Fig. 11 that skewness maintains a negative but close to zero 
value until 8 min of exposure to droplet impacts. After 8 min, the value 
of skewness decreases drastically, coinciding with the sharp increase in 
average surface roughness. This suggests that the valleys in roughness 
profile of the test sample increase in number and depth, which confirms 
the formation of uniformly distributed surface depressions during the 
initial stages of erosion. This is supported by the work of Mahdipoor 
et al. [47], where roughness profile including surface depressions is 
captured for TiAl using atomic force microscope (AFM). Interestingly, an 
inflection point in skewness is seen after 12 min of exposure, which 
indicates a sudden shift in the rate of change in valleys formation on the 
roughness profile. This could be an indication of widening of the surface 
depressions. 

The evolution of hardness and surface roughness parameters could 
not be accurately evaluated after the formation of uniform pitting on the 
surface. This is because the variation in the hardness, as well as the 

Fig. 9. SEM micrographs of impacted area at; (a) 8 min, (b) 12 min, (c) and (d) 16 min.  

Fig. 10. Change of hardness and average surface roughness during the incu-
bation period of Ti–6Al–4V tested at 250 m/s. 
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roughness parameters, is greatly affected by the surface discontinuities 
presented by the erosion pits, which results in a large discrepancy in the 
measured values. 

3.3. Numerical analysis of impact stresses 

In this work, finite element analysis is used to understand the in-
fluence of surface roughening on the incubation period. In particular, 
the aim was to investigate the effect of surface depression on impact 
stresses, and how this may influence the damage accumulation process. 
For demonstration, the temporal distributions of the maximum Von- 
Mises stresses in the substrate during the impact on a flat surface is 
shown in Fig. 12. It can be observed that the peak of the maximum stress 
occurs at the beginning of the impact process (∼ 2.5 × 10− 8 sec), which 
is the time corresponding to the peak impact pressure. Then the 
maximum stress in the substrate decreases rapidly after the peak value, 
which also follows the distribution of the impact pressure. This temporal 
distribution of the maximum stress is almost the same for all the 10 
simulated cases but the magnitude of the peak stress is different for each 
case. 

Due to its importance in damage initiation, the peak values of the 
maximum stress of the simulated cases - as described in Table 4 - are 
shown in Fig. 13. For comparison, the peak of the maximum stress 
resulting from the impact on flat surface (which is about 570 MPa) is 

shown as the red horizontal line. The bars represent the peak stress 
values of uniform depressions of varying depth for fixed width of 10, 20 
and 30 μm. It can be observed from Fig. 13 that the value of the peak 
stress is markedly higher in all the cases of surface containing de-
pressions compared to the smooth one. For instance, the lowest peak 
stress value for surface containing depressions having width of 10 μm, 
20 μm and 30 μm is about 1208 MPa, 1070 MPa and 984 MPa respec-
tively, all of them occurring when the depression depth is only 10 μm. 
This is approximately about 112%, 88% and 73% higher than the peak 
stress value in the smooth surface. It is to be mentioned that the impact 
process take place at high strain rate (up to 106 in some cases). The 
dynamic yield strength of the Ti–6Al–4V alloy at such high strain rate 
can be very high, which makes the reported finite element stresses 
relevant and representative. Moreover, values of the stresses in this work 
are used in qualitative manner and with the aim to analyze the role of 
the roughening process during the incubation period (rather than pre-
cisely predicting the failure of the material). More so, Gujba et al. [6] 
estimated the values of impact stress based on the critical impact pres-
sure by incorporating the shock wave velocity for rigid and elastic sur-
face at wide range of speeds (250 ms/to 350 m/s). They [6] estimated 
the impact stress at 250 m/s (which is the speed employed in this work) 
to be 658 MPa and comparing this stress value to the yield strength of 
Ti–6Al–4V (around 880 MPa), one could see that the material is still in 
the elastic range. 

The influence of the depression width and depth on the resulting 
value of peak stress can also be studied from Fig. 13. It can be seen from 
Fig. 13 that, for the same depression width, the peak stress value is 
proportional to the depth of the surface depression. On the other hand, 
the peak stress value decreases with the width of the depression (expect 
at 30 μm depth, where all peak stress for all widths have very close 
values, possibly due to plateauing of the stress concentration effect). 
This is consistent with the trend observed with stress concentration 
factor (Kt) for notches with flat bottoms in semi-infinite body subjected 
to tension [48]. 

