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Effect of wet shot peening on Ti−6Al−4V alloy treated by ceramic beads 
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Abstract: Ti−6Al−4V alloy was processed by wet shot peening with ceramic beads. The effects of the shot peened intensity on the 
microstructure, surface morphology, and residual stress were investigated. A tensile−tensile fatigue test was performed and the 
fracture mechanism was proposed. The results demonstrate that the surface roughness after wet shot peening is obviously lower than 
that after dry shot peening. With the increase of the shot peened intensity, the depth of the residual stress layer increases to 250 μm, 
and the maximum stress in this layer increases to −895 MPa. The fatigue strength also increases by 12.4% because of the wet shot 
peening treatment. The dislocation density of the surface layer is significantly enhanced after the wet shot peening with ceramic 
beads. The microstructure of the surface layer is obviously refined into ultra-fine grains. 
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1 Introduction 
 

Titanium and titanium alloys are widely used in the 
aerospace and marine industries because of their 
excellent properties, such as high specific strength, 
stability at mid-temperature, non-magnetism, and 
excellent corrosion resistance. However, the further 
development of titanium alloys is limited by their low 
hardness, poor abrasion resistance, and low fatigue 
strength [1]. Ti−6Al−4V alloy is one of the most widely 
used alloys and accounts for approximately 60% of all 
titanium alloy products. The fracture of titanium alloy 
components is mainly caused by fatigue, so improving 
their fatigue strength is important. 

As a conventional strengthening process, dry shot 
peening has favorable effects on improving fatigue 
strength [2], hardness [3], fretting fatigue resistance  
[4,5], and abrasion resistance [6,7]. With the 
development of science and technology, some new 
methods have made progress, such as laser shot peening 
[8], ultrasonic shot peening [9], and high-pressure water 
shot peening [10]. The wet shot peening with ceramics is 
a newly developed surface-strengthening technology. 
Compared with dry shot peening, wet shot peening 

ensures the use of ceramic beads placed in liquids 
containing a certain amount of corrosion inhibitors. A 
liquid film is formed on the component surface, which 
effectively reduces friction and cools the surface. 
Ceramic beads are widely considered to be conducive to 
energy conservation and environmental protection 
because of their high intensity, toughness, hardness, good 
surface finish, and high productivity. SAKODA and 
TOSHA [11] reported that the fatigue strength of the 
medium carbon steel was improved by 20% after wet 
shot peening. But the wet shot peening of Ti−6Al−4V 
alloy using ceramic beads has not yet been reported. In 
the present work, the emphasis is given on the effects of 
different shot peened intensities on the microstructure 
and properties of Ti−6Al−4V alloy. 
 
2 Experimental 
 

The shot peening processes were performed on a 
JY−120WB blasting machine using a compound of 
Al2O3 ceramic beads and water. The main parameters of 
wet shot peening are given in Table 1. The material used 
in this study was Ti−6Al−4V alloy, which was received 
in an annealed condition and consisted of equiaxed 
grains with an average grain size of 10 μm (Fig. 1). 
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Table 1 Different parameters of wet shot peening 

Case No. Pressure/MPa Time/s Coverage/% Intensity/mm

1 0.3 21 100 0.145 

2 0.4 17 100 0.231 

3 0.5 13 100 0.364 

 

 

Fig. 1 SEM image of initial Ti−6Al−4V alloy 
 

Transmission electron microscope (TEM; PHILIPS 
CM200) was used to observe the grain shape and 
microstructural anisotropy. Samples for TEM were cut 
into slices and mechanically polished to a thickness of 50 
μm. The samples were subjected to twin-jet 
electropolishing with a liquor containing 5% perchloric 
acid+95% alcohol, and then thinned by LGB−1 ion 
milling. 

The surface roughness was measured by a 
three-dimensional non-contact optical profilometer 
(ZYGO Newview 5022). For each sample, the surface 
roughness was measured at three different locations in 
the center. Afterwards, the surface roughness values at 
different locations were averaged to represent the 
arithmetic-mean value (Ra) of the surface roughness. 

