Journal of Materials Science & Technology 209 (2025) 262-291

Contents lists available at ScienceDirect

Journal of Materials Science & Technology

journal homepage: www.elsevier.com/locate/jmst

Review Article

Laser shock processing of titanium alloys: A critical review on the N

Check for

microstructure evolution and enhanced engineering performance

Qian Liu?, Shuangjie Chu®P, Xing Zhang¢, Yugian Wang¢, Haiyan Zhao®¢, Bohao Zhou?,
Hao Wang', Genbin Wu?, Bo Mao®*

aSchool of Materials Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China

b Baoshan Iron & Steel Cooperation Limited, Shanghai 201900, China

€School of Mechanical and Electric Engineering, Soochow University, Suzhou 215100, China

d Department of Mechanical Engineering, University of Nevada-Reno, Reno 89557, USA

¢ Baowu Special Metallurgy Cooperation Limited, Shanghai 201900, China

fShanghai Engineering Research Center of Laser Intelligent Manufacturing, Shanghai Institute of Laser Technology Co., Ltd., Shanghai 200233, China
& Department of Orthopaedic Surgery, Shanghai General Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai 200080, China

ARTICLE INFO ABSTRACT

Article history:

Received 12 February 2024
Revised 27 April 2024
Accepted 29 April 2024
Available online 31 May 2024

Titanium (Ti) and its alloys are frequently utilized as critical components in a variety of engineering ap-
plications because of their high specific strength and excellent corrosion resistance. Compared to conven-
tional surface strengthening technologies, laser shock peening (LSP) has increasingly attracted attention
from researchers and industries, since it significantly improves the surface strength, biocompatibility, fa-
tigue resistance, and anti-corrosion ability of Ti and its alloys. Despite numerous studies that have been
carried out to elucidate the effects of LSP on microstructural evolution and mechanical properties of Ti
and its alloys in recent years, a comprehensive review of recent advancements in the field of Ti and its
alloys subjected to LSP is still lacking. In this review, the standard LSP and the novel process designs
of LSP assisted by thermal, cryogenic, electropulsing and magnetic fields are discussed and compared.
Microstructural evolution, with focuses on the dislocation dynamics, deformation twinning, grain refine-
ment and surface amorphization, during LSP processing of Ti alloys is reviewed. Furthermore, the en-
hanced engineering performance of the LSP-processed (LSPed) Ti alloys, including surface hardness, wear
resistance, fatigue life and corrosion resistance are summarized. Finally, this review concludes by present-
ing an overview of the current challenges encountered in this field and offering insights into anticipated

future trends.
© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &
Technology.

Keywords:

Laser shock peening
Titanium alloys
Microstructure evolution
Mechanical properties

1. Introduction Therefore, it is of critical importance to develop advanced material

processing approaches to further improve their engineering perfor-

Titanium (Ti) and its alloys have been widely utilized as struc-
tural materials in a variety of engineering applications, owing to
their high specific strength [1], excellent corrosion resistance, su-
perior biocompatibility [2,3], and outstanding fracture toughness
[4,5]. These exceptional material properties have facilitated their
extensive deployment in a range of applications including aircraft
engines [3], steam turbine blades [6], bio-implants [7], and petro-
chemical facilities [8], as shown in Fig. 1. During their operational
lifespan, Ti and its alloys are often subjected to various deleterious
factors such as corrosion, stress corrosion, friction and wear, cyclic
loading, leading to the potential failure of mechanical components.
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mance.

Surface processing techniques have shown great potency in en-
hancing the overall engineering performance of metallic compo-
nents due to their high flexibility without affecting the structural
integrity. Over the past decades, various metal surface process-
ing techniques have been developed, such as shot peening (SP)
[9-11], ultrasonic SP (USP) [12,13], ultrasonic rolling (UR) [14-17],
surface mechanical attrition treatment (SMAT) [18-20], and ul-
trasonic nanocrystal surface modification (UNSM) [21-23]. During
these processes, the material microstructure is tailored by high-
strain-rate plastic deformation, leading to enhanced surface hard-
ness, corrosion resistance, and fatigue durability. For example, Wen
et al. [11] showed that the fatigue limit of Ti64 alloy was improved
by 20% from 485 MPa to 580 MPa after SP processing. Kumar et al.

1005-0302/© 2025 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & Technology.
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Fig. 1. Typical classification, surface processing techniques, and applications of Ti alloys.

[12] found that the low cycle fatigue life of Ti13Nb13Zr alloy was
improved threefold by USP. Liu et al. [15] showed that the fatigue
limit of Ti64 alloy was ~39% higher for UR-processed sample (695
MPa) than that for the unprocessed sample (500 MPa). Singh et al.
[20] reported that the wear rate of Ti64 alloy was decreased from
3.23 x 10~* mm3/Nm to 2.51 x 10~% mm3/Nm by SMAT. Amanov
et al. [23] found the width of the fretting wear scars of Ti64 al-
loy could be significantly decreased from 680 pm to 630 wm af-
ter UNSM treatment. However, these traditional surface processing
techniques are gradually becoming inadequate to meet the evolv-
ing demands of high-performance component production and pro-
cessing, due to the limited depth of introduced compressive stress
layer [24], increased surface roughness and formation of micro-
cracks [25].

In addition to the aforementioned surface strengthening tech-
niques, laser shock peening (LSP) has emerged as a promising ma-
terial processing approach and has gained considerable attention
in recent years. LSP was firstly developed in the 1970’s by An-
derholm [26] to improve the fatigue life of engine blades and has
been widely utilized in plenty of industrial applications nowadays.
Our previous research has shown that LSP is capable of improv-
ing the surface hardness [27,28], wear resistance [29,30], corrosion
resistance [31,32], and even stretch formability [33,34] of metallic
materials. Compared with SP, USP, and SMAT, LSP stands out due
to the following advantages: (1) larger depth of introduced com-
pressive residual stress (CRS), (2) higher shockwave pressure re-
sulting in prominent grain refinement and surface strengthening
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effect, (3) higher flexibility with controllable process parameters.
Therefore, LSP has been widely employed to enhance the durabil-
ity of Ti-based components, particularly those featured by complex
geometries and high yield strength [24].

Due to its scientific significance and practical applications, ex-
tensive research efforts have been paid to the investigation of mi-
crostructure evolution and engineering performance of Ti and its
alloys processed by LSP [35-39]. For instance, Zhang et al. [40]
found the fatigue strength of Ti64 at 2 x 106 cycles was enhanced
to 264 and 306 MPa after single-impact LSP and two-impact LSP,
respectively, which were 22.2% and 41.7% higher than those of the
unprocessed sample (216 MPa). Hua et al. [41] investigated the
hot corrosion behavior of TC11 alloy treated by LSP. The result
showed the average corrosion rate at 650 °C after LSP process-
ing was 4.56 (mg/(cm? h)), 78.5% lower than that of the untreated
sample (21.22 mg/(cm? h)). Zhang et al. [40] found the micro-
hardness of the as-received Ti64 was improved by 15% and 24%
after single-impact LSP and two-impact LSP, respectively. The im-
proved surface hardness [42], fatigue strength [43], fatigue life [44]
and resistance to crack propagation [45] after LSP treatment can be
mainly ascribed to the introduced CRS [46] and surface microstruc-
tural change [47,48], including dislocation accumulation [49], grain
refinement [50], deformation twinning [51] and phase transforma-
tion [52].

It is evident that a thorough review of LSP process design, along
with its impacts on the microstructural evolution and mechanical
properties of metallic materials, is crucial not only for optimiz-
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ing the LSP process but also for its practical applications. Up to
now, several review articles related to LSP have been published.
For instance, Montross et al. [53] reviewed the influence of LSP
on the residual stresses and mechanical properties of metal al-
loys. Deng et al. [54] reviewed LSP-induced microstructural evo-
lution and mechanical property enhancement of metallic materi-
als and alloys with summarizing the relationship between the me-
chanical properties and LSP processing parameters. Praveenkumar
et al. [55] reviewed the surface properties of aeroengine materi-
als under different LSP controlling parameters. Kalainathan et al.
[56] reviewed the application of LSP without coating (LPwC) on
ferrous, aluminum and Ti alloys. Liao et al. [57] reviewed the rela-
tionship among process design, microstructure evolution and me-
chanical performance of metallic material processed by warm LSP
(WLSP). These review efforts have provided valuable insights into
the optimization of the microstructure and corresponding mechan-
ical properties of LSP-processed metallic materials. Compared with
metals with a cubic crystal structure, such as aluminum alloys and
steels, the plastic deformation mode of most Ti alloys is signifi-
cantly different due to their hexagonal close-packed (HCP) struc-
ture with low symmetry and limited availability of slip systems.
Moreover, Ti alloys with different alloying compositions result in a
variety of phases, which exhibit distinct plastic deformation mech-
anisms. Therefore, the microstructure response and strengthening
mechanism of Ti alloys subjected to LSP may be significantly differ-
ent from aluminum alloys and steels. Moreover, Ti alloys with mul-
tiple phases may exhibit distinct plastic deformation modes due to
the complex strain and stress partition behavior during ultra-high
strain rate plastic deformation. However, particular efforts focusing
on the summary of Ti alloys subjected to LSP approach have yet to
be undertaken.