4. Discussion 

4.1. Change of stresses due to roughening 

The present study aims to investigate the evolution of hardness and 
surface roughness and their influence on the damage process during the 
incubation period. As mentioned earlier, at the studied impact velocity 
of 250 m/s, the initial droplet impact causes plastic deformation on the 
surface of the Ti–6Al–4V alloy. As a result, hardness of the surface in-
creases by about 15% due to work hardening, as illustrated in Fig. 10. 
The increase in hardness is generally accompanied by an overall increase 
in erosion resistance of metallic alloys, as demonstrated in the work of 
Ahmad et al. [12]. If plastic strain accumulation mechanism is adopted 
to explain the damage accumulation during the incubation period 
(instead of the fatigue hypothesis [33]), this surface hardening entails 
that every impact cycle is required to cause slightly higher impact stress 
than the precedent impact cycle, such that the improved resistance can 
be overcome. That is, the magnitude of the impact stress should be 
progressively increasing during the incubation period in order to meet 
the progressive improvement in erosion resistance due to impact hard-
ening. However, as the impact velocity is constant (i.e., at 250 m/s), the 
incident impact pressure is fixed. Therefore, it is reasonable to assume 
that a source of stress magnification for the same impact pressure is 
needed to overcome this hardening-improved-erosion resistance of the 
surface. 

The magnification of impact stress could come directly from the 
roughening process, taking place simultaneously with the hardening. 
That is, besides hardening, the plastic deformation of the surface also 
results in drastic and continuous change in the surface topography. This 
is evidenced in the present work by the change in roughness parameters 
illustrated in Fig. 11 as well as the microscopic observation of the 

Fig. 11. Change in the average surface roughness and skewness during incu-
bation period of Ti–6Al–4V tested at 250 m/s. 

Fig. 12. Temporal distribution of the maximum equivalent (Von-Mises) stress 
for a compressible impact of four 600 μm spherical water droplets impinging at 
a velocity of 250 m/s on a flat surface. 
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formation of surface depressions (e.g., Fig. 9 (b)). Moreover, the finite 
element analysis presented in Fig. 13 showed that, for the same impact 
pressure, the peak value of the maximum impact stress for surfaces 
containing depressions is always higher than that of the smooth surface 
(i.e., 570 MPa). According to the simulated cases, the increase of impact 
stress due the presence of depressions can reach up to 2.5 times (i.e., ∼
1430 MPa) that of a smooth surface. This is mainly due to stress con-
centration caused by the presence of surface depressions. 

It is to be mentioned that the yield and tensile strength of Ti–6Al–4V 
are around 880 MPa and 950 MPa respectively (see Table 2). This in-
dicates that, at an impact velocity of 250 m/s, the impact pressure and 
the consequent stresses are not likely to cause plastic deformation on a 
perfectly smooth Ti–6Al–4V (i.e., threshold conditions). This is because, 
according to the finite element results, the maximum peak stress on a 
perfectly smooth Ti–6Al–4V surface is around 570 MPa, which is well 
below the static yield strength of the alloy. It follows that initial surface 
irregularities are also responsible for certain degrees of stress 
concentration. 

Furthermore, the finite element results showed that the magnitude of 
stress concentration changes significantly with the change in the 
depression size. According to Fig. 13, the peak stress is proportional to 
the depth of the depression. This is important because depressed regions 
are likely to deepen with further droplet impacts. This is supported by 
the work of Huang et al. [46], who studied the mechanisms of damage 
initiation in Ti–6Al–4V subjected to water droplet impact loading during 
waterjet erosion using SEM and atomic force microscope (AFM). It was 
argued [46] that lateral jetting results in preferential damage to grain 
boundary regions, which leads to the formation of damage features such 
as surface irregularities and microvoids. Then, hydraulic penetration 
into these damage features lead to their deepening. This can further be 
evidenced by the change in skewness observed in this work. As 
mentioned, the lower the value of skewness, the deeper the valleys in the 
roughness profile. Roughness measurement in this work revealed that 
the value of skewness decreases with the exposure to droplet impacts, as 
shown in Fig. 11. This means that, on average, the depressed regions are 
likely to deepen continuously. It follows that the magnitude of stress to 
which the surface is subjected increases with exposure duration due to 
the formation and deepening of surface depressions. This trend is likely 
to continue until several cracks and voids merge together to form large 

erosion pits and craters. From a failure point of view, the cyclic increase 
in the magnitude of the peak stress due to surface roughening overcomes 
the cyclic increase in erosion resistance due to work hardening. 

