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Abstract: A modified surface layer was formed on Ti—6A1—4V alloy by wet peening treatment. The variations of the residual stress,
nano-hardness and microstructure of the modified layer with depth from surface were studied using X-ray diffraction analysis,
nano-indentation analysis, scanning electron microscopy and transmission electron microscopy observations. The results show that
both the compressive residual stress and hardness decrease with increasing depth, and the termination depths are 160 and 80 pum,
respectively. The microstructure observation indicates that within 80 pm, the compressive residual stress and the hardness are
enhanced by the co-action of the grain refinement strengthening and dislocation strengthening. Within 80-160 pum, the compressive
residual stress mainly derives from the dislocation strengthening. The strengthened layer in Ti—6Al-4V alloy after wet peening
treatment was quantitatively analyzed by a revised equation with respect to a relation between hardness and yield strength.
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1 Introduction

Ti—6A1-4V alloy is applied widely in acrospace and
biomedical industries because of its high specific
strength and low density [1]. The fatigue resistance of
Ti—6Al-4V alloy is a key factor in these applications.
Shot peening is a normal surface impact treatment that is
used to improve fatigue resistance [2,3]. Previous studies
have proposed various benefits of shot peening (SP)
method on fatigue performance, such as the compressive
residual stress, hardness and grain refinement [4—6].
Among these benefits, the formation of compressive
residual stress on the surface layer plays an important
role on fatigue property improvement, which retards the
nucleation of surface cracks and delays crack
propagation [7,8]. Thus, numerous studies have focused
on improving compressive residual stress of titanium
alloy by many impact methods. AMANOV et al [9]
applied the wultrasonic  nanocrystalline  surface
modification (UNSM) technique to commercially pure
titanium (CP Ti) (the yield stress, o,=275 MPa) and
Ti—6Al-4V (0,=970 MPa) alloy materials to improve
their compressive residual stress. In the research, the

highest compressive residual stress of CP Ti and
Ti—6Al-4V alloy reached up to —1279.4 and
—1142.7 MPa, respectively. In addition, LEE et al [10]
applied the cavitation shot peening (CSP) technique to
Ti-6Al-4V alloy (0,=930 MPa), and obtained a
compressive residual stress of —1000 MPa. In particular,
there is a phenomenon that compressive residual stress is
higher than yield stress, which has not been explained in
these reports. This phenomenon must be related to the
strengthening process of impact modified layer. However,
the detailed impact strengthening mechanism of titanium
alloy has been rarely discussed.

In the aspects of impact strengthening mechanism
investigation, TAO et al [11] investigated the grain
refinement mechanism of pure Fe by surface mechanical
attrition treatment method. The experimental results
indicated that the mechanism involved formation of
dense dislocation walls (DDWs) and dislocation tangles
(DTs), transformation of DDWs and DTs into
sub-boundaries, and evolution of sub-boundaries to grain
boundaries. Moreover, HOU et al [12] proposed a similar
microstructural evolution process for AZ91D magnesium
alloy induced by high-energy shot peening, and
considered that the refinement process consisted of the
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simultaneous co-actions of two mechanisms, namely,
dislocation slipping and dynamic recrystallization
operation. These mechanisms indicate that the
mechanical properties (e.g., yield stress) can be enhanced
during the impact process. By now, the strengthening
mechanisms have been put forward through numerous
experimental materials
qualitatively [13,14]. The quantitative analysis for the
variation of the mechanical property with depth has not
been conducted.

Compared with other SP methods, the wet peening
(WP) technique is more economical and produces less
amount of waste, and results in a lower surface
roughness owing to the protection provided by the water
film when processing the blade/disk components [6,15].
In the present paper, WP treatment, which is a more
environmental impact technique, was employed to form
a modified surface layer of Ti—6Al-4V alloy. X-ray
diffraction (XRD) and nano-indentation were used to
investigate the residual stress and nano-hardness varying
with depth from the surface of Ti—6Al-4V alloy
subjected to WP treatment. Scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM) were used to investigate the surface strengthening
mechanism of WP. Based on these experimental results,
an equation which can quantitatively describe the
variation of local yield stress with depth was obtained to
explain the phenomenon that compressive residual stress
is higher than yield stress.