Given the rapid advancements in both research and practical
applications of LSP on Ti alloys, the timeliness and significance
of conducting a comprehensive review to consolidate recent de-
velopments in this field become apparent. The goal of the work
is to provide a thorough analysis of the latest advancements in
the effects of LSP on Ti and its alloys. In this paper, an exten-
sive examination of LSP and field-assisted LSP is undertaken, fol-
lowed by the comprehensive review of the microstructure evolu-
tion during LSP of Ti alloys including the dislocation motion, de-
formation twinning, phase transformation, grain refinement and
surface amorphization. Moreover, the enhanced engineering per-
formances of LSPed Ti alloys such as compressive residual stress
(CRS), surface hardness, wear resistance, fatigue life and corrosion
resistance are discussed. Finally, this review summarizes the exist-
ing challenges and proposes potential avenues for future research
endeavors regarding LSP treatment of Ti and Ti alloys. Henceforth,
the main goal of this review is to provide important insights and
guidance for the design of novel surface-strengthening techniques
and address the research gap by assessing various microstructural
characteristics and engineering performances of Ti and its alloys
treated by LSP.

2. LSP process design and working principle

As an emerging surface modification technology, LSP is com-
monly adopted to tailor the surface properties of Ti and its alloy.
In recent years, the increasing severity of extreme environments
has posed significant challenges to LSP as a single mechanical-field
action. Hence, several novel LSP technologies have been proposed.
On the basis of surrounding temperature LSP can be classified as
WLSP and Cryogenic LSP (CLSP). Moreover, external-filed assisted
LSP technology is the key development direction of LSP technology
with the introduction of new energy fields, such as electric, and
magnetic fields. These new developments in LSP technology have
different working principles, offering unique and significant ben-
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efits. This section will delve into the working principles of both
conventional and new LSP technologies.

Even if LSP and related novel laser processing techniques have
shown promise in enhancing the engineering performance of Ti
and its alloys, there remains a significant need for further inves-
tigation. The future of research in this field is crucial for advancing
the industrial applications of these techniques. Key objectives for
future research include: Establishing comprehensive process sim-
ulation and material models; Exploring additional enhancement of
engineering performances; Advancing novel laser processing meth-
ods. In summary, further research is imperative to unlock full in-
dustrial applicability of several novel LSP technologies.

2.1. Standard LSP

As schematically illustrated in Fig. 2(a), the standard LSP pro-
cess involves the utilization of a high-energy pulsed laser to ir-
radiate the target surface. An absorbing layer is typically placed
on the top of the target to act as an ablative coating, while a
transparent confinement is subsequently applied over this abla-
tive coating. During the LSP process, the high-energy (GW/cm?2)
short-pulse (ns) laser beam travels through the transparent con-
finement and irradiates the ablative coating, resulting in an instan-
taneous vaporization and ionization of the coating layer. This leads
to the formation of high-temperature-high-pressure plasma, which
expands swiftly away from the target surface. Due to the pres-
ence of transparent confinement, the expanding plasma is trapped
and re-directed towards the surface, leading to the generation of a
high-pressure shockwave (GPa) propagating within the target ma-
terial. Based on the widely accepted Fabbro’s LSP model [58], the
peak shockwave pressure P of the laser-induced plasma is defined
by shock impedance Z (confining media Z; and target material Z,)
and the laser intensity I(t):
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where L is the length of the plasma interface, o is the ratio
of the thermal energy to the internal energy of the plasma (in
the 0.3-0.5 range). Zj = Zyjass = 1.44 x 10°g/(cm? ), Z, = Zyigq =
2.33 x 108g/(cm? s) [59]. I(t) is given by Egs. (4) and (5):
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where Iy is the maximum laser intensity, Q is the pulse laser en-
ergy, d is the beam diameter, and At is the laser pulse duration.
The value of o can be estimated from the effective laser duration
FWHM (full width at half maximum), where FWHM = 2+v2In20 ~
5 ns, and u =6 o. Based on Eqgs. (1)-(5), the temporal evolution
of shockwave pressure for various laser intensities is calculated as
shown in Fig. 2(b). It can be seen that the shockwave pressure in
LSP experiments rapidly reaches a peak value (GPa) within 20 ns
and then decays gradually over time. As the shockwave propagates
into the Ti block, the effective pressure decays with the increase of
depth. Once the shockwave pressure exceeds the metal’s Hugonoit
elastic limit (HEL), which is defined by the magnitude of elastic
precursor of the shock wave and is related to yield strength oy
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Fig. 2. (a) Schematic view of the LSP experimental setup. (b) The temporal evolution of laser shockwave pressure as affected by the laser intensity in LSP experiments,
estimated by Fabbro’s model. Reproduced from Ref. [27] with permission of the publisher (Elsevier).
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and Poisson’s ratio v of the material through HEL = 1=
high-strain-rate plastic deformation occurs underneath the irradi-
ated region, accompanied by the grain refinement and induction
of CRS. The degree of grain refinement from the matrix to the sur-
face includes low-density dislocations, dense dislocations (or dis-
location line entanglement), DWs (dislocation walls), DCs (dislo-
cation cells), sub-grain boundaries, and nanocrystals. The gradient
dislocation movement induced the formation of gradient structure.
Notably, the thickness of the CRS field formed by LSP can reach 1
to 2 mm, which is nearly 5 to 10 times deeper than that by SP [60].

Under LSP processing, the strengthening effect of Ti and its al-
loys is primarily influenced by the pressure of the shock wave,
with plastic deformation occurring only when the shockwave pres-
sure exceeds the metal’s Hugoniot elastic limit. The duration of the
laser pulse affects the depth of strengthening, as the shock wave
gradually attenuates during propagation. Based on Eqgs. (3) and
(4), the pressure of the shockwave is influenced by laser inten-
sity, pulse laser energy, laser pulse duration and beam diameter.
The spot geometry, overlap ratio, and number of shock impacts
also have a great influence on the degree of plastic deformation.
Furthermore, the strengthening effect also depends on the initial
microstructure features, such as grain size, phase constitution, and
crystallographic of Ti and its alloys.

2.2. Warm LSP

Despite that the depth and magnitude of CRS in materials can
be significantly enhanced by LSP, this technique suffers from stress
relaxation under cyclic loading (especially at high temperatures),
owing to the monotonic and cyclic relaxation. In order to stabilize
the microstructure and superior mechanical properties after LSP, a
novel approach named WLSP was developed by the research group
of Cheng et al. [61] in 2010 on the basis of thermo-mechanical cou-
pling effect, as schematically depicted in Fig. 3(a). WLSP is a tech-
nique that controls the strain-induced microstructures using ther-
mal effects, which takes advantages of both LSP and dynamic strain
aging (DSA). The temperature range of DSA of Ti alloys can be cal-
culated by the model proposed by Qian et al. [62,63]:

—Qnm

kin (a?/12Dy) ©®)

Tupper =

Um

Tlower = mv (7)
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where Typer and Tjgye, are the upper limit and the lower limit of
the dynamic strain aging temperature, respectively. Qn is the ac-
tivation energy for the partial polymerization of solute atoms, a
is lattice constant, k is Boltzmann constant, Dy is diffusion coeffi-
cient, up, is the energy of the maximum interaction between the
dissolved atoms and dislocation, a; and cs are the average and
maximum concentration of solute elements in an alloy, respec-
tively. Therefore, it can be deduced that the temperature range of
the dynamic strain aging of Ti alloys is approximately 0.2—0.5 of
its melting point, i.e., Ti alloys are generally heated to a range of
150—350 °C during WLSP.

The processing temperature during WLSP is a critical param-
eter that affects the enhancement of mechanical properties. Pan
et al. [64] investigated the effects of processing temperature on
the CRS distribution and microstructure of Ti64 processed by WLSP
(WLSPed). As shown in Fig. 3(b), the peak CRS continuously re-
duced with increasing temperature and considerably dropped at
temperatures above 300 °C, whereas the width and depth of the
CRS region were increased with increasing temperature. 300 °C has
higher affected width and depth of the CRS than other WLSPed
samples. The CRS and surface microhardness of Ti64 processed
by WLSP at 300 °C could be significantly improved by 36.2% and
5% respectively, compared to the counterparts processed by stan-
dard LSP. 300 °C was decided as the optimal peening temperature
for our WLSPed Ti64 alloy. Another difference between WLSP and
LSP is the degree of grain refinement. More intense grain refine-
ment was found in WLSPed sample due to the multiplication of
dislocations and deformation twins, than their LSPed counterparts
(Fig. 3(c, d)). Moreover, an amorphous layer was found in the WL-
SPed Ti64 alloy, as shown in Fig. 3(e, f). Closed to the amorphous-
nanocrystalline interface, many finer nanocrystalline grains were
found (Fig. 3(e, f)). Zhou et al. [65] analyzed the effects of process-
ing temperature during WLSP of Ti64 alloys on CRS and fatigue
performance. The CRS region in the sample processed by WLSP at
300 °C was found to be 725 wm in depth and 14.6 mm in width,
while the LSPed sample exhibited a CRS depth of 540 pwm and
width of 13.2 mm. During low-cycle fatigue (LCF) tests, the final
axial displacement of WLSPed specimens at 300 °C (3.413 mm) is
increased by 14% in comparison to LSPed samples (3.002 mm).

