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Abstract
Erosion wear resistance and impact-induced phase transformation of titanium alloys TA2 (pure Ti), TC4 (Ti–6Al–4V) and 
TC11 (Ti–6.5Al–3.5Mo–1.5Zr–0.3Si) were investigated using a slurry jet tester. The slurry erosion wear resistance of TA2 
is comparable to that of 304 stainless steel, especially at the impingement angle 90°. Although TC4 and TC11 have higher 
hardness, TA2 possesses the best erosion wear resistance except TC11 at 15°. With the increasing erosion time, the eroded 
surface hardness of TC11 at the impingement angle 90° increases and then decreases, while the volume loss rate drops in the 
first 15 min, then increases until 30 min, and then slightly decreases again. With XRD characterization and SEM observation, 
erosion-induced phase transformation from metastable β-phase to α-phase is proved on the surface of titanium alloy TC11. 
And the thickness of visible phase transformation layer is about 10 μm. Phase transformation influences the erosive wear 
mechanism of titanium alloys. At the impingement angle of 30°, the material removal of TC4 and TC11 can be described 
as micro-plowing and lip extruding, while plowing mark is not a typical surface morphology of TA2, indicating a better 
work-harden ability. So, stabilizing β-phase can be an effective way to improve the erosion wear resistance of titanium alloys.
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1  Introduction

Titanium and its alloys, because of their excellent strength-
to-weight ratio, excellent corrosion resistance, and biocom-
patibility, are widely used in aerospace, automotive, power 
plant, maritime, and many other industries [1–3]. They are 
also used in marine and offshore applications as tube and 
shell heat exchangers, steam condensers, valves, pumps, and 
pipelines [3–5]. However, the wider use of titanium and its 
alloys is frequently retarded by their reputation for poor tri-
bological behavior [4]. Aircraft, rockets, and other aeronau-
tical engines are often subjected to severe erosion situations 
from sands, rains, or other solid particles in space [6]. And 
the blades made of titanium alloys used for turbochargers, 
air and hydraulic pumps, turbines and impellers, etc., are 
exposed to wear, mainly by erosion or cavitation erosion 

[1]. In order to improve erosion resistance, different surface 
treatments were applied to titanium and its alloys, such as 
surface nitridation [1], laser surface treatment [7, 8], shot 
peening and multi-arc ion plating [9], physical vapor deposi-
tion (PVD) [10], and chemical vapor deposition (CVD) [11]. 
However, despite growing use of titanium and its alloys in 
marine and offshore applications, there are only a few inves-
tigations on their slurry erosion wear.

As we all know, slurry erosion wear is caused by a stream 
of a slurry mixture of solid particles in a liquid, usually 
water, and results in material damages and losses. The 
effects of slurry erosion parameters, such as impingement 
angle, impacting velocity, and corrosive medium, were 
investigated, as well as the hardness, microstructure, and 
composition of titanium alloys. Impacting velocity is the 
most significant controlling factor influencing the solid par-
ticle erosion wear of Ti–6Al–4V alloy followed by impact 
angle, microstructural variation, and size of erodent [12]. 
Reducing the impingement angle increases the weight loss 
of the Ti–6Al–4V [1]. The erosion rate of TC4 (Ti–6Al–4V) 
at 90° impinged angle is lower than that at 30° impinged 
angle [13]. Finite element analysis was used to model the 
erosion behavior in abrasive waterjet machining for Grade 
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5 titanium alloy (Ti–6Al–4V), and the result indicates a sig-
nificant variation of crater geometry for the impact of up 
to the first 17 particles, depending on impacting velocity 
and angle [14]. Corrosive medium is normally beneficial 
to improve the erosion resistance of titanium under a low 
impacting velocity. The combination of erosion and salt 
spray corrosion reduces the erosion rate of TC4 [13]. And 
CP-Ti has negligible weight loss which was more than one 
order of magnitude lower than that of stainless steels AISI 
304L and 316L in a solution containing 10 wt% HCl [15]. 
The microstructure and the hardness significantly affect the 
erosion resistance of the alloy. An improvement in hard-
ness favors a high erosion resistance [8], and the resistance 
increases in order with increasing hardness [16]. The micro-
structural features of Ti–6Al–4V influence the development 
of damage, with grain boundaries exhibiting lower resistance 
to damage than grains themselves [17]. The lamellar micro-
structure of Ti–6Al–4V alloy has excellent erosion resist-
ance, followed by bimodal and equiaxed microstructures 
[12]. As for the alloy composition, the titanium alloys (Ti 
5111, Ti–6Al–4V ELI, Ti–6Al–4V ELI/Ru) are believed to 
have greater erosion–corrosion resistance than CP-Ti [18]. 
However, the former literature is still not enough to obtain 
a clear understanding of the slurry erosion wear of titanium 
and its alloys. Moreover, some of the conclusions from dif-
ferent kinds of literature are contradictory. For example, ero-
sion resistance of Ti–6Al–4V increased surprisingly when 
the hardness decreased for the lower amount of precipitated 
β-phase during aging in the α + β region [19].

