Formation of omega phase induced by laser shock peening in Ti-17 alloy
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ABSTRACT

Synchrotron-based high-energy X-ray diffraction and transmission electron microscopy were used
to study the in-depth compressive residual strains and microstructure evolution in Ti-17 alloy
subjected to two-sided laser shock peening (LSP). A noticeable difference was observed in the
lattice strains and extents of peak broadening on the two sides of the sample. The compressive
residual strain was smaller and the peak broadening was more pronounced on the bottom surface
in comparison to the top surface. This is due to the B—® phase transformation induced by LSP on
the bottom surface. It was determined that the o phase with fine particle morphology and
incommensurate structure is located mainly in the 15 um-thick layer under the bottom surface. The
formation of the LSP-induced  phase on the bottom surface can be attributed to the adiabatic
increase in temperature due to the higher shock peak pressure on the bottom surface, and can result
in the relaxation of the accumulated residual compressive strain in the original phases.
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1. Introduction

Titanium alloys have been employed in a wide variety of fields, such as in aerospace, chemical,
and biomedical applications, owing to their three main properties: high specific strength, good
corrosion resistance, and exceptional biocompatibility [1]. In these applications, titanium alloys
are often subjected to fatigue loading. Thus, studies focusing on the improvement of the fatigue
property of titanium alloys has become a major area of research. Laser shock peening (LSP), which
is a surface treatment technology, has proven to be effective in improving the fatigue property of
titanium alloys, such as Ti-6Al-4V [2], Ti-2.5Cu [3], TIMETAL LCB [3] and TC11 [4]. The
beneficial effects on the fatigue property are mainly due to the LSP-induced compressive residual
stress in the surface layer with large depth, which delays the development of fatigue cracking [5].

In addition to the compressive residual stress, LSP can induce microstructural modifications
near the surface [6,7], which can also enhance the fatigue property. For example, the sub-surface
dislocation tangle in Ti-6Al-4V induced by LSP can remain stable during isothermal fatigue and
thus fatigue lives are extended at elevated temperature [8]. Therefore, in recent years, the LSP-
induced microstructural modification of titanium alloys has attracted significant attention.
Dislocation structures [8], deformation twins [9], and grain refinement (including subgrain
refinement [10], nanograin refinement [4]) can be found in titanium alloys following the LSP
treatment. For example, Yang et al. [11] investigated the microstructure characteristics of Ti-17
alloy subjected to LSP, and found gradient microstructures with nanocrystalline grains on the
surface, dislocations and subgrains close to the surface, and dislocations and deformation twins
near the substrate.

However, phase transformation induced by LSP in titanium alloys has rarely been observed. A
small amount of inverse-transformation martensite (o« — a') was found and may be induced by
local shear under the ultra-strong mechanical effect of the laser shock wave for CP titanium [9].
Contrary to this, the phase transformation behaviors in titanium alloys are very common under
similar conditions as those of shock loading. Martensitic (B — a”) [12,13] and omega (o — ®)
[14,15] phase transformations induced by shock loading can be observed when the amplitude of
the shock wave is sufficiently high. However, the B (body-centered cubic structure) — o
(hexagonal structure) phase transformation induced by shock loading has not been observed in
titanium alloys, but it was observed in other alloys with body-centered cubic structure, such as Ta
[16] and Zr [17]. At the same time, the occurrence of phase transformation can induce stress
relaxation in the original phase [18]. Thus, when titanium alloys are subjected to LSP, it comes up
with some unanswered questions: Whether phase transformation occurs or not? What kind of phase
transformation can occur? What is the influence of phase transformation on the residual stress?



In the present study, an in situ synchrotron-based high-energy X-ray diffraction (HE-XRD)
method was used to investigate the in-depth compressive residual strains and microstructure
evolution after the two sided LSP treatment of Ti-17 alloy. The ® phase induced by LSP in the
titanium alloy was observed for the first time and further characterized by transmission electron
microscopy (TEM). The formation mechanism of the LSP-induced o phase and the interaction
between the residual strain and phase transformation are systematically discussed.