2.3. Cryogenic LSP

Besides the warm processing technique, cryogenic treatment
is also a special heat treatment method, which is conducive to
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Fig. 3. (a) Schematic illustration of WLSP process, (b) surface CRS distributions of the WLSPed samples at different processing temperatures. Cross-sectional microstructure
of the Ti64 alloys processed by (c) LSP and (d) WLSP. (e, f) TEM images showing the cross-sectional microstructure of the Ti64 alloy after WLSP at 300 °C. Reproduced from

Ref. [64] with permission of the publisher (Elsevier).

the formation of deformation nano-twins (NTs) and stacking faults
(SFs) [66-68]. CLSP combines the dual advantages of cryogenic
temperature and ultra-high strain rate deformation to perform
a synergistic strengthening treatment on the materials’ surface,
which was firstly proposed by Ye et al. [69] in 2011. The schematic
view of the CLSP process as shown in Fig. 4(a). In the CLSP pro-
cess, the target material is typically placed in a container filled
with liquid nitrogen, leading to a distinctive microstructure evo-
lution that differs from that observed in the LSPed sample. Li
et al. [67] investigated the effect of CLSP on the microstructure
and mechanical properties of pure Ti and the results are shown in
Fig. 4(b-f). It can be seen that the surface micro-hardness of CLSP
processed (CLSPed) sample increased by 6.1% as compared to that
of LSPed sample. EBSD (electron backscatter diffraction) characteri-
zation of the surface microstructure demonstrated that the propor-
tion of twin boundaries was increased by 133.3% for the CLSPed
sample, as shown in Fig. 4(c, d). Further examination of the near-
surface area by transmission electron microscopy (TEM) revealed
that in comparison to LSPed sample, a higher density of dislo-
cation structures and interlacing of mechanical twins (MTs) were
found in CLSPed sample (Fig. 4(e, f)), owing to the suppression
of the motion and slip of dislocation structures under cryogenic
temperature. For TC6 alloys, Li et al. [66] found that the tensile
strength, elongation and micro-hardness of the sample processed
by CLSP at —130 °C were increased by 6.1%, 6.6% and 4.86% respec-
tively, than that of LSPed sample. The main reasons for the signif-
icant improvements in properties are as follows: (1) the formation
of higher density of dislocations and deformation twins; (2) accu-
mulation of dislocation on both sides of the twin boundaries. Li
et al. [70] studied the high-cycle bending fatigue behavior of TC6
alloy under LSP and CLSP. Compared with the LSPed sample, the
damping ratio and fatigue life of CLSPed specimen was increased
by 15.4% and 32.94%, respectively.

266

2.4. LSP assisted by external field

External field has long been employed to assist the defor-
mation and control of the microstructure of metallic materials
since the discovery of electro-plastic effect and magneto-plastic ef-
fect [71,72]. Compared with thermal heating, electropulsing is a
promising method that can improve material ductility [73], heal
cracks [74] and optimize the material microstructure and texture
[75,76]. Dong and his team [77] proposed an electric field-assisted
LSP (EPLSP) process that induces electro-plasticity effect by pulsed
current.

The schematic view of the EPLSP process is depicted in Fig. 5(a).
An electropulsing generator is used in the EPLSP pretreatment
experiment. A copper electrode with a chrome-plated surface is
connected to the two ends of the sample. In the EPLSP process
(Fig. 5(a)), the sample is subjected simultaneously to LSP treat-
ment and a pulsed current. They found the hardness of Ti64 al-
loy was increased with the peak current density for EPLSP treat-
ment (Fig. 5(b)), despite that the maximum temperatures for
the different electrical parameters were similar (Fig. 5(c)). It was
also demonstrated that in comparison to the continuous current-
assisted LSP (CCLSP), EPLSP contributed to a higher surface hard-
ness, indicating that the pulsed current exhibited a more signif-
icant impact on the material plasticity than the thermal effect.
The EBSD results revealed a higher density of dislocations in the
EPLSPed sample than that in the LSPed and CCLSPed samples
(Fig. 5(d-f)). This outcome was ascribed to the enhanced disloca-
tion mobility induced by the electropulsing process [77]. The sur-
face roughness of the samples before and after LSP treatment was
characterized by a 3D surface profiler. The results showed that this
electro-plastic effect also resulted in a greater surface roughness
after EPLSP (~0.30 mm) than that after LSP (~0.05 mm), as shown
in Fig. 5(g). The increase of surface roughness in EPLSPed may lead
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to local stress concentration compared to the smooth surface of
the unLSPed specimen (~0.03 mm) [78]. Nevertheless, the change
of roughness after LSP has minimal impact on the hardness, fa-
tigue durability, and corrosion resistance. In essence, the beneficial
effects of the LSP-induced high-level CRS and gradient microstruc-
tures (grain refinement, twin and dislocation) are much greater
than the negative effects of increased surface roughness [43,78,79].

In addition to the electropulsing, magnetic fields have been ex-
plored as an adjunct to LSP process, leading to the development
of magnetic field-assisted LSP (MFLSP) as proposed by He et al.
[80], depicted in Fig. 6(a). This technique utilizes a half-sine-wave
pulsed magnetic field generated by a pulse current in the Pulse
magnetic field treatment (PMT). Under a non-magnetic field con-
dition, as shown in Fig. 6(b), the movement of dislocations is hin-
dered by pinning effects resulting from the Coulomb interaction
between dislocations and obstacles. Meanwhile, the orbital spin
exists in a resonance coexistence zone, fluctuating between sin-
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glet and triplet states (Fig. 6(c)). The introduction of an external
magnetic field contributes to dislocation depinning and dislocation
multiplication (Fig. 6(d)). This effect is caused by the influence of
magnetic field on the state of orbital spin, facilitating a transition
from the singlet state to the triplet state (Fig. 6(e)). In the triplet
state, the binding energy between the dislocation and the obsta-
cles is reduced compared to the singlet state, making dislocations
more likely to de-pin from the obstacles [81].

As an example case, He et al. [80] investigated the effects of
MFLSP on dislocation motion, grain size, and surface hardness of
Ti64 alloys. Fig. 6(f-h) presents the KAM maps for semiquantita-
tive description of the distribution of total dislocation density. In
comparison to the as-received sample, the PMTed sample exhib-
ited a lower KAM value, indicating the weakened crystal distortion
rate and misorientation due to the disaggregation of dislocations
in the LAGBs. The MFLSPed sample presented a higher KAM value,
indicating severe plastic deformation caused by laser-induced DRX.
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Moreover, MFLSP promoted the multiplication of more dislocations
and the stacking of new dislocations, facilitating the uniform grain
refinement of Ti64 alloys. The grain size distribution maps indi-
cated that in comparison to the as-received sample (Fig. 6(i)), the
preferred clustering points in MFLSPed sample were reduced to
one main point (10-20 pm) and one additional point (~20 pm).
Additionally, based on the inset images, it was measured that
the fraction of small diameter grains (<10 wm) was increased by
159.57% by MFLSP processing. Furthermore, the uniform grain re-
fining effect contributed to the homogeneity of surface hardness
values and surface strengthening effect (surface hardness increased
by 18.21 HV), as shown in Fig. 6(k).

3. Microstructural Evolution

Understanding the microstructural evolution of Ti alloys dur-
ing LSP is of critical importance for process design and optimiza-
tion. However, Ti alloys demonstrate a diversity of phases influ-
enced by their alloying compositions. Beyond the two dominate
allotropic phases, hexagonal close-packed structured o —Ti and
body-centered cubic structured 8 — Ti, additional phases such as
o’ —Ti, «” —Ti, w —Ti also present. These phases exhibit distinct
plastic deformation mechanisms, resulting in different microstruc-
tural responses including dislocation movement [82,83], deforma-
tion twinning [51,67], phase transformation [84], grain refinement
[47,50,85], and surface amorphization [48,86]. Moreover, LSP in-
duces plastic deformation with an ultrahigh strain rate of ~106/s,
during which the microstructural responses might be significantly
different from those observed in quasi-static deformation. Table 1
summarizes the typical microstructure evolution features of Ti al-
loys after LSP process. The mechanism responsible for the individ-
ual feature will be discussed in this section.

3.1. Dislocation evolution

One significant aspect of microstructural evolution of Ti alloys
subjected to LSP is the formation of high-density dislocations due
to the high shockwave pressure [93]. In order to quantitatively as-
sess the dislocation densities, Kernel average misorientation (KAM)
conducted with EBSD date was applied to quantitatively calculate
the dislocation densities [51]. TEM analysis was also performed
to assess the dislocation structures present beneath the processed
surface [87]. KAM conducted with EBSD date was applied to calcu-
late the dislocation densities quantitatively. Sun et al. [60] showed
that the dislocation density of the surface of Ti17 alloy was in-
creased from 4.43 x 103> m~2 to 1.10 x 10™ m~2 after LSP pro-
cessing. Huang et al. [51] quantitatively estimated the geomet-

Table 1
Microstructure evolution features of LSP process of Ti alloys.
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rically necessary dislocations (GND) density at different depths
within a Ti alloy subjected to three times LSP. It was measured
that the dislocation densities at the surface, 400 wm depth and
950 wm depth were 51 x 10, 2.1 x 10", and 3.4 x 10 m2,
respectively, indicating the decreasing of GND densities with in-
creasing depth from the peened surface.