On the other hand, titanium and its alloys possess com-
parable erosion resistance. TC4 with low hardness and 
good toughness exhibits much better erosion resistance 
than 1Cr11Ni2W2MoV steel [13]. The material loss rate 
for Ti–6Al–4V is significantly lower than for 4340 steel and 
silicon bronze in seawater–sand slurries [20]. The annealed 
Ti–6Al–4V titanium alloy shows resistance to the cavitation 
erosion of approximately 2.3–3.4 times higher than that of 
the considered standard steels (i.e., 41Cr4 alloyed steel and 
X5CrNi13-4 stainless steel) [21]. The solid particle erosion 
rate on carbon fiber–epoxy composite was 1.5 times of that 
on pure titanium at impingement angle 15° and increased 
to 5 times at impact angle 90° [22]. However, in another 

case, titanium (ASTM Grade 2) showed slightly higher mass 
loss than stainless steel 316L [23]. So, further research work 
needs to be done to confirm the erosion behavior and the 
erosion resistance of titanium and its alloys.

In this paper, slurry erosion was studied for pure titanium 
and various titanium alloy samples using a jet erosion test-
ing machine. Commercial pure titanium TA2, the most used 
biphasic titanium alloy TC4, and high-hardness titanium 
alloy TC11 were selected as target materials. Not only the 
impacting angle but also the duration times were studied for 
the slurry erosion wear of titanium and its alloys. In particu-
lar, the deformation-induced microstructure evolution was 
paid more attention in this work.

2 � Experimental

2.1 � Materials

Three typical titanium and its alloys TA2 (pure titanium), TC4 
(Ti–6Al–4V), and TC11 (Ti–6.5Al–3.5Mo–1.5Zr–0.3Si) 
were used in this work. And AISI 304 stainless steel was 
also used for comparison. Table 1 presents the chemical 
compositions [24] of the test materials together with their 
hardness and densities. All of the as-received samples were 
cut into 10 mm × 10 mm × 10 mm size for the slurry erosive 
wear test.

2.2 � Microstructural Characterization

Metallographic specimens were prepared by the stand-
ard mechanical polishing method. And a mixture solu-
tion of HF/HNO3/H2O with a ratio of 2:1:17 was used 
as the etching agent. Macrostructure and microstructure 
of the three sections were examined by Jiangnan XJG-
05 horizontal optical microscope (OM) and Hitachi 
S-3400N scanning electron microscope (SEM). And the 
surface morphologies of the eroded samples were also 
observed using SEM. For the phase identification, X-ray 
diffraction (XRD) measurements of TC11 samples were 
made before and after slurry erosion with a Rigaku D/
max 2500 PC using Cu Kα radiation. Vickers hardness 