The residual stress was analyzed using an X-ray 
diffraction stress analyzer (X−350A) in conjunction with 
material removal layer-by-layer by electro-chemical 
polishing. A Cu Kα X-ray source was used at a tube 
voltage of 22 kV and current of 6 mA, within a scan 
range of 136°−146°. The diffraction lattice plane (213) 
was examined to investigate the residual stress. The 
stress constant is −277 MPa. 

Fatigue tests were conducted under constant load 
control using a servo-hydraulic testing machine operated 
at a stress ratio of 0.1 and a frequency of 20 Hz in the 
laboratory air at ambient temperature. The fatigue cycle 
limit of the testing was set to be 107 cycles. The 
configuration and dimension of specimens for fatigue 
testing are shown in Fig. 2. 
 
3 Results and discussion 
 
3.1 XRD analysis 

The XRD patterns of Ti−6Al−4V alloys before and 

after shot peening under different pressures are shown in 
Fig. 3. The diffraction peaks of the samples widen after 
shot peening because of the grain refinement on the 
surface layer. The peaks shift to a slightly lower angle, 
which indicates the existence of residual compressive 
stress induced by micro-strain. The widening and 
shifting of the diffraction peaks become more obvious 
with increasing the shot peened intensity. After shot 
peening, the peak intensity ratio of (100) to (101) 
remarkably changes, which represents the grain 
orientation changing from (100) to (101). 
 

 
Fig. 2 Dimension of Ti−6Al−4V alloy specimens used for 
fatigue testing (unit: mm) 
 

 
Fig. 3 XRD patterns of samples before and after shot peening 
under different pressures 
 
3.2 TEM analysis 

Figure 4 shows the TEM images beneath 25 μm of 
the treated surface under different pressures. Figure 4(a) 
illustrates that the intense elastic−plastic deformation 
occurs on the surface after repeatedly striking with the 
wet ceramic beads. A large number of dislocations also 
generate. As the dislocation glide proceeds, the 
dislocations tend to run into one another, pile up in front 
of obstacles, form a dislocation tangle, and then some 
irregular dislocation cells/sub-grains form (arrows in  
Fig. 4(a)). These dislocation cells/sub-grains consist of 
relatively dislocation-free regions surrounded by walls 
composed of dense tangles of dislocations. 

Figure 4(b) shows significant grain refinement 
obtained after shot peening under 0.3 MPa. The average 
size of equiaxed grains is less than 100 nm. The 
diffraction pattern changes into a ring, which reveals that 
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Fig. 4 TEM images of shot peened samples under different pressures: (a, b) 0.3 MPa; (c) 0.4 MPa; (d) 0.5 MPa 
 
some grains and sub-grains with random orientation 
disparity coexist in the selected area. The grain 
refinement is attributed to the dislocation slipping as well 
as the formation of twins and twin−twin intersections. As 
plastic deformation continues, dislocations increase, slip, 
and accumulate, which leads to internal stress. When the 
stress reaches the critical resolved shear stress for 
mechanical twins, mono-system twins are formed. With 
increasing deformation, a twin−twin intersection of 
multi-systems gives rise to grain refinement [12,13]. The 
degree of plastic deformation and lattice distortion 
increases according to the increase in shot peened 
intensity. Consequently, the refined degree of grains 
increases and the diffraction ring becomes more intense 
(Figs. 4(c) and (d)). The sample surface is inclined to 
form ultra-fine grains after wet shot peening by ceramic 
beads. The interfacial bonding between the fine-grained 
layer and substrate is also fairly tight and difficult to 
separate. Therefore, wet shot peening is beneficial to the 
enhancement of the wear resistance and fatigue strength 
of Ti−6Al−4V alloy. 
 
3.3 EBSD analysis 

The misorientation of the low-angle boundary is 
characterized by values of 0°−15°. The length and 

density of the low-angle boundary calculated by EBSD 
analysis technology can quantitatively reflect the 
microcosmic deformation [14]. Figure 5(a) shows that 
the interface characteristics of samples are mainly high- 
angle boundaries. After shot peening under 0.3 MPa, the 
low-angle boundary length on the surface layer increases 
relatively to the matrix area, which indicates that 
microcosmic deformation occurs in surface structure. 
With increasing the shot peening intensity, the length and 
density of the low-angle boundary increase; the same 
phenomenon occurs in the matrix area (Figs. 5(b)−(d)). 
The increasing low-angle boundary (banded structure, 
dislocation tangle, etc.) prevents dislocation from 
slipping and thus improves the fatigue strength of 
materials [15]. 
 