2. Materials and methods

The material investigated in the present study is a Ti-17 alloy, which is a “beta-rich” o +
titanium alloy with nominal chemical composition Ti-5Al-2Sn-2Zr-4Mo-4Cr in wt%. The actual
chemical composition with an obvious fluctuation of the investigated alloy is listed in Table 1. The
specimen used in the studies was obtained in a sheet form with a thickness of 5 mm. Two-sided
LSP treatment was performed simultaneously on both sides of the sample under the similar
condition with only one difference. The processing parameters generated by a Qswitched
neodymium-doped yttrium aluminum garnet (Nd:YAG) laser were the same as follows:
wavelength of 1064 nm, frequency of 2 Hz, laser pulse energy of 3 J, pulse duration of 20 ns, spot
diameter of 2.2 mm, spot overlap of 50%, and surface coverage of 60%. Transparent confining
layer and thermo-protective coating layer were flowing water and black tape (0.7 mm thick),
respectively. The only difference was the thickness of the water-confining layer (1 mm for the top
side and 2 mm for the bottom side). It is convenient to adjust the thickness of the water-confining
layer. Thus, it was set as the only variable for comparison of the outcomes from two sides. The
microstructures of the specimen before and after the LSP treatment were characterized by scanning
electron microscopy (SEM) and TEM. The SEM samples were prepared by mechanically grinding
and polishing, and followed by etching with Kroll's reagent (2HF:4HNO3:94H,0). The TEM
samples were prepared by mechanically grinding and ion milling the side far from surface, to
obtain thin plates with a thickness of ~30 um and to prevent the destruction of the required surface.

The specimen used for the HE-XRD studies was cut into a sample of size, 25 x 5 x 1 mm?3from
the LSP-treated sample. The HE-XRD measurements were performed on the 11-1D-C beamline
of the Advanced Photon Source at the Argonne National Laboratory. A schematic of the geometry
for the HE-XRD measurements is shown in Fig. 1. The sample was irradiated with high-energy
X-rays with an energy of 105.6 KeV (wavelength 0.117418 A) and a beam size of 0.2 x 0.2 mm?,
and two-dimensional (2D) diffraction patterns were recorded using a 2D detector (Perkin Elmer
amorphous silicon). The incident beam was scanned along the dashed line as indicated in Fig. 1,
from the peened surface (gray area) on one side to the peened surface area on the other side, with
a step size of 50 um. The Fit2D software was used to process the 2D diffraction patterns. One-
dimensional (1D) diffraction profiles of the longitudinal direction (LD, parallel to the peened
surface, azimuth angle ¢ = 90°) and the transverse direction (TD, perpendicular to the peened
surface, ¢ = 0°) were obtained by integrating along the specified azimuth angle over a range of +



5° in the 2D diffraction patterns. The lattice strain of different crystallographic planes, enk, was
calculated from the relative change in the measured inter-planar spacing, dnwi, given by en = (dnki
— do)/do. The reference lattice spacing, do, was obtained from the strain-free sample, which was a
small pillar of the original Ti-17 material acquired prior to the LSP treatment.

3. Results
3.1. Microstructure of the original material

The 1D HE-XRD profile integrated over the entire 360° azimuthal range for the original Ti-17
material acquired prior to the LSP treatment is shown in Fig. 2(a). The diffraction pattern indicates
that the original material is composed of two phases: the B phase with a body-centered cubic
structure and the o phase with a hexagonal close-packed structure. Using these diffraction peaks,
the lattice parameters of the two phases were calculated as a = 3.2303 A for the B phase and a =
2.9309 A and ¢ = 4.6852 A for the a phase, respectively. Fig. 2(b) shows a SEM micrograph of the
original microstructure of the Ti-17 alloy. It shows a bimodal microstructure with equiaxed
primary o grains (characterized as ap in the picture, dark gray) and lamellar secondary o
(characterized as as, dark gray) distributed in a metastable p matrix (light gray). However, contrary
to the expectations, the microstructure is not uniform. The range of the grain size of op phase is
0.5-5.0 um and the as phase is embedded inhomogeneously in the B matrix.