Table 1   Chemical compositions, hardness, and densities of the test materials

Materials Chemical compositions [24] Hardness (HV) Density (g/cm3)

TA2 C ≤ 0.08, Fe ≤ 0.30, H ≤ 0.015, N ≤ 0.030, O ≤ 0.250, other total ≤ 0.40, balanced Ti 215.5 4.51
TC4 5.50 ≤ Al ≤ 6.75, 3.5 ≤ V≤4.5, C ≤ 0.08, Fe ≤ 0.30, H ≤ 0.015, N ≤ 0.050, O ≤ 0.200, other 

total ≤ 0.40, balanced Ti
354.0 4.43

TC11 5.8 ≤ Al ≤ 7.0, 2.8 ≤ Mo ≤ 3.8, 0.8 ≤ Zr ≤ 2.0, 0.20 ≤ Si ≤ 0.35, C ≤ 0.08, Fe ≤ 0.25, H ≤ 0.012, 
N ≤ 0.050, O ≤ 0.150, other total ≤ 0.40, balanced Ti

365.3 4.48

304 SS 8.0 ≤ Ni ≤ 10.5, 18.0 ≤ Cr ≤ 20.0, C ≤ 0.08, Mn ≤ 2.0, P ≤ 0.045, Si ≤ 0.030, balanced Fe 204.8 7.93
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measurements were made on a standard micro-hardness 
tester (HXD-1000TMC, China) at 100 g load and 15 s 
loading duration.

2.3 � Slurry Erosion Testing

Prior to the erosion test, in order to assure an average surface 
roughness (Ra) below 0.1 μm, the specimens were ground 
progressively down to the 1000 grade SiC grinding paper 
and finished by mechanical polishing with 2.5-μm diamond 
grinding paste. The samples were ultrasonically cleaned in 
acetone, air-dried in desiccators, and then weighed using an 
electronic microbalance with an accuracy of 0.1 mg before 
and after erosion tests. Slurry erosion tests were performed 
in a jet erosion testing machine with a slurry flow composed 
of water and 15 ± 1 wt% of SiO2 particles (350–600 μm) 
at an impact velocity of 15 m s−1, as shown in our previ-
ous work [25]. The morphology of sand particles was also 
presented in Ref. [25]. After slurry erosion, the mass loss 
was converted into volume loss based on the densities of the 
samples, as listed in Table 1. Each test was repeated at least 
three times; the average values were reported here.

3 � Results and Discussion

3.1 � Microstructural Characterization

Figure 1 shows the metallographs of as-received TA2, TC4, 
and TC11. It can be observed that TA2 is composed of sin-
gle α-phase, while the initial microstructures of TC4 and 
TC11 consist of α-phase and β-phase. The volume content 
of primary α-phase (white phase) is much more than that 
of β-phase in TC4 matrix, as shown in Fig. 1b. And the 
microstructure of TC11 is composed of interconnected equi-
axed primary α-grains and lamellar transformed β-grains, as 
shown in Fig. 1c.

3.2 � Effect of Impingement Angle

The weight loss of 304 SS is larger than that of titanium 
and its alloys at every impingement angle. The relation-
ships between the volume losses and impingement angles 
are illustrated for TA2, TC4, TC11, and 304 SS in Fig. 2. 
The curves of erosion rate versus impingement angle 
(Fig. 2) show the peak erosion rate that occurred at the 
impingement angle 30°, indicating ductile erosion behav-
ior for titanium and its alloys. Comparing the volume 
losses of both samples of TA2 and 304 SS (Fig. 2), the 
volume loss of TA2 was comparable to that of 304 SS at 
the impingement angles from 30° to 90°. In particular, 
TA2 shows better erosion wear resistance than 304 SS at 
90°. The volume losses of TC4 and TC11 were higher than 
that of TA2, except the volume losses of TC11 at 15° and 
60°. Because TC4 and TC11 have a higher hardness than 
that of TA2, as shown in Table 1, it is interesting that the 
erosion resistance decreased when the hardness increased. 