High shockwave pressure and severe plastic deformation facil-
itate dislocation slip, then result in grain refinement [49]. Fig. 7
shows the grain refinement mechanism dependent on dislocation
movements. There are mainly three states: (I) Laser shockwave
triggers the dislocation slip, leading to a large accumulation of dis-
location lines and the formation of DTs (dislocation tangles). (1I)
With the increasing time of shockwave, the high-density dislo-
cations start to rearrange, inducing the formation of the disloca-
tion cells and sub-grain boundaries. (III) Through continuous en-
ergy injection and dynamic recrystallization, the pile-up disloca-
tions arranged into the sub-grain boundaries, further induced the
formation of nanocrystalline. The surface nano-crystallization can
enhance the surface hardness. Different states of dislocation move-
ment at different depths induced the formation of a gradient struc-
ture, resulting in a gradient distribution of hardness. Furthermore,
the increased surface hardness could improve the fatigue life by
inhibiting the microcrack initiation and growth. Dislocation multi-
plication also can improve the adhesion between the outer oxide
layer and the substrate, which further enhances the corrosion re-
sistance. Detailed mechanisms will be discussed in Section 4.

As mentioned before, the accumulation of dislocation networks
will promote the formation of sub-grains in the LSPed samples.
Lainé et al. [94] analyzed the formation process of sub-grains in
surfaces processed by LSP. As shown in Fig. 8(a, b), a residual stress
layer with a depth of 50 pm was found in LSPed Ti64 alloys. More-
over, some sub-grains were found in the LSPed Ti64 alloys (Fig. 8(c,
d)). Most sub-grains with extremely low misorientation (< 0.5°),
indicating that they primarily consist of cellular dislocation struc-
tures aimed at accommodating the strains induced by LSP. A con-
tinuous grain rotation induced the misorientation of sub-grains in-
creased to 5°-6°. Some dislocation tangles and the directional ar-
rays of planar dislocations with cellular structure were evident in
Fig. 8(e-g), verifying that the accumulation of dislocations induced
the formation of small sub-grains.

Due to the difficulties of measuring the dislocation density ex-
perimentally, large amounts of studies have attempted to approach
the evolution of dislocations by muti-scale simulations. For in-
stance, Wang et al. [83,95] investigated the relationship between
the laser spot overlap ratio/laser power density and dislocation cell
using three-dimensional finite element model. Fig. 9(a) shows the
multiple dimple profiles on the LSPed surface at 50% and 75% laser

Laser intensity

Materials (GW/cm?) Microstructure evolution features Refs.
Ti64 3.2 and 7.2 Formation of gradient CRS layer and gradient dislocation structure. [43]
Ti64 25 Formation of {1012} twins and poorly-developed dislocation boundaries. [87]
Ti64 4.42 Multiply dislocations and deformation twins; More intense grain refinement. [64])
Ti64 4.42 Formation of high dense shear bands to a depth of 200 mm. [88]
Ti64 10.6 o’ martensites refined by dislocation structures and MTs. [89]
Ti834 9.4 Formation of sub-grain and dislocation cell, twin-matrix lamellae. [90]
Pure Ti 141 Grain refined by multi-directional MTs-MTs intersections and secondary [50]
MTs-DWs intersections.
Pure Ti - Phase transformation [84]
Til7 3.9 Formation of the w phase. [91]
Ti1l7 10.6 Grain refinement by DTs (dislocation tangles) and deformation twins. [2]
TB10 6.6 Dislocation tangled and distributed near the phase boundary; Formation of an [48]
amorphous layer.
TC21 10.86 Formation of SFs, dislocations, and sub-grains; phase transformation [92]
TC6 10.6 Surface amorphization [86]
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Fig. 7. Schematic illustration showing dislocation evolution process of TC6 alloys processed by LSP. Reproduced from Ref. [49] with permission of the publisher (Elsevier).

Fig. 8. (a) Inverse pole figure and (b) grain orientation spread map of the LSPed Ti64 alloys. (c) Lower magnification bright field TEM micrograph of sub-grains, (d) EBSD
inverse pole figure color image of low angle sub-grain boundaries in sample. (e-g) Dislocation structure analysis in the sample. Reproduced from Ref. [94] with permission

of the publisher (Elsevier).

Besides finite element model, several studies have been carried
out to investigate the dislocation dynamics in metallic materials
processed by LSP via molecular dynamics (MD) simulation, which
may provide more detailed information regarding the dislocation
motion and accumulation. For instance, Gu et al. [96] investigated
the evolution of dislocation in LSPed « — Ti by MD simulation. As

spot overlap ratios. As shown in Fig. 9(b-d), under the same laser
power density, the smaller in-depth dislocation cell sizes can be
obtained by increasing the laser spot overlap ratio and laser shock
wave pressures. Wang et al. [95] also found that the in-depth dis-
location cell sizes decrease and tend to be saturated gradually with
the increase of laser power density.

270



Q. Liu, S. Chu, X. Zhang et al.

Overlap ratio
of 75%

/ Reference region
e l%\

Overlap ratio of
50%

Reference region
/ \/ 0

:.;\‘&\

7

~
(]
~
W

P =3GPa

ma

—a— Overlap ratio of 50%
—&— Overlap ratio of 75%

(5]
T

Cell size (um)

0.6 0.8

0.4
Depth (mm)

1.0

(b) s

Journal of Materials Science & Technology 209 (2025) 262-291

P =2GPa

(] g p— Overlap ratio of 50%
g |_—e— Overlap ratio of 75%
g
g
Gl
Ot

0 i I " 1 i

0.0 0.2 0.4 0.6 0.8 1.0
Depth (mm)
2.0
Pmax = 4GPa

1.5} —=&— Overlap ratio of 50% |
- —&— Overlap ratio of 75% |
o 1.0
8|
c
~0.5

0.0 " N m s "

0.0 0.2 0.4 0.6 0.8 1.0

Depth (mm)

Fig. 9. (a) Surface indentations induced by LSP with different overlap ratios. Simulated results showing the effect of overlap ratio and shockwave pressure on the dislocation
cell sizes of the sample: (b) Pmax = 2 GPa, (¢) Pmax = 3 GPa, (d) Pmax = 4 GPa. Reproduced from Ref. [83] with permission of the publisher (Elsevier).

shown in Fig. 10(a—c), the dislocation at the grain boundary moved
along the impact direction as the propagation of shock wave front.
With the increasing of impact time, the number of dislocation seg-
ments and total dislocation length also increased (Fig. 10(d, e)).
Moreover, strain rate significantly affected the evolution trend of
the dislocation atoms. Compared with the dislocation length in-
duced by particle velocity of 0.5 km/s, the dislocation length un-
der 1.5 km/s increased 87%. These results showed that the higher
piston particle velocity induced the more formation of dislocation
atoms at the same time (Fig. 10(d, e)).

Besides laser intensity and number of impacts, processing tem-
perature significantly affects the dislocation multiplication ability
during LSP. Pan et al. [64] showed that WLSP can activate more
dislocation sources and multiplies the dislocation than LSP, due
to the strong pinning effect on the dislocation movement during
strain aging. Li et al. [67] found that CLSP is conducive to the sup-
pression of dynamic recovery, thereby increasing the density and
stability of dislocation structures. Compared to LSP, WLSP and CLSP
demonstrate a more pronounced ability to induce dislocation mul-
tiplication.

3.2. Stacking faults evolution

The presence of stacking faults (SFs) in the ground state struc-
ture of a crystal is related to the stacking fault energy (SFE).
SFs significantly influence dislocation motion and the formation
of twins, thereby controlling the mechanical behavior of Ti alloys.
In addition, o — Ti and B —Ti have three independent slip sys-
tems and twelve independent slip systems [92], respectively, cor-
responding with low-level SFE and high-level SFE. Therefore, reg-
ulating the formation and distribution of SFs region in Ti alloys is
significantly difficult. During the LSP process, some SFs were found
in Ti alloys. He et al. [92] studied the effect of LSP on the forma-
tion of SFs in TC21 alloys. At the top surface to 300 pm deep in
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the TC21 alloy subjected to LSP, a large number of SFs was dis-
tributed at the boundary of twins (Fig. 11(a)). With the depth from
the peened surface increasing, the SFs decreased until disappeared
(Fig. 11(b)). As shown in Fig. 11(c-e), the formation of SFs was at-
tributed to the o — Ti transformation from HCP-Ti into B — Ti. Lou
et al. [49] showed that SFs play an important role in the process of
grain refinement and surface self-nanocrystallization of LSPed TC6
alloys.

3.3. Deformation twinning

Due to the low symmetry of hcp « —Ti, twinning has been
profusely observed in Ti and its alloys and plays a significant
role during plastic deformation, particularly at a high-strain rate
[51,67,92,94]. Deformation twinning is another critical character-
istic in LSPed titanium alloys besides dislocation slip, which can
accommodate plastic deformation and enhance mechanical proper-
ties. For example, the formation of twins divides parent grains and
brings about a grain refinement effect, which improves the sur-
face micro-hardness. Twinning also can inhibit the crack initiation
by reducing the concentration of surface stress. Increasing twin
boundaries facilitated the formation of passivation film, further en-
hancing the corrosion resistance. So far, six types of twins have
been reported in Ti, including three types of tension twin (TTW)
and three types of compression twin (CTW). The identification of
different twinning types was carried out by EBSD analysis. Their
misorientations angle/axis are summarized in Table 2. Schematic
illustrations of the six twinning modes, including the twinning
plane and crystallographic relationship are shown in Fig. 12.