3.2. In situ HE-XRD characterization of the LSP-treated sample

During the LSP treatment, when the laser shock waves propagate into the material, plastic
deformation occurs and results in residual compressive strain. The measured in-depth residual
lattice strains along the LD after the LSP treatment are shown with error bars in Fig. 3(a). Error
bars indicate the standard deviation and most of the error values are quite small except in the
{110}, orientation, as the peak of {110} was fitted together with two neighboring peaks. The
results show large gradient lattice strains on both sides of the sample. With an increase in the
distance, compressive near-surface lattice strains on one side decrease gradually, then become to
balancing tensile strains, and subsequently change to compressive near-surface strains on the
opposite side. The compressive residual strain induced by LSP can be as high as 6400 ue and the
affected depth is ~400-850 pum. The residual strains of both phases show a strong orientation
dependence, which indicates the presence of grain-orientation-dependent residual stress or inter-
granular stress in the LSP-treated sample [19]. The orientation {200} accumulates the largest
compressive residual strain at the surface and the largest change of lattice strain across the sample
thickness, indicating that it is the most compliant orientation in both phases, which is consistent
with a previous report [20]. All o orientations accumulate significantly smaller residual lattice



strains than the {200} orientation, and the smallest value of compressive residual strain at the
surface results from the stiffest {0002}, orientation.

There is a noticeable difference in the lattice strains on the two sides. The magnitude of the
compressive residual strains on the bottom side is smaller than that on the top side. Contrary to
this, the affected depth of compressive strains on the bottom side is larger than that on the top side.
Additional uncharacteristic phenomena occur at the bottom surface and these can be clearly seen
at the inset in Fig. 3(a). As the distance to the bottom surface increases, the compressive residual
strains slowly decrease in the 50 um region below the surface. With the further increase of the
distance, the compressive residual strains drop sharply until they reach the maximal affected depth.
In addition, the maximum values of the compressive residual strains of the {0002}, and {1011},
orientations were obtained in the sub-surface (50 um from the bottom surface). As both sides of
the sample were LSP-treated under the similar condition with only one difference, the in-depth
compressive residual strain distribution near both surfaces due to the LSP is expected to be similar.
These uncharacteristic residual strains indicate an unexpected phenomenon at the bottom surface.

Fig. 3(b) shows the lattice strain profiles along the TD as a function of the distance from the
peened surface. They follow an opposite trend to the lattice strains along the LD. The tensile strains
on the surface are gradually decreased with an increase in the distance. Some orientation drop so
fast in the strain that they are changed to compressive strains. The {200} orientation still
accumulates the largest change of the strain. The strains stay constant in the middle of the sample,
and revert to the tensile strains at the opposite surface. This opposite trend is consistent with the
Poisson's effect.

To obtain additional insights into the behavior of the residual strain after the LSP treatment, the
in-depth diffraction peak broadening was studied. The full width at half maximum (FWHM) of the
diffraction peaks as a function of depth is shown in Fig. 3(c). The FWHM value also reveals a
considerable grain-orientation-dependent anisotropy. The orientation, {0002},, features the
minimum FWHM value, while the two orientations of the p phase, {200} and {211}, feature a
rather high FWHM value. Furthermore, the peak broadening near the bottom surface is noticeable.
When the distance towards the bottom surface increases, the FWHM value of most of the lattice
planes increases gradually in the 200 um region below the bottom surface and then begins to
decrease until it becomes flat. There are several known factors affecting the peak broadening. The
possible reason for the peak broadening on both sides is the microstrain and crystal size refinement
induced by the similar extent of plastic deformation after LSP treatment; therefore, the in-depth
FWHM distributions near both surfaces are expected to resemble each other. However, the
uncharacteristic increase in the FWHM value near the bottom surface is not related to the plastic
deformation. A possible reason for the peak broadening near the bottom surface can be a newly
formed phase with a small crystallite size. This can also explain the uncharacteristic residual strains
near the bottom surface.



