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Abstract: The effects of laser shock peening (LSP) on the microstructural evolution and mechanical properties of the
Ti6242 alloy, including the residual stress, surface roughness, Vickers microhardness, tensile mechanical response, and
high-cycle fatigue properties, were studied. The results showed that the LSP induced residual compressive stresses on
the surface and near surface of the material. The maximum surface residual compressive stress was =661 MPa, and the
compressive-stress-affected depth was greater than 1000 um. The roughness and Vickers micro-hardness increased with
the number of shocks, and the maximum hardness-affected depth was about 700 um after three LSP treatments. LSP
enhanced the fraction of low-angle grain boundaries, changed the grain preferred orientations, and notably increased the
pole density of a phase on the near surface from 2.41 to 3.46. The surface hardness values of the LSP samples increased
with the increase of the number of shocks due to work hardening, while the LSP had a limited effect on the tensile
properties. The high-cycle fatigue life of the LSP-treated sample was significantly enhanced by more than 20%
compared with that of the untreated sample, which was caused by the suppression of the initiation and propagation of
fatigue cracks.
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accidents, caused by fatigue fracture, still occur [7].

1 Introduction Previous studies [8—10] have indicated that the
mechanical properties of this alloy are strongly

The titanium alloy Ti6242, with the nominal influenced by its microstructure and the stress state
composition of Ti—6Al-2Sn—4Zr—2Mo (wt.%, called of the component. Fatigue failure tends to take
TA19 in China), is a near a-type alloy. Owing to its place unexpectedly under lower stresses with fewer
high specific strength, excellent performance, and service cycles [11—13], which brings great potential
microstructural stability at high temperatures up to danger to the security of components and equipment.
500 °C [1-3], this alloy has been widely used for Residual compressive stresses in components are
aircraft gas turbine components, afterburner structures, considered to be beneficial to their performance,
and hot sections in power generation [4—6]. especially for their high-cycle fatigue (HFC)
Although the basic properties of the Ti6242 alloy properties [ 14—16]. Laser shock peening (LSP), as a
satisfy the design requirements for these applications, promising material surface strengthening method,
recent studies have shown that some failure provides high-energy (GW/cm?) laser pulses on the
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material surface in a very short time (ns) and
introduces compressive residual stresses on the
surface [17-20].

LSP plays an important role in surface grain
refining. The micro-scale sub-grains formed by LSP
impede the motion of dislocations and the initiation
of fatigue cracks, thus extending the fatigue life of a
material [21,22]. Furthermore, the hardened layer
generated by LSP improves the wear resistance
and corrosion resistance of the material [23,24].
It has been found that the surface roughness
characteristics of components are closely related to
their fatigue lives, i.e., under the same loading
condition, a higher roughness leads to a lower
fatigue life. The laser shock leaves craters on
the material surface and increases the surface
roughness, so it is necessary to control the LSP
parameters to avoid surface roughness-induced
material performance degradation [25,26]. However,
limited studies on the LSP effects on the
microstructural evolution and mechanical properties
of the Ti6242 alloy can be found in the existing
literature [16,21].

In this work, LSP was performed for different
time on the surface of the Ti6242 alloy with a
dual-phase microstructure. The surface roughness,
stresses, Vickers hardness,
microstructures, and tensile and high-cycle fatigue
properties of the alloy were investigated, and finally,
the fracture mechanisms of the LSP-treated Ti6242
alloys were also clarified.

residual macro/

2 Experimental

2.1 Materials

The as-received material was a forged Ti6242
bar with a diameter of 260 mm, manufactured by
Western Superconducting Technologies Co., Ltd.,
China. The actual chemical compositions of the
Ti6242 bar are listed in Table 1. The beta
transformation temperature (7j) of the Ti6242 alloy
was measured to be 1010—1015 °C. The sample was
subjected to a solution heat treatment of 7;—40 °C,
and then it was aged at 595 °C for 8 h before use.
After sufficient hot deformation and heat treatment
in the at+f region, the Ti6242 alloy possessed
a homogenous bimodal microstructure, which
consisted of 30%—35% of the equiaxed primary
o phase and transformed £ matrix. An optical
microscopy (OM) image showing the morphology
of the Ti6242 alloy is shown in Fig. 1.