4.2. Periodic polishing to prevent roughness buildup 

To test this hypothesis an additional sample of Ti–6Al–4V was tested 
with the same test conditions listed in Table 3 against the reference 
sample showed in Fig. 8 (b). Both samples were polished with 1200 grit 
paper before the start of the erosion test. Then, the erosion test was 
interrupted every 4 min and one of the samples was exposed to surface 
roughness homogenization (or polishing) with 1200 grit to remove the 
accumulated roughening, in an attempt to restore the initial surface 
conditions. The other sample was kept as a reference sample without 
polishing. The mass lost during the polishing process was less than 
0.0004 g. Given the density of the Ti–6Al–4V being around 4.43 g/cm3, 
this results in a volume loss of around 0.09 mm3 and a maximum 
thickness loss of 3 μm over the entire surface of the sample (i.e., 8 mm ×
3 mm). In most of the cases of impact treated samples, the depth of the 
impact hardened layer is higher than 10 μm, as demonstrated by Child 
et al. [49] for shot peening treatment and by Gujba et al. [42] for ul-
trasonic nanocrystalline modification treatment. Hence, it can be said 
that the polishing is done in such a way that only the roughness is 
removed and not the hardened layer. 

Fig. 14 shows the impact area in the reference un-polished sample, 
the test sample before polishing, and the test sample after polishing. It 
can be seen from this figure that continuous polishing of the sample 
resulted in delaying the formation of erosion pits and resulted in a longer 
incubation period. This confirms that removing the rough layer from the 
impact area influences the stress accumulation process by eliminating 
the stress concentration due to the surface irregularities. This is the first 
time where such an experiment is done. 

It is noteworthy that regularly restoring the initial surface condition 
alone did not completely prevent the eventual erosion of the sample as a 
pit eventually formed after 16 min. This is interesting because it in-
dicates that, with slight help from the initial roughness, the direct 
impact pressure on the surface and the stress waves resulting from it can 
singlehandedly cause detectable material damage. It is possible that the 
stress waves may cause internal stresses beneath the surface that could 

Fig. 13. Change of peak stress with Surface Condition.  
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result in potential subsurface cracks. These cracks then accumulate into 
networks and lead to sudden appearance of erosion pits, as shown in 
Fig. 14 (b). The continuous polishing seems to eliminate or reduce the 
contribution of lateral jetting and stress concentration that would 
otherwise accelerate the damaging process. 

Although the present analysis of the impact stresses is qualitative in 
nature, it sheds light on the role of cyclic hardening and roughening on 
the damage accumulation process during the incubation period. These 
are important factors that have never been considered in the modelling 
and prediction of the incubation period [23,25,50]. That is, previous 
studies focused only on the initial roughness and hardness values 
without giving much attention to the way in which these parameters 
evolve with exposure to impingements. For instance, the work of Ruml 
et al. [51] represents the only model that considered the initial surface 
roughness (Ra) in the prediction of the incubation period. They [51] did 
not, however, discussed the evolution of roughness and its role in the 
damage process. 

It should be mentioned that the value of the peak stress and its 
evolution with surface depressions depend on the size of the impacting 
droplets [13]. Moreover, the evolution of surface depressions - caused by 
droplet impacts - can be viewed as a function of the mechanical prop-
erties of the surface. This is because depressed regions result from plastic 
deformation, which is governed by the mechanical properties and the 
way in which they change with exposure to impingements (i.e., hard-
ening). As such, it can be concluded that hardening and surface rough-
ening are crucial parameters that both need to be considered in 
predicting the duration of the incubation period. 

5. Conclusion 

In this work, the effect of hardening and surface roughening on 
damage accumulation during the incubation period of Ti–6Al–4V is 
studied. The main conclusions of this study are as follows:  

• Initial droplet impingements cause plastic deformation on the 
impacted metal. The plastic deformation results in a steady increase 
in surface hardness that reach up to 15% by the end of the incubation 
period. 

• The plastic deformation also results in formation of surface de-
pressions that gradually deepen with continuous exposure to droplet 
impingements, potentially through hydraulic penetration.  

• Finite element simulations of surface containing depressions of 
different size showed that the peak stress value is higher in rough 
surfaces compared to a flat one. The stress increases significantly 
with the depth of the depression.  

• Hardening due droplet impacts results in a dynamic improvement in 
erosion resistance of the surface. This improvement in erosion 
resistance is overcome by the concentration of impact stresses due to 
the roughening process.  

• Elimination of the roughening factor through intermittent polishing 
of the surface was found to increase the length of the incubation 
period by reducing the stress concentration. 
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