Fig. 1   Metallographs of as-received TA2, TC4, and TC11

Fig. 2   Volume losses of TA2, TC4, TC11, and 304 SS with various 
impingement angles after 30-min erosion
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Similar results are also found in the erosion wear resist-
ance of heat-treated Ti–6Al–4V alloy [19]. If TC4 is a 
typical plastic material for erosion, the volume loss of TC4 
at 45° is supposed to be higher than those at 30° or 60°. 
However, the experimental results show the volume loss 
at 45° is lower than at both of them. The possible reason 
could be related to the balance between work hardening 
and phase transformation, and further work needs to be 
done on this unusual phenomenon.

3.3 � Effect of Erosion Time

The volume losses of TC11 samples at the impingement 
angle 90° after different erosion time are listed in Table 2 
and shown in Fig. 3. As can be seen, the volume loss always 
increases with the duration time. But the volume loss per 
minute drops in the first 15 min, then increases until 30 min, 
and then decreases again. Normally, the erosive wear rate 
decreases with the duration time because impingement of 
solid particles causes deformation-induced work hardening. 
The increase in volume loss rate at about 25 min indicates a 
change in wear mechanism. The surface micro-hardness was 
detected for the corresponding TC11 samples that eroded 
at a different time, as shown in Fig. 4. It increases with the 
duration and has the highest value at 10 min, which corre-
sponds to the lowest volume loss rate. However, the hardness 
decreases after 10 min later, which suggests microstructure 
evolution or phase transformation during erosion.

3.4 � Phase Transformation

After 30-min erosion at 90°, the subsurface morphologies of 
TA2, TC4, and TC11 were observed via SEM, as shown in 
Fig. 5. It can be seen that the metallographic structure in a 
top surface layer of TA2 is distinctly denser and more refined 
compared with that of the matrix, indicating that severe 
plastic deformation occurs after erosion. The white phase 
(β-phase) disappears from the top layers of TC4 and TC11, 
suggesting a deformation-induced β to α phase transforma-
tion. Similarly, in the top layer of TC11 treated by ultrasonic 
impacting and rolling process (UIRP), the volume content 
of primary α-phase is more than that of β-phase in matrix 
[26]. Moreover, the thickness of visible plastic deformation 
and phase transformation layer is about 10 μm.

XRD patterns of TC11 that eroded after different time 
were obtained for an evidence of phase transformation, 
as shown in Fig. 6. Clearly, TC11 is composed of α and β 
phases. At the first 2-min erosion, the XRD pattern presents 
no evident difference with the original sample, indicating 
only deformation-induced work hardening in this initial 
stage. After longer erosion duration, the peaks correspond-
ing to β-phase gradually faded away, as shown in Fig. 6, and 
almost disappeared after 20-min erosion. Semiquantitative 
XRD analysis [27] was used to estimate the quantities of 
β-phase, and the relative volume fraction of β-phase in the 
TC11 surface is 24, 20, 16, 13, and 12% at the erosion time 

Table 2   Mass loss, volume 
wear loss, and surface hardness 
of TC11 with the various 
erosion time

Erosion time (min) 0 2 5 10 20 30 40 50 60

Mass loss (mg) / 0.2 0.2 0.3 0.6 1.2 1.5 1.7 1.9
Volume loss rate (mm3 min−1) / 2.25 0.90 0.67 0.67 0.89 0.84 0.76 0.71
Surface hardness (HV) 365.3 412.6 440.8 455.9 412.9 401.0 392.0 380.8 382.1

Fig. 3   Plots of the volume loss and the volume loss rate of TC11 
samples as a function of duration at the impingement angle 90°

Fig. 4   Surface micro-hardness of TC11 as a function of duration dur-
ing erosion at the impingement angle 90°
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of 0, 2, 5, 20, and 40 min, respectively. Therefore, erosion-
induced phase transformation from metastable β-phase to 
α-phase is proved on the surface of titanium alloy. Further-
more, without hard β-phase, the surface hardness decreases 
(Fig. 4) and the volume loss rate increases (Fig. 3).