Table 1 Chemical composition of Ti6242 alloy (wt.%)
Al Sn Zr Mo Si

55-65 1822 3.6-44 1822 0.06-0.10
Fe 0) N C H
<0.10 <0.15 <0.05 <0.05 <0.01
Y Others, each Others, total Ti
<0.005 <0.1 <0.3 Bal.

Fig. 1 OM image showing morphology of Ti6242 alloy

2.2 Experimental procedure

LSP experiments were performed using a
YS100—R200A laser shock equipment from Xi’an
Tianruida Optoelectronic Technology Co., Ltd.,
China. In the process of LSP, a neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser with a
pulse of 20 ns and a wavelength of 1064 nm was
applied. Single-channel laser shocks were applied
on all samples with a laser energy of (7£0.2) J and a
spot diameter of (2.6+0.1) mm. The overlap rate
was 50%. The laser pulse width was 18—20ns, A
1 mm-thick water layer was used as the transparent
confining layer, and 100 pm-thick black tape was
used as the absorbing layer to protect the specimen
surface from thermal ablation.

Surface roughness was measured on the same
sample used to measure the microhardness by using
a WALE SP2102R roughness profile all-in-one
system. Residual stresses were measured by the
“cos a” method with the Pulstec u360 device on the
clamping section of the broken tensile sample,
which did not participate in deformation during
stretching. Laser shocks were applied three times
on the sample in the direction perpendicular to
the test plane with a laser energy of 7 J. Surface
residual stresses and residual stresses within the
solid were measured at intervals of 100 um, and the
electrochemical stripping method was used for
material removal.
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Micro-hardness measurements were carried
out using a Vickers indenter with a load of 200 g
and a hold time of 30 s. The hardness on the surface
and in the sub-surface was measured at intervals of
100 pm along the depth direction. The micro-
structures were observed and analyzed by electron
back-scattered diffraction (EBSD, JMS-IT700HR,
Japan).

The specimens used for tensile and high-
cycle fatigue tests were wire-electrode machined
according to the drawing shown in Fig. 2, and the
laser shocked areas are shown as shaded areas.
Prior to the LSP treatment, the surfaces of all the
specimens were polished with SiC paper with
different roughness grades, followed by cleaning in
deionized water. An MTS tensile testing machine
was used to carry out tensile tests at room
temperature and a speed of 0.015 mm/min. A
QBG—100 high-frequency testing machine was
used to carry out high-cycle fatigue tests. The stress
amplitude was 450 MPa and the stress ratio R was
—1. The tensile and fatigue fracture morphologies
were observed by scanning electron microscopy
(SEM, ZEISS).
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Fig. 2 Schematic diagrams of tensile (a) and high-cycle
fatigue (b) test specimens (Unit: mm)

3 Results and discussion

3.1 Surface roughness

During laser shock processing, a high-energy
laser was applied to the surface of the material,
forming circular dents on the material surface with
a Gaussian distribution of the laser spot energy. The