observations on various

2 Experimental

In this study, a cold-rolled plate of Ti—6Al-4V
(3 mm in thickness), with chemical compositions (in
mass fraction) of 6% Al, 4% V, 0.3% Fe, 0.2% O, 0.1%
C, 0.05% N, 0.015% H and rest of Ti, was firstly
polished, and then treated with WP method. The yield
and tensile stresses of the initial plate targeted for
stress—strain test were approximately 820 and 900 MPa,
respectively. All samples were peened with the mixture
of ceramic beads (600 um in mean diameter, 7 GPa in
hardness) and water in the scale of 10% (mass fraction)
to Almen target intensity of 0.28 mm(N), using 0.35 MPa
of air pressure. The jet rate of the mixture was
approximately 1100 mL/s. The residual stress and
hardness responses of these samples subjected to WP
were tested by XRD (XRD—6000, Shimadzu, Japan) and
nano-indentation (nano-indenter XP with Berkovich
diamond tip, HM2000S, Fischer, Germany), respectively.
The XRD high voltage was adjusted for 40 kV,
scan range from 20° to 120°, scan step of 0.016711°.
Through calculating the peak shift, using the system
function about residual stress calculation, the residual
stress was calculated. Firstly, the surface was etched by a

solution of with mass ratio m(HF):m(HNO3):m(H,0) of
2:4:94 to remove the top layer, and the residual stress
was tested. Secondly, the surface was polished to remove
the etched layer, and the nano-hardness (H) was then
tested. The circling test was repeated until the depth of
the layer without influence of WP. Each delaminated
thickness was measured with a micrometer during the
etching and polishing processes. SEM (Zeiss, Supra 55)
and TEM (Tecnai G2 20s Twin) were employed to
investigate the micro-structure of the peened layer with
different depths.

3 Results and discussion

Figure 1 shows the evolution of residual stress and
nano-hardness (H) as a function of depth from surface.
Both compressive residual stress and H decreased
gradually with the increase in depth. It is worthy to note
that, within the depth range from surface to 80 pum, the
compressive residual stress is higher than the yield stress
of the original material. And in such a depth range, the
nano-hardness decreases rapidly from 5.65 to 4.5 GPa;
when the depth is beyond 80 um, the decreasing trend
becomes saturated. Thus, the depth of 80 um is a
particular site for both the residual stress and H.
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Fig. 1 Residual stress and nano-hardness variation of WP

samples with distance from surface to substrate

3.1 Microstructure evolution

To further investigate the phenomena mentioned
above, the microstructures with varying depths are given
in Fig. 2. The signs of b, ¢, d and e in Fig. 2(a) are the
observation locations of the cross-sectional TEM sample,
and the distances of these locations to the interface
(surface) are about 0, 20, 80, and 500 um, respectively.
As shown in Fig. 2, the domain size at the depth of 0 pm
is about 20 nm (Fig. 2(b)), and increases with increasing
depth. When the depth increases to 20 um, a sub-grain,
about 30 nm (Fig. 2(c), a misorientation angle of 2.57°),
which can evolve into a fine grain, was found to form
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Fig. 2 Gradual change of microstructure in depth of WP sample: (a) SEM image of TEM sample; (b) TEM image of WP surface;
(c) HRTEM image at depth of about 20 um; (d) TEM image showing dislocation piling-up at depth of about 80 pm; (¢) SEM image

of location at depth of about 500 um, which was not affected by WP

through dislocation sliding and pile-up. On the
consideration that the location at a depth of 80 um was
an inflection point of the H profile in Fig. 1, thus, the
microstructure at about 80 um depth was detected, as
shown in Fig. 2(d). Grain or sub-grain boundaries were
not observed, except for some piling-up dislocations at
this depth. The microstructure of the substrate was
observed with SEM, and the domain size was about 3 pm,
as illustrated in Fig. 2(e).

3.2 Strengthening mechanism

The residual stress and hardness test results, as well
as the TEM results, showed that both the residual stress
and hardness decrease, whereas the grain size increases,
with the increase in depth. Grain refinement
strengthening seems to dominate the enhancement on
residual stress and hardness. However, no independent
refined grains were observed in the depth range of
20—80 pm, except for some sub-grains and dislocations
piling-up induced by dislocation activities. Meanwhile,
some residual stresses still exist until the depth of
160 pm, suggesting that dislocation strengthening plays
another strengthening role in the strengthening process.

Based on the surface strengthening mechanism
proposed by TAO et al [11], the microstructural

evolution process of Ti—6Al-4V alloy induced by WP
treatment was deduced (shown in Fig. 3). Firstly,
dislocation activities led to the formation of dislocation
pile-up in original grains in the surface layer (Step I).
Secondly, the dislocation pile-up transformed into
dislocation cells (Step II). The accumulation of
dislocations at the cell boundaries continuously increased
through dislocation sliding with the increase of the
plastic deformation. Sub-grain boundaries with low
misorientations then emerged through dislocation
accumulation to minimize the system energy [11] (Step
III). Finally, the sub-boundaries evolved to high
misorientation boundaries through the increase of the
plastic deformation, and the refined grains with
individual boundaries formed (Step IV). This kind of
refinement process will repeat and result in nanostructure
formation in the surface layer. Some clear evidences
supporting this mechanism are proposed in Fig. 2, such
as those final refinement grains (20 nm) in the surface
layer, a few sub-grains at depth of about 20 pm, and the
dislocation pile-up at depth of about 80 um. In addition,
activated dislocation occurred in matrix with plastic
deformation (80—160 um in depth) where no change in
grain size was observed [11]. Consequently, the modified
layer should be composed of the fine grain layer at
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depths of 0—20 um and the dislocation activity layer at
depths of 20—160 pm.