Among these twinning modes, TTW1 and CTW1 twinning sys-
tems are the most commonly observed twining modes in Ti and
its alloys processed by LSP due to their lower critical resolved
shear stress. Previous studies have suggested that the formation of
{1012} twins in the o —Ti is related to the dissociation of <a>
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of dislocation segments and (e) total dislocation length at different times. Reproduced from Ref. [96] with permission of the publisher (Elsevier).
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Table 2

Misorientation angle/axis of the commonly observed tension and compression
twin systems in Ti. Reproduced from Ref. [97] with permission of the publisher
(Elsevier).

Types of twins Twinning system system misorientation angle/axis

TTW 1 {1012}<1011> 85.03° along (1120)
TTW 2 {(1121}<1126> 34.69° along (1010)
TTW 3 {1123}<1122> 86.27 ° along (1010)
CTW 1 {1122}<1123> 64.4 ° along (1010)
CTW 2 {1011}<1012> 57.22 ° along (1120)
CTW 3 {1124)}<2243> 76.89 ° along (1010)

dislocations on the basal plane [98,99]. The formation of {1012}
twins by dislocation dissociation mechanism can be summarized
as: (1) initial <a> dislocations slip along the basal plane during
plastic deformation and then pile-up at the GB [64]; (2) the accu-
mulation of dislocations brings about stress concentration, thereby
reducing the critical shear stress and propagating the twin fault
[64,98]; (3) initial <a> dislocations dissociated into twinning dis-
locations and stair rod dislocations, and twinning dislocations glide
on {1012} twin plane where a nanoscale deformation twin thereby
nucleates and grows.

Due to the high shockwave pressure exerted on the Ti alloys
during LSP process, deformation twinning with multiple variants
could be activated and interact with each other. For example,
Huang et al. [51] studied the twin-twin intersection modes and
twin distribution of pure Ti after LSP, as shown in Fig. 13. Three
twin-twin intersection modes were found: (1) intersection of two
{1122} twin variants (Fig. 13(b)); (2) intersections between a pair
of primary twins (Fig. 13(c-e)); and (3) secondary {1012} tension
twin intersects with the parent grain (Fig. 13(f)). These twin-twin
intersections further subdivided the grains and led to grain refine-
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ment. Jia et al. [90] also found a large number of deformation
twinning and their interactions in the subsurface layer of the LSPed
Ti834 alloys. As mentioned in dislocation evolution part, disloca-
tion density becomes much lower as the shock effect of the LSP
treatment decays with increasing depth from the peened surface.
Differently, the twin density in the sub-surface area is the highest
under 3 LSP impact, than that of other regions, probably due to the
balance of stresses and thermal effects [100].

Both impact number and laser energy have a great influence
on the response of twins in Ti alloys processed by LSP. Mironov
et al. [101] examined the LSP-induced microstructure evolution un-
der different number of impacts. As shown in Fig. 14, the deforma-
tion area widened as the number of shocks increased. Only a few
{1012} twin was found in the three times LSPed sample. With the
impact number increased to five, more {1012} twins were found
(Fig. 14(e)). LSP induced more {1012} twin after increasing the im-
pact numbers. Increasing impact numbers or laser intensity can
also increase the intersection modes of deformation twins in LSPed
pure Ti. Lu et al. [50] studied that a large number of parallel nar-
row strip micro-twin crystals were found without micro-twin col-
lision under single-impact LSP (Fig. 15(a)). However, when process-
ing pure Ti with three-impact LSP, micro-twins in multiple direc-
tions were found in Fig. 15(b), which further collided with each
other. Huang et al. [100] investigated the effect of laser intensity
on the twin evolution of the Ti17 alloy. As the laser intensity in-
creased, the number of twins increased and collided with each
other.

The processing temperature is another factor that significantly
affects the formation of twins during LSP. Both WLSP and CLSP are
observed to generate more twins compared to LSP at room tem-
perature. For example, Li et al. [67] reported that CLSP treatment
on pure Ti resulted in a 133.3% increase in the proportion of the
near-surface twin boundaries compared to RT-LSP treatment. Such
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Fig. 13. (a) Microstructure of the pure Ti processed by 3 impacts of LSP. (a) Overview of the microstructure showing the massive twin lamellae. (b-f) Magnified areas in (b)
showing the twin-twin intersections. Reproduced from Ref. [51] with permission of the publisher (Elsevier).

Three impact

Fig. 14. EBSD image quality map of the cross-sectional microstructure of pure Ti processed by LSP with (a) single impact, (b, ¢) three impacts and (d, e) five impacts.
Reproduced from Ref. [101] with permission of the publisher (MDPI).
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Fig. 15. Typical micro-twin grating in pure Ti subjected to LSP with (a) one impact and (b) three impacts. Reproduced from Ref. [50] with permission of the publisher

(Elsevier).

an increase induced by CLSP was attributed to the synergistic ef-
fect of cryogenic temperature and ultra-high strain rate plastic de-
formation. Specifically, the dislocation motion is suppressed under
such conditions, thereby elevating the necessity of strain accom-
modation by deformation twins. In contrast, WLSP, Pan et al. [64]
observed a higher occurrence of {1012} deformation twins com-
pared to RT-LSP. This was ascribed to the heterogeneous nucle-
ation mechanism: At high temperatures, the improvement in dis-
location multiplication (facilitated by the DSA effect) and the en-
hanced motion of dislocations result in a smoother distribution
and densely packed dislocation arrays. This phenomenon provides
a rich source of dislocation dissociation in a large-scale. These
densely packed dislocations, existing in high-energy states, provide
ample driving force for the initial dislocation dissociation and ex-
ert strong repulsive forces for the separation of twin dislocations
from the core center. In these systems, the nucleation of twins
is more favorable, yielding a significant number of {1012} twin
nuclei.

3.4. Deformation induced phase transformation

Under ambient conditions, the hcp («) phase of Ti alloys is sta-
ble. In 1963, Jamieson reported the pressure-induced o — hexag-
onal (w) phase transformation in Ti firstly [102]. Therefore, sev-
eral studies have been carried out to investigate the shock-induced
phase transformation in pure Ti [52,84,103]. However, the phase
transformation induced by LSP in Ti alloys has rarely been ob-
served, which can be attributed to the high phase transforma-
tion energy barrier by the impurity element content [104]. X-ray
diffraction (XRD) and selected area electron diffraction (SAED) pat-
terns are widely used to detect the phase transformation of the
pure Ti processed by LSP [50,84].

Different LSP parameters affect the formation of @ phase in the
pure Ti. Notably, the shock number of LSP has a great influence on
the phase transformation of Ti. Li et al. [52] reported the ¢ — @ —
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fcc (B) phase transformations with the increasing shock number in
the LSPed ultra-high purity Ti (99.995 %), as shown in Fig. 16(a, b).
The first laser shock causes the transition of {1010}, planes to the
{0002}, crystal planes, attributing to the {1010} planes turn to the
vertical axial direction under the high-speed impact pressure. In
the second laser shock impact, the {0002}, deformed grains trans-
formed into w phase at the coherent twin boundaries region when
the elastic precursor arrived [105]. Two sets of spots for o and
w phases can be observed in Fig. 16(c). The orientation relation-
ship (OR) of {0001}, was paralleled to {1120}, owing to that the
{1120}, {0001}y, {0001}, {1120}, were connected with a line
through the central spot. When the number of shocks increases
to 3 (Fig. 16(b)), the {200} plane appears, which increases signif-
icantly after the fifth impact. The w phase in the sample is easier
to transform to 8 — Ti than « — Ti, due to the calculated total ener-
gies (E) of the phases of titanium in equilibrium volume following
Eg > Ege > Ew > Ea. With the increase of laser shock numbers,
the content of fcc-Ti reaches the maximum, and the impact energy
cannot be further consumed through @ — w — B phase transfor-
mations. The different crystal planes of the fcc-Ti were labeled by
diffraction spots in the colored circles, as shown in the selective
area electron diffraction (SAED) patterns in Fig. 16(d). The intensity
of all the diffraction peaks of 8 — Ti decreases, indicating a 8 — «
reverse transformation under 8-th shock. Li et al. [84] found the
fraction of @ — w phase in pure Ti increased with pulse laser en-
ergy, pulse width and the number of impacts.