3.3. Microstructure characterization of the newly formed phase

As mentioned before, LSP can induce microstructural modification near the surface. Fig. 4 is
the cross-sectional SEM micrographs of the LSP-treated sample near two surfaces. There is no
obvious grain refinement of two original phases in the near-surface layer. The color of the near-
surface layer is darker than the substrate due to lots of structural defects (such as dislocations and
sub-boundaries) induced by LSP [21]. This layer is also called severe plastic deformation (SPD)
layer. It can be clearly seen that the SPD layer on the bottom side is thicker than that on the top
side, in relation to the larger affected depth of compressive strains on the bottom side, which will
be discussed later. The thicknesses of severe plastic deformation layers are ~60 um for the top side
and ~80 pum for the bottom side, respectively. In addition, no new phase was found in the SEM
micrographs.

However, a newly formed phase was identified on the bottom side by 2D HE-XRD patterns,
which was a bright spot located near the {110} diffraction ring, as shown in Fig. 5(a). There is
also an additional diffraction peak near the {200} peak but with rather low intensity, which can
be seen in the inset of Fig. 5(a). The newly formed phase may be a martensite or an omega phase
due to their specific position (near the diffraction rings of the 3 phase). The first additional peak
near {110} can be characterized as (101),, or (002),". But the second additional peak near {200}
is more possible from the omega phase, i.e., (201),, rather than from the martensite phase.
Furthermore, TEM analysis was performed to identify the newly formed phase.

Fig. 5(b) shows a selected-area electron diffraction pattern of the LSP-treated bottom surface
along the (110)p zone axis, from which Bphase-associated spots as well as clear extra spots related
to the newly formed phase (indicated by arrows) can be observed. As shown in the inset of Fig.
5(b), the dark-field electron micrograph derived from one extra spot confirms that the newly
formed phase is uniformly distributed in the B matrix with fine, nanometer-sized particle
morphology. Such small grain size of the o phase is beyond the spatial resolution of SEM. The
extra spots and the fine morphology indicate that the newly formed phase is the o phase.

However, the orientation of the @ phase is shifted from the well-established (0001),/(111)g;
[1120],I[110]g orientation relationship. The reflections of two o variants (indicated by a circle)
are located on the faint circular diffuse streaks, but not in the commensurate positions of 1/3 and
2/3 (112)p. Instead, the positions of these reflections are shifted towards each other. The reflections
of the other two o variants are expected to be obscured by the B matrix reflections. However,
distinct o reflections can be seen outside the (112) and (002)p reflections as shown. This
incommensurate structure of the o phase has been observed in other titanium alloys [22—-24], and
its origin is discussed later.



3.4. Detailed HE-XRD investigation of the o phase

For the better understanding of the ® phase on the bottom surface induced by LSP, it was
investigated in detail. Thus, the volume fraction and lattice strain of the @ phase were analyzed.
Fig. 6(a) shows the 1D HE-XRD profiles integrated along the specific azimuth angle as shown in
Fig. 5(a). The range of the specific azimuth angle fully covers the bright spot of the ® phase. As
the intensities of diffraction spots of the o phase are quite low, apart from the bright spot, it is
enough to use the bright spot to obtain detailed information on the  phase. It can be seen that the
intensities of the a.and B phases increase gradually with the increase in the distance from the bottom
surface, while the variation in the intensity of the {1011}, peak is rather complex. The change in
the intensities of the a and 3 phases is related to the volume of the phase diffracted in the sample
area covered by the beam. For the better understanding of the change in the sample area covered
by the beam, a schematic route of beam movement is shown in the Fig. 6(b). The beam (200 um x
200 um) moved across the bottom surface from the air to the material with a step size of 50 um.
As the o phase is not involved in the B— phase transformation, its volume fraction in unit area
can be considered constant; thus, its intensity is expected to depend linearly on the beam-covered
area. Therefore, the beam-covered area is calculated to verify the location of the beam center with
respect to the bottom surface. The integrated intensities for the {0002}, {1011}, {110}, and
{1011}, peaks along with the calculated intensities of the o phase are indicated in Fig. 6(c), where
the calculated location of each beam center is shown on the horizontal axis. The corresponding
calculated fit of the intensities is in good agreement with the experiment data of the o phase.