3.4 Surface roughness analysis 

The shot peened surface is more uneven than the 
untreated surface, and the surface roughness increases 
with increasing shot peening intensity. The arithmetic- 
mean values (Ra) of the un-peened and shot peened 
samples under different intensities are about 0.35, 0.48, 
0.64, and 0.8 μm, which are all lower than those obtained 
by JIANG et al [16] and TSUJI et al [1] using dry shot 
peening (1.3 and 1.75 μm, respectively). By contrast, wet  
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Fig. 5 Grain orientation maps of shot peened samples under different pressures: (a) 0.3 MPa; (b) 0.4 MPa; (c) 0.5 MPa; (d) Statistical 
graph of orientation 
 
shot peening can yield preferable surface quality. 

The increased surface roughness can make the 
compression stress layer thinner. It can also lead to the 
generation of tension stress on the sample surface, which 
hinders the improvement of fatigue resistance. Therefore, 
the surface roughness of the shot peened target should be 
as low as possible [16]. In this study, wet shot peening 
inflicted minor damage but exerted protective effects on 
the surface because of the lubrication and buffering of 
water, low breaking rate, and high roundness of the 
ceramic beads. Consequently, the stress concentration 
induced by low surface roughness decreases relatively to 
the dry shot peening, which is beneficial to the 
enhancement of the fatigue strength. 
 
3.5 Residual stress analysis 

The results indicate that the residual compressive 
stress fields exist on the surface of un-peened and shot 
peened specimens. Figure 6 shows the distribution of 
residual stresses beneath the surface under different 
conditions. Compared with the un-peened sample, the 
shot peened samples have much deeper compressive 
residual stress fields. The value of residual stress is 
higher than that of an untreated sample, and the 

  
Fig. 6 Curves of residual stress distribution in wet shot peened 
samples 
 
maximum appears in the surface layer. The residual 
stress and the depth of stress field increase with 
increasing shot peened intensity. The maximum 
compressive residual stress is −895 MPa, and the 
maximum depth of the residual stress field is 
approximately 250 μm beneath the shot peened surface. 

The surface residual stress is induced by the non- 
uniform elastic−plastic deformation and lattice distortion 
caused by the bombardment of ceramic balls against the 
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component surface. The actual distribution of residual 
stress results from the competition of two processes, 
namely, hertz dynamic pressure and direct plastic 
extension [17,18]. For dry shot peening with a cast steel 
shot [17], the hertz dynamic pressure is dominant and 
plastic deformation is weak on the material surface when 
the steel shots bombard relatively hard materials. 
However, high shear stress appears in the sub-surface 
and plastic deformation also occurs in this region. 
Therefore, the maximum residual compressive stress is 
in the sub-surface layer. However, the ceramic bead 
(HV860) used in this experiment is sufficiently harder 
than Ti−6Al−4V alloy (HV330) to induce plastic 
deformation. The kinetic energy of the ceramic bead is 
less than that of the steel shot at the same speed, along 
with the lubrication and buffering of water. For these 
reasons, the maximum residual stress occurs in the 
surface layer where a large amount of plastic 
deformation exists. This attributes the greatest advantage 
of wet shot peening in improving fatigue strength 
because the fatigue crack source often initiates in the 
feeblest position, namely, the surface layer. Therefore, 
the critical stress of crack initiation significantly 
increases. 
 
3.6 Fatigue strength analysis 

The fatigue strength is affected by the surface 
hardness, roughness, compressive stress, and 
microstructure. The formation of residual compressive 
stress, increased hardness, and refinement of surface 
microstructure positively affect the fatigue strength, 
whereas increased roughness has an opposite effect. 
However, the effect of slightly increased surface 
roughness induced by wet shot peening is less than that 
of the residual compressive stress. A comparison of the 
stress−cycle number fatigue behavior of Ti−6Al−4V 
specimen before and after shot peening is shown in   
Fig. 7. The tensile fatigue limit improves from 605 MPa 
 

 
Fig. 7 Stress−cycle number (Nf) curves for Ti−6Al−4V alloy 
before and after shot peening 

to 680 MPa by 12.4% after treatment. Therefore, wet 
shot peening with ceramic beads is an effective method 
of improving the fatigue strength of Ti−6Al−4V alloy. 