dents were depressed in the center and bulged at the
edges, creating peak—valley fluctuations at the
macro-level on the shocked surface, resulting in an
increased surface roughness. The surface profiles
and surface roughness values of the Ti6242 alloys
after one, three, and five LSP treatments are shown
in Fig. 3, where 7J1 LSP, 7J3JSP and 7J5 LSP
represent samples undergoing laser shock peening
with energy of 7 J and shock times of one, three and
five, respectively. After one shock, arc-bottom
impact dents were generated on the surface of a
sample, the average height difference between the
peaks and valleys was about 3 um, and the average
distance between the two peaks was approximately
1.4 mm, associated with a surface roughness (Ra.) of
~0.423 pm, as shown in Fig. 3(a). After three shocks,
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Fig. 3 Surface profiles and surface roughness of Ti6242
alloy with and without LSP: (a) One shock; (b) Three
shocks; (c) Five shocks; (d) Initial surface without LSP;
(e) Surface roughness comparison
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the height difference increased to 7 um, the distance
was approximately 1.25 mm, and R, was about
0.802 um, as shown in Fig. 3(b). As the impact
number increased to five, the height difference
continued to increase to 8 um, the distance between
two peaks decreased to approximately 1.15 mm,
and the roughness R, was calculated to be 1.073 pum,
as shown in Fig. 3(c). By contrast, the surface
roughness of the Ti6242 alloy without LSP was
measured to be 0.039 um, as shown in Fig. 3(d).
However, it was found that there were many
micro-fluctuations on the surfaces of the laser
shock-free samples, which were induced by sample
machining. These may have been sources of cracks
during service. The combination of the proper LSP
parameters and the shock times resulted in a
relatively flat dented bottom, which improved
the surface integrity and reduced the stress
concentration on the material surface. This would
be beneficial to improving the fatigue performance.
Figure 3(e) displays the surface roughness values of
the LSP-treated and untreated specimens, revealing
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that the surface roughness of the material increased
with the increase in the number of laser shocks.

3.2 Residual stress

The residual stresses were measured on the
surface and in the depth direction. The appearances
of the samples and residual stress test positions
marked with red circles are shown in Fig. 4.
Residual stresses in the x direction were measured,
because it was the direction of the LSP.

Ten points were randomly selected for surface
residual stress measurement, and the results are
shown in Fig. 5(a). It can be seen that the surface
residual stresses were negative, which meant that
residual compressive stress existed on the surface of
the material. The minimum residual compressive
stress value was —357 MPa, while the maximum
value was —661 MPa. The calculated coefficient of
variation (CV, which is defined as the standard
deviation divided by the mean) of the compressive
stress reached 17%. This indicated that the
surface residual compressive stress value had a certain

Fig. 4 Appearances of samples and residual stress test positions: (a) Surface; (b) Depth direction

(@

=200 |

~400

=600 |

Residual stress/MPa

=800 |

-1000

2-9 2-7 2-6 2-52-3 1-3 1-1 1-5 1-6 1-7
Position in Fig. 4(a)

Residual stress/MPa

Fig. 5 Residual stress on surface (a) and in depth direction (b)

-200

(b)
-400

=600 [
=800 [
-1000

-1200 [

400 ey
=100 0 100200 300 400 500 600 700 800 900 1000
Depth/um


javascript:;

Pu-ying SHI, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2521-2532 2525

dispersion, that is to say, the residual compressive
stress was unevenly distributed on the shock surface,
even though the sample experienced three laser
shocks with path overlaps of 50%. The residual
stress in the depth direction was tested at intervals
of 100 um, as shown in Fig. 5(b). The residual
stress in the depth direction was compressive stress,
which decreased with the increase in the depth. The
maximum compressive stress was —1230 MPa
at a depth of 100 um. In addition, the maximum
compressive stress did not appear on the surface of
the sample. When the depth reached 1000 um, the
residual stress was still negative, implying that the
thickness of the compressive residual stress layer
was larger than 1000 um. The existence of this
stress layer was proven to be
beneficial to the high-cycle fatigue performances of
materials [17-22].