Dislocation Dislocation pile-up Dislocation cells
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Fig. 3 Schematic illustration showing refinement mechanism of
Ti—6A1—-4V alloy induced by WP treatment

3.3 Quantitative analysis for strengthened layer

In view of the mechanism above, taking Fig. 1 into
consideration, the dislocation pile-up occurred at depth
of 80 um, which is a transition site. High dislocation
accumulation occurs before the site, whereas only
dislocation activation occurs beyond the site. As shown
in Fig. 1, the depth of 80 um is also a transition site for
the hardness, in which the value increased before the site
and the decreasing trend became saturated beyond it.
However, the residual stress still had effect even at
approximately depth of 160 um. Thus, hardness was
highly influenced since the dislocation pile-up step and
weakly influenced in the activation step. And the residual
stress could more sensitively respond to the lattice
deformation induced by the activation dislocations at the
depth of 80—160 um than the hardness.

Combining the above strengthening mechanism and
that from a previous study [14], the yield stress can be
enhanced locally in this strengthened layer. To
quantitatively analyze the local yield stress, a model can
be reasonably put forward, as seen in Fig. 4(a). The
strengthened layer is regarded as many independent thin
plates with different mechanical properties compositing
in together. The thickness of each “plate” is equal to the
mean cell size corresponding to the depth. Based on the
model and the experimental results shown in Fig. 1,
some calculations can be conducted. In the calculation
process, each plate was assigned with corresponding
values of residual stress and nano-hardness. Thus, the
strengthened layer can be separated into individual ones
to investigate the local yield stress. The hardness value
decreases linearly from plate 1 to plate n.

Yield stress increase of
hardness [16-21]. For the quantitative relationship
between yield stress and depth, previous studies have
liner relationships between yield stress oy and hardness
H,, which is given by [20]

increases with the
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Fig. 4 Separated plate model of WP layer (a) and variation of
residual stress and yield stress WP sample with depth (b)

o, =2.5(H, —68) (1)

where o, is in MPa and H, is in kg/mm’. In this paper,
the relationship is fixed with minor revisions because of
the variation of different research objectives according to
the experimental results, and the current relationship can
be expressed as follows:

o, =2.5(H~68)-157.5 @)

The revised constant —157.5 was obtained by the
substrate mechanical property (0,=820 MPa and H=
459 kg/mm® (4.5 GPa)). Substituting the corresponding
value of H into Eq. (2) and fitting, the relationship
between yield stress o, and depth D is displayed in
Fig. 4(b). The gy of the corresponding plate decreases
linearly from the surface to depth of 80 pum as follows:

0y1>0y>0y3>" >0y, 0y (80 um)=820 MPa.

Notably, the local yield stress decreases linearly
with the increase of depth in the strengthened layer, and
the decreasing trend becomes saturated at depth of
approximately 80 um. Moreover, through the comparison
between the residual stress and local yield stress, the
residual stress was found to be approximately equal to
the local yield stress in the 0—80 um strengthened layer;
the difference between the o, and residual stress
gradually increased with the increase of depth in the
range of 80—160 um. It is well known that the yield
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stress should be lager than the residual stress to avoid the
material deformation or failure. In this work (Fig. 4(b)),
the phenomenon that the residual stress is higher than
820 MPa is reasonable within the depth range from
surface to 80 um because the local yield stress is
significantly improved by WP treatment. That is to say,
the WP treatment could efficiently increase the “residual
stress tolerance” in the first 80 um depth of the
strengthened layer. And the maximum value of the
compressive residual stress which could benefit the
fatigue resistance is increased to approximate saturation
degree in this investigation.

4 Conclusions

1) The thickness of the modified layer was
approximately 160 pum, and the seriously strengthened
layer was above 80 um in depth. The strengthened layer
is quantitatively calculated by an equation which is
revised and used in Ti—6AI-4V alloy.

2) At 80 um<D<160 um, activated easy-slip
dislocations have weak influence on the mechanical
properties (i.e., o, and H) of the material. However, these
dislocations accelerate the lattice deformation, thereby
inducing residual stress.

3) At 20 pm<D<80 um, the effective dislocation
strengthening exists from dislocation piling-up to
sub-grain forming. Both the yield and residual stresses
increase linearly in this process. The residual stress is
approximately equal to the local yield stress of the
corresponding depth.

4) In conditions of 0 pm<D<20 um, grain refinement
strengthening plays a dominant role. The microstructures
transform from sub-grains to nano-grains. The value of
oy and yield stress increase simultaneously until the final
refinement.
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TEMEALANIE Ti—6A14V & &L B = 1ERE
& EL ER, mEF, AL L%’
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