Except for the occurrence of o« — B phase transformations, the
B — « reverse transformation was found in the LSPed sample with
an initial B microstructure accompanied by the martensitic trans-
formation. Lu et al. [50] investigated the martensitic (8 — «’)
phase transformation of Ti17 alloy processed by LSP. Fig. 17(a,
b) displays the typical microstructures of needlelike martensite
that were induced by multiple LSP impacts [50]. The formation of
hexagonal martensite &’ phase facilitated the 8 — « reverse trans-
formation (Fig. 17(c)). Under the influence of ultra-strong laser
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Fig. 16. XRD and SEAD analysis of the pure Ti processed by LSP with different impact numbers: (a, b) XRD analysis, (¢, d) SEAD analysis. Reproduced from Ref. [52] with

permission of the publisher (Elsevier).
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Fig. 17. Typical microstructures of inverse-transformation martensite in Ti17 alloy induced by multiple LSP impacts. (a) Needle-like martensite, (b) TEM micrograph, and (c)
the corresponding SAED pattern in circle A. Reproduced from Ref. [50] with permission of the publisher (Elsevier).

shockwave, some trace elements in pure Ti induce lattice distortion
and «’ — « phase transformation, eventually fulfilling the reverse
transformation of the 8 — o phase. The formation of w phase was
also benefit to the 8 — o reverse transformation. Chen et al. [91]
found the B — w phase transformation occurred on the bottom
surface of Ti17 alloy after two-sided LSP treatment.
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3.5. Grain refinement

It has been widely investigated that dislocation accumulation
and deformation twinning are the primary microstructural evolu-
tion features during LSP of Ti alloys, resulting in significant surface
grain refinement [67,83,93,94]. Numerical studies were carried out
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that the surface dislocation cell sizes of pure Ti [83] and Ti64 alloys
[95] were refined by the LSP processing. As the laser power density
increases, dislocation cell sizes decrease and tend to be saturated.
Compared with unLSP-treated Ti alloys, the grain refinement layer
induced a higher hardness and then further enhanced the fatigue
life by the increased amount of grain boundaries. Detailed analysis
of the grain refinement effect was implemented by TEM and IPF
maps conducted by EBSD. For example, Zhang et al. [42] showed
that the average grain size of Ti64 alloys decreased slightly from
7.7 ym to 6.51 pm after LSP processing. Similar observation was
reported by Lv et al. [47] that the average grain width of Ti64 al-
loys was decreased from 1.51 to 0.95 pum by LSP process on both
sides. Additionally, LSP induced a gradient distribution consisting
of ultrafine grains at the upper surface, matrix lamellae in the sub-
surface, and coarse grains in the center area (Fig. 18(a, b)), owing
to the attenuation of shock wave in-depth. Three types of grain re-
finement in selective laser melted Ti64 alloys were found via LSP:
(1) grain boundaries induce the segmentation process that from
MTs into nano-MT (Fig. 18(c, d)); (2) a large number of parallel
MTs with a small number of dislocation motions induce the refine-
ment of &’ martensite (Fig. 18(e, f)); (3) DWs (dislocation walls) cut
off the long side of &’ martensite (Fig. 18(g, h)).

The LSPed grain refinement process for commercial Ti alloys is
also affected by the multidirectional interaction of MTs-MTs and
MTs-DWs. Lu et al. [50] summarized two subdivision modes that
dominated the grain refinement mechanism of LSPed pure Ti, as
illustrated in Fig. 19. On the one hand, the multidirectional inter-
action of MTs-MTs induces grain refinement, including three pro-
cesses. (1) Parallel MTs with same direction divide coarse grains
into thin twin-matrix lamellae (Fig. 19(a, b)). (2) With the in-
creasing impact numbers, various parallel MTs in another direc-
tion are introduced into the twin-matrix lamellae, which is further
divided into various submicron rhombuses or triangular subgrain
blocks (Fig. 19(c)). These subgrain boundaries are arranged in a
zigzag shape. (3) After one more LSP impact, parallel MTs in direc-
tion 3 causes the elongated lamellae to break laterally (Fig. 19(d)).
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On the other hand, the interaction of MTs-DWs refines the grain
size, which consists of two processes. (1) The formed thin laths
(Fig. 19(e)) under one LSP impact are divided by parallel longitude
secondary MTs into nanoscale twin-matrix lamellae (Fig. 19(f)). (2)
With increasing the strain, the dislocation tends to become ar-
ranged in extended DWs, that are approximately perpendicular to
the MTs lamellar boundaries, which further separate the nanoscale
twin-matrix lamellae into refined blocks (Fig. 19(g, h)).

Besides the intersection models, the grain refinement mecha-
nism is also controlled by the dislocation evolution. Ren et al. [106]
studied the dislocation evolution process of Ti64 alloys under dif-
ferent laser energy and impact numbers. Before LSP, the grains of
Ti64 alloy had relatively large sizes and some parallel dislocations
appeared (Fig. 20(a)). Fig. 20(c, d) shows the dislocation evolution
process with increasing impact numbers: low-density dislocations
— denser dislocations (or dislocation lines tangle) — DWs —
DCs — sub-grain boundaries. The dislocation evolution in the pro-
cess of laser-induced plastic deformation has been discussed in de-
tail in Section 3.1 [49,107].

Moreover, Tong et al. [85] also found that the variation of the
grain size as a function of LSP impact numbers. The average grain
size of TC11 alloy at the treated surface of 3, 5 and 7 LSP im-
pacts was inhomogeneous nano-grains, 70-90 nm and 40-60 nm,
respectively (Fig. 21). Lu et al. [50] found the average grain size in
the top surface layer of the one LSPed pure Ti was approximately
5-7 pum, while that of three LSPed specimens was 3-5 pm.

3.6. Surface amorphization

Amorphization can be considered as an extreme case of grain
refinement, where the grains become so small that their bound-
aries are indistinct. Generally, an amorphous layer is often ob-
served under multiple-shot LSP or LSP with high laser energy
[48,49,64,108,109]. For example, a uniform amorphous layer with
a depth of 10 nm was identified on the surface of TC6 alloys sub-
jected to five-shot LSP with a laser energy of 6 ] (Fig. 22(a)) [86].
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sion of the publisher (Elsevier).
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Reproduced from Ref. [106] permission of the publisher (Elsevier).

The formation of this layer was attributed to the interactions be- Moreover, researchers have found that high-temperature condi-
tween numerous dislocations and the high-density stacking faults. tions could promote the surface amorphization of Ti alloys during
A similar phenomenon was reported by Guo et al. [48], where an LSP. In a study by Pan et al. [64], the surface microstructure of Ti64
amorphous layer with a thickness of ~15 nm was observed in a alloys was examined under LSP and 300 °C-WLSP with the same

TB10 alloy once the applied laser energy reached 7 J. Such high- laser energy of 4 ]J. An amorphous layer was found on the surface
energy laser pulse leads to defect accumulation and chemical dis- of WLSPed sample, whereas such a layer was absent in the LSPed
order caused by severe plastic deformation, thereby facilitating the sample, as shown in Fig. 22(b). This was supported by the TEM
formation of the amorphous layer. analyses that the SAED patterns in the depth direction of the WL-
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Fig. 21. TEM images of nano-grains at the top surface and the inset showing the corresponding SAED patterns. (a) 3 LSP impacts; (b) 5 LSP impacts; (c) 7 LSP impacts.

Reproduced from Ref. [85] with permission of the publisher (Elsevier).
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Fig. 22. (a) The microstructure characteristics on the material cross-sectional of TC6 alloy after LSPed [86]. (b-e) Cross-sectional microstructure of Ti64 alloys after WLSP.

Reproduced from Ref. [64] with permission of the publisher (Elsevier).

SPed sample transitioned from faint halo rings with no diffraction
spots (Fig. 22(c)) to sparse crystalline diffraction spots and uni-
form rings (Fig. 22(d)), and finally to distinct crystalline diffraction
spots (Fig. 22(e)). The facilitation of amorphization layer formation
during WLSP was attributed to the increase in free energy arising
from the proliferation of dislocations and deformation twins, cou-
pled with a lower energy barrier for crystal-to-amorphous trans-
formation at higher temperatures. Besides Ti alloy that forms an
amorphous layer under multiple-shot LSP, LSP with high laser en-
ergy and WLSP, the amorphous layer was also identified in H62
brass processed by LSP [108]. However, the effect of the amorphous
layer on the engineering performance of LSPed Ti alloys has not
been reported so far and deserves further investigation.

4. Enhanced engineering performance

The application of Ti alloys in fields such as aerospace, chem-
ical industry, and medical engineering depends on their proper-
ties related to corrosion resistance, wear resistance, and fatigue
strength. Therefore, enhancing the engineering performance of ti-
tanium alloys (such as CRS, surface hardness, and fatigue life) is
crucial during the processing process. In order to improve the en-
gineering performance of Ti alloys, an advanced surface enhance-
ment method known as LSP has been widely used for its excellent
surface strengthening effects and deeper CRS layer. Breakthrough
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investigations of the effect of LSP on engineering performance are
catching even more attention. Through LSP treatment, grain re-
finement significantly enhances surface hardness. The increase in
hardness can improve the load-bearing capacity of LSPed titanium
alloys, thereby leading to excellent wear resistance. Furthermore,
with the advancement of CRS, grain refinement further enhances
fatigue fracture resistance, significantly increasing the fatigue limit
of Ti and its alloys. LSP-induced grain refinement and crystal de-
fects contribute to the formation of protective mixed oxides, en-
hancing corrosion resistance. The engineering performance of Ti al-
loys before and after LSP are compared and summarized in Table 3.
These results showed that LSP treatment can significantly improve
the engineering performance of Ti and its alloys.