With Figs. 3, 4, 5, and 6, the interrelation between the 
erosion time and the variations of the volume loss rate and 
the surface hardness can be understood from the views 
of work hardening and phase transformation. At the first 
15 min, because of work hardening, the surface hardness 
increases and the volume loss rate decreases. From 15 to 
30 min, because of deformation-induced β to α phase trans-
formation, the surface hardness decreases and the volume 
loss rate increases. After 30 min, the phase transformation 
of the retained β phase continues, which is confirmed by the 
decreasing diffraction peak intensity of β(110). Meanwhile, 
the impact-induced grain refinement of α phase, which is 
proved by the broadening of X-ray diffraction peaks, causes 
the enhancement of strength and toughness. And it is ben-
eficial to improve the erosion wear resistance. The complex 

effect of phase transformation and grain refinement results in 
the slight decreases in the surface hardness and the volume 
loss rate.

3.5 � Erosion Mechanism

Surface morphologies of slurry eroded TA2, TC4, and 
TC11 samples are shown in Fig. 7. At the impingement 
angle of 30°, the material removal of TC4 can be described 
as a micro-plowing process, as shown in Fig. 7b. Shorter 
grooves present in the eroded surface of TC11 and platelets 
and extruding lips increase, as shown in Fig. 7c. The differ-
ence between the two surface morphologies is reasonable 
for a higher hardness of TC11. However, multiple overlap-
ping impacts with the formation of grooves and platelets 
present in the TA2 surface, while plowing mark is not a 
typical surface morphology of TA2, as shown in Fig. 7a. It 
is corresponding to the lower mass loss although its hard-
ness is the lowest. This phenomenon indicates TA2 has a 
better work-harden ability without the phase transforma-
tion of β-phase. Another reason could be attributed to the 
lower elastic modulus of TA2, which is a favor to absorb the 
impact energy of solid particles. Similar experimental results 
were also observed that the lower amount of precipitated 
β-phase during aging in the α + β region causes low hard-
ness, but increases erosion resistance [19]. At the impinge-
ment angle of 90°, the surface morphologies of TA2, TC4, 
and TC11 are similar. And the craters, micro-cutting, and a 
few brittle fractures are typical morphologies of the eroded 
surface of titanium and its alloys.

4 � Conclusions

Erosion wear resistance and surface microstructure evolution 
of TA2, TC4, and TC11 were investigated using the slurry 
jet tester. Within the limit tests of this study, the following 
conclusions can be drawn:

Fig. 5   Cross-sectional images for the subsurfaces of TA2, TC4, and TC11 after 30-min erosion at 90°

Fig. 6   XRD patterns of the eroded TC11 surface with various erosion 
times
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1.	 The erosion wear resistance of TA2 is close to that of 
304 SS at the impingement angles from 30° to 90°. 
Except for TC11 at 15°, TA2 possesses better erosion 
wear resistance than TC4 and TC11, though they have 
higher hardness.

2.	 With XRD characterization and SEM observation, 
erosion-induced phase transformation from metastable 
β-phase to α-phase is proved on the surface of titanium 
alloy. And the thickness of visible plastic deformation 
and phase transformation layer is about 10 μm.

3.	 Phase transformation influences the hardness and the 
wear resistance of titanium alloys. With the increasing 
erosion time, the eroded surface hardness of TC11 at the 
impingement angle 90° increases and then decreases, 
while the volume loss rate drops in the first 15 min, then 
increases until 30 min, and then slightly decreases again.

4.	 Phase transformation influences the erosive wear mecha-
nism of titanium alloys. At the impingement angle of 
30°, the material removal of titanium alloys can be 
described as a process of micro-plowing and lip extrud-
ing, while plowing mark is not a typical surface mor-
phology of TA2, indicating a better work-harden ability.
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