compressive

3.3 Microhardness

The microhardness was measured for the
Ti6242 alloy on the LSP-treated surface and in the
depth direction, as shown in Fig. 6. Compared with
the initial material, the Vickers hardness of the
LSP-treated sample increased as the number of
shocks increased. To ensure the reliability of the
results, surface hardness values were tested at five
locations, as shown in Fig. 6(a). The Vickers
hardness values of the alloy after one, three, and
five LSP cycles were HV 368, HV 382 and HV 388,
respectively, which were 19%, 23%, and 25% higher
than that of the untreated material, respectively. In
addition, when the number of shocks increased
from three to five, the hardness value only increased
by 2%, which was considered the saturation
hardness on the surface [27,28]. Figure 6(b) shows
the hardness distribution in the depth direction
after three shocks. The hardness value displayed a
decreasing tendency as the depth increased until
700 um, and then the hardness was constant and
approached that of the matrix. This meant that three
LSP treatments created a 700 pum depth hardening
layer on the surface of the Ti6242 alloy.

The above results indicate that the surface and
near-surface microhardness values of the Ti6242
alloy could be effectively improved by LSP. More
than one shock had a stronger effect on the surface
and subsurface hardening. However, when the
number of LSP processes was greater than three, the
LSP did not significantly enhance the hardness of

the Ti6242 alloy, but resulted in an increased
surface roughness. Therefore, it is not suitable to
use the LSP multiple times (more than three times)
in engineering to enhance the hardness of the
Ti6242 alloy.
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3.4 Microstructures

The surface and mechanical properties of
metal materials are strongly related to their
microstructural characteristics, such as their grain
sizes, grain boundary characters, textures, and stress
states. During the laser shock process, the shock-
wave acts on the surface of the alloy, resulting
in severe plastic deformation. Specifically, this
process generates a large number of dislocations,
which may evolve into dislocation entanglements
and dislocation walls through multiplication,
movement, and settlement, thus resulting in grain
refinement [27]. At the same time, low-angle grain
boundaries (LAGBs) may be induced by LSP,
forming sub-crystals to refine the grains. In addition,
LSP can reduce the textural strength, improving the
deformation heterogeneities [29].
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Two regions near the surface with dimensions
of 1125 um (depth) x 150 um (width) and 150 pm
(depth) x 200 um (width) underwent three LSP
treatments and were analyzed by EBSD. These
areas, named Areas 1 and 2, respectively, are shown
in Fig. 7(a). The inverse pole figure (IPF) maps of
Areas 1 and 2 are shown in Figs. 7(b) and (c),
respectively. From these maps, we can see that the
grain size near the surface was smaller than that of
the matrix, and severe plastic deformation occurred
near the material surface. Figures 7(d) and (e)
display the misorientation distribution frequencies
of Areas 1 and 2, respectively. The fraction of
LAGBs in Area 1 was approximately 28%, while
for Area 2, it reached up to 53%, about twice
that of Area 1. Furthermore, for the two other
grain boundary mismatch peaks, at 60° and
90°, the frequencies for Areal were 4% and
4%, respectively, which were higher than the
corresponding values of 2% and 2% for Area 2.
These results indicated that a large number of
LAGBs were produced by the LSP process, and the
appearance of these LAGBs did not only provide
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the possibility for the grain refinement but also
facilitate the surface hardness enhancement.

The pole figures of both the a and f§ phases
of these two areas are displayed in Fig. 8. The
preferred orientation of the a phase in Area 1 was
[001] in the Zy direction, with the maximal pole
density of 2.41, as shown in Fig. §(a). By contrast,
the preferred orientation of the a phase in Area 2
was [001] in the Y, direction, and the maximal pole
density increased to 3.46, as shown in Fig. 8(b).
The preferred orientation of the f phase was [101]
in the Y, direction and between [101] and [111],
with the maximal pole density of 3.31, as shown in
Fig. 8(c). For the f phase, the preferred orientation
changed from pole points to lines and arcs between
the poles, and the maximal pole density value
decreased to 1.94, as shown in Fig. 8(d). These
results implied that the preferred orientations of
both the a and f phases changed during the LSP
process. The pole density of the a phase increased,
while that of the f phase decreased, which would
affect the coordination of these two phases
during the deformation and eventually influenced the