The integrated intensity of the {1011} plane of the o phase increases noticeably when the
distance from the beam center to the sample surface increases to the level of —85 um, then gradually
increases until it becomes flat at —35 um, 15 um, and 65 pum, and finally decreases significantly at
115 um. It should be noted that a sum of the intensities at —85 um and 115 um is approximately
equal to the intensity at 15 um, which indicates that the volume fraction of the ® phase at 15 um
is the sum of those at —85 pum and 115 pum. In addition, the maximum intensity is approximately
four times the intensity at 115 um. These results explain the in-depth distribution of the » phase
below the bottom surface, as shown in Fig. 6(b). The maximum intensity of the ® phase at a
distance of 15 um from the beam center to the sample surface, where there is a layer with a
thickness of 65 um below the bottom surface, is donated by the total volume fraction of the ®
phase, while 80% of the ® phase is distributed homogeneously in the 15 um-thick layer below the
bottom surface. Such a narrow distribution region indicates that the effect on  phase formation is
restricted very close to the bottom surface.

The changes in compressive lattice strains of {0002}, {110}s, and {1011}, planes near the two
surfaces in the LD are compared in Fig. 6(d). In comparison to the compressive residual strains on
the top side, it can be seen that the magnitude of the compressive residual strains on the bottom



side is smaller and the affected depth of those is larger. In addition, the changes in the compressive
strain in the 200 um thick layer below the surface on two sides are quite different. With the increase
in the depth, compressive strain on the top side decreases gradually. Contrary to this, compressive
strain on the bottom side either stays constant or increases a little and then decreases, which results
in the maximum value of the compressive strain on the sub-surface rather than the surface. This
can be attributed to the strain accommodation of hard  particles on the bottom surface. Fig. 6(d)
also shows the evolution of the tensile lattice strain of the {1011}, plane on the bottom side. When
calculating the lattice strain of the {1011}, plane, the reference do can be calculated from the
theoretical lattice parameters of the o phase. From well-established geometric assumptions, a, =

V2agand ¢, = ?ag [25], the theoretical lattice parameters for the o phase can be calculated as a =

4.5684 A and ¢ = 2.7975 A from the original lattice parameters for the B phase. The tensile lattice
strain gradually decreases as the distance from the bottom surface increases, which indicates a
retarded restraint from the surrounding phase corresponding to the decrease of the compressive
residual strain of the original phases.

4. Discussion

It is well-known that the athermal o phase with dispersed particle morphology can be easily
obtained by quenching in Ti-17 alloy. However, the material used in this study has a steady bi-
modal microstructure without any athermal o phase before the LSP treatment. Thus, the ® phase
occurring near the bottom surface is solely related to the LSP treatment.

As the laser shockwaves propagate from the peened surface to the interior of the target material,
plastic deformation occurs at a depth where the peak stress no longer exceeds the Hugoniot elastic
limit (Pn) of the target material, which induces compressive residual stresses throughout the
affected depth. The value of Py used in this study was 2.8 GPa [26]. According to Fabbro et al.
[27], the plastically affected depth L, can be estimated by

_ CeCpT PEPp

Lp = Co—Cp 2Pp ' (1)

where Ceand Cp are the velocity of elastic and plastic waves, respectively, P is the peak pressure,
and t is pulse duration. The L, depends linearly on both P and t. The t value of both sides remains
constant as 20 ns. However, the affected depth of compressive strains on the bottom side are larger
than on the top side, which indicates that P value is slightly higher on the bottom surface than on
the top surface.