4.1. Introduction of CRS

It is clear that most component failures are caused by ex-
ternal loads or stresses imposed during application. CRS plays a
very important role in balancing the external applied stress and
therefore improving the engineering performance of Ti alloys. In
order to introduce a higher and stabler CRS layer in the Ti al-
loys, LSP with high energy and ultra-high strain rates are widely
used [40,117]. Usually, the LSP-induced CRS field is measured us-
ing sin2vy-method based on XRD and “Prism” measurement system
based on the incremental hole drilling method [45,115,118].
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Table 3

Enhanced engineering performance of Ti alloys processed by LSP.
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Power density

Hardness before/after

Max CRS value after

Fatigue life before, after LSP (Fatigue

Materials (GW/cm?) LSP LSP (MPa) strength) Refs.
Ti834 3.7 330/366 HV -550 3x10°, 5x10° cycle at 630 MPa [93]
pure Ti 14.1 171/239 HV - - [50]
pure Ti 6.4 175/330 HV - 3.6x10%, 4.7x10* cycle at 100 MPa [110]
Ti64 11.89 319/354 HV - 600, 700 MPa [37]
TC6 3.6 6.35/12.86 GPa -598 - [70]
TC6 4.24 334.2/409.6 HVqs5 —708.5 438.6, 526.7 MPa [79]
Ti64 3.2/7.2 - —684/-697 3.48x10%, 1.81x10%/3.71x10° cycle at [43]
550 MPa
Ti6AI7Nb 11.5 293/372.2 HV3q - - [111]
Ti64 - 361/392 HV5 —574.9 496.9, 595.4 MPa [112]
Ti64 5 335 /400 HVq s —420 216, 306 MPa [40]
Ti8Al1Mo1V 5.9 - -570.5 541, 614 MPa [113]
Ti64 11.3 334/405 HV —646 51437, 110565 cycles at 540 MPa [78]
TC11 11.2 362.3/465.7 HV -598.8 - [39]
TC11 4,24 351/ 426HV5 —632.5 483.2, 593.6 MPa [114]
Til7 15.92 - -712 - [115]
Ti-2.5Cu 5 - -390 425, 575 MPa [116]
Ti-54M 5 - -650 650, 550 MPa [116]
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Fig. 23. Variation of CRS introduced in LSP process with (a) the number of shocks, reproduced from Ref. [85] with permission of the publisher (Elsevier); (b) laser energy,
reproduced from Ref. [118] with permission of the publisher (Elsevier); (c) laser spot geometries, reproduced from Ref. [45] with permission of the publisher (Elsevier); (d)

WLSP, reproduced from Ref. [64] with permission of the publisher (Elsevier).

The LSP-induced CRS value of Ti alloys is affected by some LSP
process parameters: laser energy, impact number, and overlapping
ratio. For example, Tong et al. [85] found that the increasing LSP
impact numbers can effectively increase the depth of CRS in TC11
Ti alloy (Fig. 23(a)). The same phenomenon was reported in near-
o Ti alloy [93] and Ti64 alloy [40,87,93]. Notably, Maawad et al.
[116] mentioned that the surface residual stresses of Ti alloy were
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compressive after 16 hits under the smaller pulse energy (0.05 ])
of LPwC. However, Cellard et al. [119] supported that the influence
of the number of impacts is moderate. One impact is enough to
bring the Til17 alloys to saturation, resulting in a drop in the CRS.
Compared to the relatively minor effect of LSP impact numbers
on CRS, both increasing the laser energy and the overlapping ra-
tio could significantly increase the magnitude of the surface CRS
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and the overall depth of the CRS. Shen et al. [118] found the near-
surface CRS values of Ti6AI7Nb that treated by 3, 5, and 7 ] were
—42, —101, and —257 MPa, respectively (at the 33% overlay). With
the overlapping ratio increased to 50% (67%), the near-surface CRS
values of Ti6AI7Nb that were treated by 3, 5, and 7 ] increased
to —212 MPa (—234 MPa), —261 MPa (—297 MPa), and —331 MPa
(=516 MPa), respectively (Fig. 23(b)). Compared with the tensile
stress of 225 MPa in the top surface of untreated Ti6Al7Nb, the
magnitude of CRS of LSPed sample increased obviously.

Additionally, the CRS value of LSPed region can be affected by
LSP process strategies, such as laser scanning direction and spot
geometry. For instance, Zhang et al. [45] compared the effects of
square and circular spots on the CRS of Ti64 alloys. It was reported
that the maximum values of CRS for as-machined, square spot and
circular spot were —170, —415 and —535 MPa, respectively. Both
the circular spot and square spot induce higher CR than that of
as-machined sample, while the circular spot has the highest CRS
(Fig. 23(c)). The different scanning directions of the laser beam also
have a great influence on the CRS. Jia et al. [93] and Maawad et al.
[116] found the CRS of Ti834 alloy and Ti-2.5Cu alloys in y direc-
tion was larger than that in x direction after LSP.

Temperature is an important parameter that influences the dis-
tribution of CRS. Pan et al. [64] studied the effect of temperature
on CRS distribution of Ti64 using WLSP. The results showed that
the surface CRS of LSPed and WLSPed Ti64 alloys was significantly
above the initial sample (-250 MPa). The CRS layer in the WLSPed
sample was 21.8% higher (1.45 mm) than in the LSPed sample (1.19
mm), which was attributed to the dynamic strain aging (Fig. 23(d)).
Zhou et al. [65] showed the amplitude of CRS in LSPed Ti64 alloys
increased gradually with increasing temperature from 20 to 100 °C,
whereas decreased sharply once the temperature exceeded 100 °C.

4.2. Enhanced surface hardness and wear resistance

Hardness is among the most important engineering properties
of a material, as it represents the local deformation resistance of
materials. Therefore, understanding the hardness variations can be
preferred to assessing the quality of LSP on Ti alloys. Vickers hard-
ness testing was used to evaluate the hardness evolution after LSP.
It is well known that the increased surface microhardness by LSP is
mainly ascribed to the synergy effect of increased grain boundary
area and dislocation density.

According to the Hall-Petch effect [47,51], the improved hard-
ness due to grain refinement can be described by:
0 =0p+ kd~:

(8)
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I: Line & array dislocations
Il:Tangled & wall dislocations
lli:Tangled & cell dislocations
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where k is a measure of the local stress needed to initiate plastic
flow at a grain boundary, oy is the resistance to dislocation motion
in the grain interior, and d is the grain size. After LSP, the grain
refinement process of Ti alloys is controlled by dislocations, twins
and their interactions, leading to a higher hardness than that for
the untreated sample [106].

The dislocation strengthening contribution can be predicted by
the Taylor hardening:

o = MaGb/p (9)

where M is the Taylor factor (for HCP metals, M = 2.8), « is a con-
stant of 0.20 [120], G is the shear modulus of 44 GPa [121], and b
is the magnitude of the Burgers vector. p is the dislocation density,
which is obtained from the XRD calculations.

LSP induced the gradient microhardness distribution, which
was increased to different levels at different depths due to the evo-
lution of dislocations and grain boundaries. As shown in Fig. 24(a),
the strengthening behavior was divided into four stages: stage I:
formation of dislocation lines and dislocation arrays; stage II: for-
mation of dislocation tangles and dislocation walls; stage III: for-
mation of dislocation cells, and stage IV: formation of mechanical
twins and sub-grains. As the depth increased, the role of the dis-
location gradually decreased. Moreover, according to the estimated
microhardness by synergistic strengthening (Fig. 24(b)), the effects
of both dislocations and grain boundaries were decreased with the
increasing depth. The contribution of dislocation strengthening was
much greater than that of grain boundary strengthening at the sur-
face [42,51].

Both increasing the laser energy and the impact number could
increase the surface hardness. Ren et al. [106] studied the effect of
laser energy and impact number on the surface hardness of LSPed
Ti64 alloys. As shown in Fig. 25(a), under a single impact, the sur-
face hardness of untreated, 6.3 and 7.9 ] was 330, 390 and 415
HV, respectively. With the rising of impact number (2 impacts), the
surface hardness of 6.3] and 7.9] was increased to 412 and 430 HV,
respectively. With the increase of laser energy and impact number,
the surface hardness was improved due to the generation of more
dislocation obstacles. A similar phenomenon was observed by Lu
et al. [50] and Nie et al [114].

Temperature is also an important parameter to affect the sur-
face microhardness (Fig. 25(b, c)). As shown in Fig. 25(b), Pan
et al. [64] found that the average surface microhardness of LSP
and WLSP were 15.4% and 20.8% higher than the baseline value
(331 HV). At the same depth, the WLSPed Ti64 alloys were harder
than their LSPed counterparts. The surface microhardness improve-
ment after WLSP was attributed to the denser dislocations and nu-
merous deformation twins than those for LSP. Although a 10 nm
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Fig. 24. (a) Schematic of the relationship between microhardness and microstructures. (b) Estimated microhardness by synergistic strengthening. Reproduced from Ref. [42]

with permission of the publisher (Elsevier).
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amorphous layer was introduced by WLSP, its influence on the sur-
face hardness has not been mentioned. Such an enhanced surface-
hardening phenomenon has been also reported in cryogenic treat-
ment. Li et al. [67] showed that the surface microhardness of the
CLSPed pure Ti (226 HV) was 6.1% and 23.8% higher than that of
untreated sample (180 HV) and LSPed sample (213 HV), respec-
tively (Fig. 25(c)).

In addition to the laser processing parameters, the protective
coating also affects the enhanced surface hardness. Protective coat-
ing is generally used to protect the substrate from the thermal ef-
fect induced by laser-matter interaction [24]. By comparing the ef-
fects of LSP and LPwC on Ti alloy, Petronic et al. [122] showed that
the microhardness of Ti64 alloys under LSP without a protective
and transparent layer was higher than that of LPwC, while that of
LSP was the lowest (Fig. 25(d)). With or without the coating layer,
the LSP can increase the surface hardness of Ti64 alloys. The mech-
anisms of hardness increasement under LPwC on Ti64 alloys was
attributed to the formation of alpha layer [123] and grain refine-
ment [124].