30

(d)

25
N

\520

215
g

=10

5

0 20 40 60 80
Grain boundry misorientation/(°)

Frequency/%

|

0 20 40 60 80
Grain boundry misorientation/(°)

Fig. 7 Microstructural characterization of Ti6242 alloy after three LSP treatments: (a) Scanning areas; (b) IPF map
of Area 1; (c) IPF map of Area 2; (d, e) Grain boundary (GB) misorientation distributions in Areas 1 (d) and 2 (e) in (a),
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101

Fig. 8 Pole figures of Ti6242 alloy after three LSP treatments in two areas in Fig. 7(a): (a) a phase in Area 1; (b) a

phase in Area 2; (c) f phase in Area 1; (d) f phase in Area 2

deformation behavior of the material. The Ti6242
alloy consisted of more than 90% a precipitates
(about 35% of them were the primary o phase).
The crystal structure symmetry of the hexagonal
close-packed (HCP) a phase was lower than that of
the body-centered cubic (BCC) S phase, which
could easily form a texture during deformation in
the Ti6242 alloys, and thus the reduced deformation
coordination could lead to preferential cracking of
the material. However, because the LSP reduced the
forging texture of the f phase, the pole density of
the S phase decreased after the LSP, which would
be beneficial to the uniform deformation of the
material under stress [29].

3.5 Mechanical properties

The Hall-Petch relationship summarizes the
correlation between the yield strength of a material
and the grain size, revealing that the yield strength
is inversely proportional to the grain size. That is,
smaller grains lead to a higher yield strength [30].
The results of the tensile mechanical properties of
the LSP-treated and untreated specimens are shown
in Fig. 9. We can see that the tensile strength of the
LSP-treated specimen was 1112 MPa, somewhat
higher than the value for the untreated specimen
of 1102 MPa, while the yield strength of the
LSP-treated specimen was slightly lower than that
of the untreated specimen, as shown in Fig. 9(a).
The LSP-treated specimens had more scattered
yield strength values, and the CV value was
calculated to be 2.2%. Meanwhile, the elongation of
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Fig. 9 Tensile properties of Ti6242 alloy with and
without LSP: (a) Tensile strength and yield strength;
(b) Elongation

the LSP sample was also slightly lower than that of
the untreated specimen. The values were 14.5% and
16.0% for LSP-treated and untreated samples,
respectively (Fig. 9(b)). The reductions in the yield
strength and elongation were related to the decrease
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in the o phase deformation coordination caused by
the LSP. In general, laser shock strengthening had
little effect on the macroscopic tensile properties of
the Ti6242 alloy in this study.

The tensile fracture morphologies of the
LSP-treated and untreated specimens were observed
by SEM, and the results are shown in Fig. 10. It
was found that the LSP-treated specimen had a
compact surface with significant cleavage and
inter-granular fracture characteristics. Dimples in
the fracture were shallow and sparse, as shown in
Figs. 10(a) and (c). However, for the untreated
specimen, the fractures fluctuated significantly with
dense and deep dimples, as shown in Figs. 10(b)
and (d). The characteristics of the fracture surface
were consistent with the material properties.

Fatigue testing was further carried out under
load-controlled mode wusing sinusoidal cyclic
loading, with a frequency of 100—120 Hz at room
temperature. The stress amplitude was 450 MPa,
and the stress ratio R was —1. The fatigue lives of
the sample after three LSP treatments and the
untreated specimen were 32922 and 27430 cycles,
respectively. It was clear that the specimen with
three LSP treatments had a longer fatigue life, about
20% higher than that of the untreated specimen.
This was attributed to the compressive residual
stress introduced by the LSP and the formation
of fine crystals and sub-crystals in the surface

layer, which strongly restricted the initiation and
propagation of fatigue cracks [17,19].