According to the prediction model by Fabbro et al. [28] with a confining medium, the pulsed
laser-induced shock peak pressure can be determined by

P(GPa) = 0.01 /Zaa+3\/Z(g/cmzs) J1o(GW/cm?), 2)




where a. is a corrective factor corresponding to the fraction of the internal energy resulting in the
increase in the pressure, Z(2/Z = 1/Z1 + 1/Z5) is the reduced shock impedance of the confining
layer (water) and the target material (Ti-17), and lo is the laser power intensity. The acoustic
impedances of the water-confining layer and the Ti-17 material are 0.165 x 10° g/cm?s and 2.75 x
108 g/cm? s, respectively [29]. The laser power intensity can  be calculated as

4x3]

lo™ =@ = mmemxcamm? ~3.946 GW/cm?. Factor a varies over the range of 0.2-0.5, and depends on the
confining layer and other process conditions [30]. Only the thickness of the water-confining layer
is different on both sides and is critical for the peak pressure. When the confining layer is too thin
(several micrometers), the confining effect of the peak pressure is not sufficient. When the
confining layer is very thick (tens of meters), water absorbs a significant amount of laser energy,
resulting in a decrease in the laser intensity at the target surface; thus, the peak pressure decreases.
Morales et al. [31] simulated plasma dynamics subjected to LSP conditions (A = 1064 nm, F = 84
Jlem?, and FWHM = 9 ns) with different confining layers. It was found that the peak pressure
rapidly increased with the increase in the thickness of the water layer until it reached a critical
value of ~25 um. Once the critical value of this thickness was surpassed, the peak pressure
increased slowly. Kadhim et al. [32] investigated the effects of water layer thickness on the
microhardness when subjected to LSP with a laser wavelength of 1064 nm and pulse duration of
10 ns. The microhardness increased due to the increase in the plasma pressure when the surface
and 2 mm on the bottom surface result in different a factors. For the top surface, when a is set to
0.2, the calculated peak pressure is 2.69 GPa. For the bottom surface, when «a is set to 0.25, the
calculated peak pressure is 2.96 GPa.

In addition, the coating layer is also crucial to the peak pressure when its acoustic impedance is
lower than that of the target material. Peyer et al. [33] and Fabbro et al. [34] reported that when an
Al coating layer was applied on 316L stainless steels in the water-confined regime, the peak
pressure increased by 30-50% in comparison with steels without any coating layer. The increase
in the peak pressure is due to the difference in the impedances between the coating and the target
materials. They also found that the peak pressure was independent of the type of the coating
material. In this study, we used the black tape with low acoustic impedance as the coating material
and assumed a pressure increase of 35%. Thus, the peak pressure of the top and bottom surfaces
could be increased to 3.63 GPa and 4.0 GPa, respectively.

The differences in the affected depth of the compressive strains and the thickness of the SPD
layer on two sides are both related to the peak pressure. As mentioned before, the peak pressure
depends linearly on both affected depth and pulse duration. More peak pressure can induce larger
affected depth. As the pressure value of the bottom surface is slightly higher than that of the top
surface, it is reasonable that a larger affected depth was formed on the bottom side. Nie et al. [21]
investigated on the SPD layer with different LSP parameters and found that the more the peak
pressure generated, the thicker the SPD layer formed, when the peak value is between the Hugoniot



elastic limit and the threshold for the plasma breakdown. As the peak pressure of two surfaces
exceed not too much than the Hugoniot elastic limit, it should be below the threshold for the plasma
breakdown. Thus, a slightly higher pressure can induce a thicker SPD layer on the bottom side.