Figure 8(a) shows the SEM image showing fatigue 
fracture surface of the sample without shot peening, 
which consists of a fatigue crack source, a fatigue crack 
propagation region, and a fatigue fracture region. Fatigue 
cracks always initiate (or nucleate) on the surface of a 
component where dislocations slip more easily than on 
the sub-surface. Some microcracks (such as mechanical 
scratches) or metallurgical defects produced during 
processing also lead to crack initiation on the material 
surface. Two independent crack initiation sites are shown 
in Fig. 8(a). The crack source is related to the state and 
stress. On the other hand, the crack source of the shot 
peened sample (Fig. 8(b)) is located in the interior region 
beneath the surface and exhibits obvious radial striations. 
GAO [19] demonstrated that shot peening can lead to the 
formation of compressive stress and effectively reduce 
the tensile stress in the surface layer. Accordingly, the 
initiation site of fatigue crack shifts from the surface to 
the sub-surface and changes from multiple to single. The 
residual compressive stress can effectively reduce the 
tensile stress of an alternating load on the surface layer. 
Thus, the engineering stress of crack nucleation is 
heightened, which means that the fatigue strength can be 
enhanced by the residual compression stress. Evidently, 
wet shot peening is very effective in enhancing the 
fatigue strength of Ti−6Al−4V alloy. 

The crack propagation region of the fatigue fracture 
surface in Fig. 8(c) presents parallel groove pattern− 
fatigue striation. As the most typical microscopic 
characteristic, each striation perpendicular to the 
direction of crack propagation is believed to represent 
the advanced distance of the crack front during a single 
load cycle. Generally, the crack more rapidly propagates 
and the fatigue striation widens with reduced material 
strength. Many microcracks and secondary cracks also 
exist in the propagation region. The fatigue microcracks 
caused by uneven local slipping and microscopic 
cracking grow into macrocracks. The structure of 
numerous spherical dimples in the rapid fracture region 
(Fig. 8(d)) is characteristic of a microvoid aggregation 
fracture. 
 
4 Conclusions 
 

Severe plastic deformation is induced on the 
material surface by the wet shot peening using ceramic 
beads. The deformation results in high dislocation 
density, grain refinement, increased low-angle boundary, 
and formation of compressive stress. The residual stress 
and depth of stress field also increase with increasing 
shot peened intensity. The maximum compressive 
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Fig. 8 SEM images of fatigue fracture surface before and after shot peening: (a) Un peened; (b) Shot peened; (c) Crack propagation 
region; (d) Fatigue fracture region 
 
residual stress is −895 MPa, and the maximum depth of 
the residual stress field is about 250 μm. The surface 
roughness of the wet shot peened sample is an order of 
magnitude lower than that of the dry shot peened sample. 
A tensile−tensile fatigue test reveals that the fatigue 
strength increases by 12.4% from 605 MPa to 680 MPa. 
These results indicate that wet shot peening with ceramic 
beads has favorable effects on the improvement of the 
fatigue property of Ti−6Al−4V alloy. 
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摘  要：采用新型陶瓷湿喷丸强化工艺对 Ti−6Al−4V 合金进行表面处理，研究不同喷丸强度对 Ti−6Al−4V 合金

微观组织、形貌及残余应力的影响，并通过拉−拉疲劳试验验证陶瓷湿喷丸的强化效果，分析喷丸前后的断裂机

理。结果表明：湿喷丸后的表面粗糙度较干喷丸的低，表面粗糙度、残余应力和应力场深度均随着喷丸强度的增

加而增加，最大残余应力达−895 MPa，压应力层深度约为 250 μm；拉−拉疲劳极限比初始的提高了 12.4%。微观

组织分析表明，喷丸处理后合金的表层位错密度显著增大，晶粒细化，表面形成超细晶。 

关键词：Ti−6Al−4V 合金；湿喷丸；微观组织；残余应力；疲劳性能 
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