Figure 11 displays the SEM images of the
LSP-treated and untreated specimens after fatigue
fracture. The fatigue fractures contained three
regions for both the treated and untreated samples,
namely a crack initiation region, a crack
propagation region, and a fracture region, as shown
in Figs. 11(a) and (b), respectively. However, the
fractures had different features. The untreated
sample had multi-source fatigue characteristics, i.e.,
crack initiation sites appeared on the upper and
lower surfaces of the sample, and the fracture
surface exhibited significant fluctuations, as shown
in Fig. 11(a). The LSP-treated specimen had
single-source fatigue characteristics, i.e., the crack
initiation sites appeared on the side of the sample
that was not enhanced by laser shock, and the
fracture surface was relatively flat, as shown in
Fig. 11(b). This meant that the LSP transferred the
crack source from the strengthened surface to
other weak sites. The enlarged image of the crack
initiation site of the LSP-treated specimen is shown
in Fig. 11(e). After initiation from the surface, the
cracks propagated inward and formed fatigue
striations in the direction perpendicular to that of
the crack growth (see Fig. 11(c) for the untreated
specimen and Fig. 11(f) for the LSP-treated
specimen).

SEQdiples i
-nr@‘suw,r@ce >

Fig. 10 Tensile fracture morphologies of LSP-treated (a, c) and untreated (b, d) specimens by SEM
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Fig. 11 SEM images of different specimes after high-cycle fatigue fractures: (a) Macro-fracture of untreated specimen;
(b) Macro-fracture of LSP-treated specimen; (c, d) Microstructure of untreated fracture surface; (e—h) Microstructure of
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The fatigue striation spacing was determined crack initiation sites, as shown in Fig. 11(g). The
to be 0.42 pm/cycle for the untreated specimen, as spacing between the fatigue striations represented
shown in Fig. 11(c), and 0.20 pm/cycle for the the distance of crack growth per cycle. Therefore,
LSP-treated specimen at the same location from the the crack growth rate of the LSP-treated specimen
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was slower than that of the untreated specimen.
Moreover, the LSP-treated specimen had more
fatigue striations than the untreated specimen (see
Figs. 11(c) and (f), respectively). For the fracture
region of the untreated specimen, a certain number
of internal micro-cracks appeared close to the
center of the sample, as shown in Fig. 11(d).
However, the fracture region of the LSP-treated
specimen was closer to the surface, and the surface
had compact characteristics, as shown in Fig. 11(h),
indicating that the surface of the sample was
strengthened and fractured at the last stage of crack
propagation.

4 Conclusions

(1) LSP induced residual compressive stresses
on the surface and near-surface of the material. The
maximum surface residual compressive stress was
—661 MPa, which did not appear on the surface of
the sample, and the compressive-stress-affected
depth was larger than 1000 um, which decreased
with the increase in the depth. The roughness and
Vickers microhardness of the Ti6242 alloys
increased with the number of laser shocks, and the
maximum hardness and affected depth were about
700 um for the sample that underwent three LSP
treatments.

(2) A large number of LAGBs were generated
near the surface of the alloy during LSP processing.
The LSP also changed the grain preferred
orientation on the surface of the Ti6242 alloy and
increased the pole density of the a phase from 2.41
to 3.46, forming a hardened layer near the surface
to increase the hardness of the sample. In general,
LSP had little effect on the tensile mechanical
properties of the Ti6242 alloy.

(3) Laser shock strengthening had a strong
effect on the fatigue properties of the Ti6242 alloy.
The high-cycle fatigue life of the LSP-treated
specimen was approximately 20% longer than that
of the untreated specimen. The fatigue crack
initiated on the surface of the sample that was not
LSP-strengthened. The fatigue striation spacing was
0.20 um/cycle for the LSP specimen and 0.42 pum/
cycle for the untreated specimen. This was due to
the residual compressive stress in the surface
caused by the LSP, inhibiting the initiation and
propagation of fatigue cracks.
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