The plastic deformation induced by high peak pressure can be a significant factor in the o
formation mechanism during the LSP treatment. The » phase, induced by deformation, has various
morphologies: (i) plate-shaped o phase in the B matrix, (ii) plate-like o phase via mechanical
twinning, and (iii) fine o particles in the B matrix. In the current work, the » phase was determined
to be nano-sized fine particles. These three cases are discussed in the following.

The plate-shaped ® phase in the f matrix has been observed in metastable p titanium alloys
[35,36] after severe plastic deformation; it is assumed that its formation is based on shear
deformation. It was also found in B-stabilized alloys shocked under such a high pressure. Hsiung
et al. [16] reported that a plate-shaped ® phase was formed in Ta-based alloys shocked at 45 GPa.
Dey et al. [17] investigated a plate-shaped ® phase in ZreNb alloy shocked at 14.5 GPa. In this
study, the laserinduced shock pressure of 4.03 GPa was possibly not sufficiently high to induce
plate-shaped o in Ti-17 alloy.

Plate-like  phase via mechanical twinning has been reported by several researchers. Hanada et
al. [37,38] reported that a plate-like single variant of o phase could be preferentially induced in a
{332} (113) twin. Sukedai et al. [39] and Lai et al. [40] identified a plate-like » phase along the
{112}(111) twin boundary. However, no deformation twins were found near the bottom surface in
the current study, which is in agreement with literature [11]. It was suggested that the strain rate
was too high and time was too short to allow the formation of deformation twins during the LSP.

Fine o particles in the p matrix after deformation have been found in as-quenched TieV and
TieCr alloys [41,42]. The as-quenched samples provided an athermal o phase with fine particle
morphology prior to deformation and the size and the number of o particles increased after the
deformation. Zhao et al. [41] reported that even when the athermal o phase formation was
suppressed by increasing the stability of the B phase, cold rolling could still induce a considerable
amount of fine o particles. Liu et al. [42] suggested that the o phases were induced by cold rolling
via the “growth of w-particles”. These studies suggest that the prior athermal treatment is crucial
in the nucleation of the o phase and the subsequent deformation determines the growth of the ®
phase. In this study, there was no athermal o phase prior to the LSP treatment and the coating layer
protected the material surface from direct thermal effects. Thus, it is unclear if LSP can provide
similar athermal conditions to nucleate fine ® particles.

Ahmed et al. [43] suggested that the formation of ® particles could be favorable at high strain
rates during the compression tests, owing to an increase in the temperature value to the range of



athermal o formation due to adiabatic heating. The LSP can also cause a noticeable adiabatic
temperature increase with a rather high strain rate. The adiabatic temperature increase due to the
conversion of plastic deformation to heat can be calculated as

B
AT = E fogf ade, (3)

where B is the Taylor—Quinney coefficient with a typical value of 0.9 for most metals, p is the
density and Cy is the specific heat capacity of the target material (p = 4.65 g/cm®and Cv = 525

JI(Kg K) for Ti-17 alloy), o is the flow stress, and & is the true strain. Under the LSP condition,
B

pCy
The strain rate £ in LSP typically reaches 107/s and the duration t in the water-confined mode is 2—
3 times longer than the laser-pulse duration [44]. Therefore, the values of the adiabatic temperature
increase on the top and bottom surfaces were calculated as 803 and 885 K, respectively. The
temperature of the two surfaces during LSP can reach 828 and 910 °C, respectively. The [ transus
temperature of the Ti-17 alloy is ~890 °C; thus, the temperature of the bottom surface can reach
the temperature of the B phase field, while that of the top surface cannot.

the increase in the temperature can be approximated as AT = XPXe= p% X P x ét [11].
|4

Thus, the formation mechanism of the LSP-induced o phase can be described as follows. The
bottom surface is laser shocked under high pressure, which generates a large plastic deformation
resulting in an adiabatic temperature rise to the B phase field, and then the surface is cooled down
from the B field due to the cooling effect of the waterconfining medium. The duration of the
adiabatic increase in the temperature and the subsequent cooling is in the order of ns. Banerjee et
al. [45] suggested that the shock loading experiment was equivalent to the athermal treatment,
because the duration of the shock loading was typically in the order of ps, and the diffusive motion
of atoms was negligible. As observed in the case of shock loading, the LSP treatment provides
conditions similar to the athermal treatment to nucleate fine ® particles. Furthermore, the large
plastic deformation induced by the LSP treatment provides ideal conditions for the growth of fine
o particles. Thus, the B — o phase transformation occurs on the bottom surface after LSP treatment.

The narrow distribution region of the o phase near the bottom surface can also be described by
this mechanism. It is known that the pressure pulse generated by LSP attenuates rapidly when it
travels through the material. This results in a rapid decrease in the magnitude of the adiabatic
heating as the distance from surface is increasing. Moreover, the temperature of the bottom surface
is only slightly higher than that of the B transus. Thus, the temperature sharply drops below that of
the B transus within a short distance near the bottom surface, which results in the narrow
distribution region of the o phase.

In addition, it is necessary to draw attention to the incommensurate structure of o phase, which
has been observed in previous reports [22-24] with extensive diffuse scattering streaks and
deviated positions of intensity maxima. The extent of the deviation represents the stability of the



o phase with respect to the B phase and depends on the solute (Bstabilizer) content and the extent
of undercooling below the ® transformation temperature T,, [25]. As the LSP treatment was applied
at room temperature, it means the extent of undercooling is not the crucial factor in this case. In
addition, the diffusive motion of atoms, i.e., diffusion controlled solute partitioning, was negligible
because of the short duration of the LSP treatment as mentioned before. Thus, the LSP treatment
has little effect on the incommensurate structure of the o phase. However, it has been already
reported about the presence of commensurate structure of o phase in Ti-17 alloy following
quenching [46], which means the nominal chemical composition of Ti-17 alloy is enough for
commensurate o phase. This indicates that the observed incommensurate structure of the » phase
in this study can be attributed to the inhomogeneous microstructure of the original material with
higher solute content of B-stabilizer on the bottom surface, which is supported by the wide range
of actual fluctuated chemical composition of investigated sample. More detailed investigation on
the incommensurate structure of the o phase is needed.

For a certain extent, the compressive strain and the o phase affect each other simultaneously.
On the one hand, the formation of both the compressive strain and the o phase results from the
shock peak pressure. On the other hand, the » phase can facilitate the release of the accumulated
compressive strain, which probably have little negative effects on the enhanced fatigue life
improved by the LSP treatment, due to its small volume fraction. Nevertheless, the homogeneously
distributed  phase can result in fine-grained strengthening. The effect of the ® phase on the LSP
strengthening needs to be further investigated in detail.

5. Conclusions

The in-depth distribution of the residual strains and the microstructure evolution in the Ti-17
alloy following the two-sided LSP treatment were investigated by HE-XRD and TEM methods.
Large residual strain gradients were observed in the near-surface region on both sides. However,
there is a distinct difference in the lattice strains and in the extents of peak broadening observed
on the top and bottom surfaces. Smaller compressive strain and larger peak broadening occur on
the bottom surface compared to those on the top surface, which are induced by the formation of
the @ phase. Fine o particles with incommensurate structure are mainly distributed in the 15 pm-
thick layer under the bottom surface. The formation of the o phase is attributed to the adiabatic
increase in the temperature due to the higher shock peak pressure on the bottom surface. The
formation of the  phase can result in the relaxation of the residual compressive strain.
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Table 1
Chemical composition of Ti-17 alloy

Element Al Sn Zr Mo Cr Ti

wit% 4555 16-24 16-24 3545 3545 Bal
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