The increment in hardness could enhance the load-bearing ca-
pacity of the LSPed Ti alloy, which brings in a good property of
wear resistance. The friction and wear tests were performed on the
Pin-on-Disk tribometer under dry sliding conditions. An Al,05 ce-
ramic ball or hardened steel ball was employed as the counter ball
[39,111]. Shen et al. [111] found that after 3 multiple LSP impacts,
the microhardness of Ti6AI7Nb alloys presented an improvement
of 22.31% than untreated sample (300 HV3g), leading to the sliding
wear of samples improved by 44%.

The LSP-enhanced wear resistance is influenced by the laser pa-
rameters, such as impact number and laser energy. As shown in
Fig. 26(a), the friction coefficient of impacted Ti6Al7Nb decreased
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with shock impact numbers. Fig. 26(b) showed the wear mass loss
of impacted samples was 1.6 x 1072, 15 x 10~>,and 12 x 107> g
for 1, 2, and 3 impact numbers, respectively. Through the SEM ob-
servation, the track of impacted surfaces was much smoother than
as-received samples (Fig. 26(c, d)). The wear mass loss was de-
creased with the impact numbers. The results indicated that with
the increase of impact numbers, the sliding wear performance of
Ti6AI7Nb improved, which was related to the decrease in grain size
and the increase in surface hardness. Varying the laser energy of
LSP has a great effect on the wear resistance of Ti alloys. Yin et al.
[125] found the wear scars of the untreated, 5 and 7 ] were 355.7,
318.7, and 280.1 um, indicating that the LSPed Ti64 alloy had su-
perior wear properties than that of as-received specimen. The im-
proving wear resistance after LSP was attributed to the increased
surface hardness and CRS.

To further study the effect of LSP impacts, Tong et al. [39] stud-
ied the sliding friction and wear properties of untreated and LSPed
Ti alloys under temperature and applied load. Fig. 27(a) showed
the wear rates of untreated and LSPed TC11 alloy decreased from
25 to 500 °C, and increased with the test temperature increasing to
600 °C. As compared with the untreated specimen, the wear rate
all decreased after LSP impacts at different temperatures. At 25 °C,
the smearing, adhering and deep grooves was found in the slid-
ing wear contact surfaces of untreated and LSP (Fig. 27(b, c)). The
rapidly increased temperature on the worn surface contributed to
the formation of black smooth regions (oxidation layers), as shown
in Fig. 27(d-f). It proved that the predominant wear mechanisms
at 25 °C were adhesive and abrasive wear. With the temperature
increased to 400, 500 and 600 °C, the main wear mechanisms
were abrasive wear, generation and breakdown of oxidation films.
The lowest wear rate was obtained for the LSPed specimen un-
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der the applied load of 15 N at 500 °C, due to the formation of
dense oxidized titanium and aluminum film. Obviously, the wear
rate of the LSPed specimens was increased with the applied load
from 10 to 15 N. Under the same wear condition, all the wear rates
for the LSPed specimens were lower than that of untreated speci-
mens. The enhanced tribological properties of the LSPed specimen
were attributed to the effective retardation of crack nucleation and
growth during the wear process, owing to work hardening, CRS,
and grain refinement.

4.3. Enhanced fatigue life and strength

When Ti-based components are subjected to external loads,
stress concentration sites in components can facilitate crack ini-
tiation and propagation, ultimately reducing the fatigue life. Fa-
tigue durability tests were performed using a fatigue machine with
test specimens mounted in axial compression-tension or three-
point/four-point bend configuration [36,43,126]. The typical frac-
ture morphologies of fatigue specimens are shown in Fig. 28(a),
which is mainly composed of fatigue crack initiation (FCI) I,
crack propagation area II and final fracture area IIl. As shown in
Fig. 28(b), the concurrent development of CRS and grain refine-
ment through LSP significantly enhances the resistance to fatigue
fracture, as evidenced by the notable improvement in the fatigue
limit of Ti and its alloys [79,114,115]. The grain refinement layer
generated via LSP creates a barrier, limiting the growth of cracks
through the increased grain boundaries [37]. It is worth noting that
the high magnitude CRS induced by LSP plays a dominant role in
suppressing the initiation and propagation of cracks by reducing
the effective mean stress during cyclic loading [44,126]. The ben-
eficial effect of CRS layer on enhancement of the fatigue perfor-
mance is concluded as follows:

(1) LSP-induced CRS can counteract a part of work tensile stress
and enhance the fatigue limit of the strengthened layer. Conse-
quently, in the fatigue crack initiation stage (area I in Fig. 28(b)),
CRS compels fatigue cracks to initiate at the vulnerable area, where
with much smaller working stress and more restrictions for defor-
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mation than that at the surface; (2) LSP-induced CRS can decrease
stress intensity factor range AK and stress ratio R and increase of
closing force of microscopic crack [127]. Therefore, in the growth
stage of fatigue crack (area II in Fig. 28(b)), CRS can improve the
threshold of crack growth and retard crack propagation [114].

The fatigue lives of LSPed Ti alloys are influenced by key factors,
such as laser power density [115] and impact number [40]. Wang
et al. [36] studied the effect of laser energy and impact numbers
on the fatigue properties of LSPed Ti64 alloys. Usually, S-N curve
has been expressed in the form of an exponential relationship be-
tween applied stress o and number of cycles to failure, presenting
the mechanistic view of the fatigue phenomena [128]. From the
fatigue S-N curves of (Fig. 29(a)), the crack origin zone shifts side-
ways, which reflects the fatigue-strengthening effect of LSP on the
selected region of initial Ti64 alloys. Under high-cycle fatigue (HCF)
regime, with the increase of laser energy and impact numbers, the
fatigue strengthening effect was similar [43,45,90,115]. However,
the fatigue strength in ultra-HCF region deteriorated after 4.6 ] im-
pact for 3 times. The result showed that only the ultra-HCF prop-
erties were related to impact parameters. In addition, Jiang et al.
[129] showed the S-N curves continued to decline in the ultra-
HCF region regime after LSP (Fig. 29(b)), and disparity of fatigue
strength between heat-treatment and LSP became larger. The de-
terioration of fatigue strength for multiple LSPed Ti alloys during
ultra-HCF region was attributed to two reasons: (1) the increased
surface roughness under multiple shock induces surface damage
(micro notches); (2) a tensile stress core in the midsection and
inherent defects of the LSPed specimens leads to a higher crack
growth rate.

LSP process strategies are important factors to be considered,
such as laser spot geometries and protective coating. Zhang et al.
[45] reported the effect of spot geometries on fatigue life of LSPed
Ti6AI4V alloys. The results showed that the fatigue life of LSPed
sample with square spot (89518 cycles) and circular spot (126709
cycles) was 1.68 and 2.38 times that of the unpeened samples
(53252 cycles), respectively. The results showed that circular spot
has a more prominent strengthening effect on the fatigue life of
LSPed Ti6Al4V alloys than square spot, possibly due to the more
homogenous microstructure modification induced. Besides CLSP
treatment, the effect of LPwC on the fatigue life of Ti alloys is still
controversial. Pan et al. [130] investigated that the fatigue limits of
unpeened Ti64 alloy were 16% lower than LPwCed samples, which
increased from 264 MPa to 305 MPa. In contrast, Maharjan et al.
[123] found that LPwC does not contribute to the improvement of
the fatigue life of Ti64 alloys, owing to the formation of the brittle
alpha layer in the surface and the introduction of tensile residual
stress. Praveenkumar et al. [131] reported that there was an oxide
layer (TiO) had formed on the surface of the LPwC Ti64 alloys, in-
stead of brittle alpha. The oxide layer induced by LPwC introduced
a tensile residual stress of 65 MPa.

In addition to adjusting process strategies of LSP, temperature
has a significant effect on the fatigue performance of the Ti al-
loy. For example, the CLSP treatment can significantly enhance the
high-cycle bending fatigue of TC6 alloy. Li et al. [70] found that
the damping ratio of the CLSPed with 143 K TC6 alloy increased
by 15.4% than that of the LSPed TC6 alloy. Compared with the un-
treated (8.86 x 10° cycles) and RT-LSP (12.69 x 10° cycles) spec-
imens, the fatigue life of the specimens treated by CLSPed with
143 K reached 16.87 x 10° cycles, which increased by 90.41% and
32.94%, respectively. The deformation twin induced by CLSP can
reduce the stress concentration on the surface, thereby effectively
suppressing the cracks initiation.

LSP can significantly enhance the fatigue life of Ti alloys with
different shapes. For example, Sun et al. [132] studied the effect
of hole drilled prior and post to LSP on the fatigue of Til17 al-
loy, which indicates that drilling after LSP is an optimal process-
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Fig. 29. (a) S-N curves of the LSP processed Ti alloys with different processing parameters, reproduced from Ref. [36] with permission of the publisher (Elsevier). (b) S-N
curves of the tested Ti64 alloys, reproduced from Ref. [129] with permission of the publisher (Elsevier).

ing procedure (significantly increased by 330% than non-drilled
sample). Two-sided and simultaneous LSP (TSLSP) experimental re-
sults showed that maximum fatigue life increases by 94% (directly
TSLSP) and 169% (TSLSP with 2 mm away from the leading edge)
compared with the original Ti64 [44].

In the actual service conditions of these aerospace engine com-
ponents, Ti alloys were subjected to the combined effects of tem-
perature cycling and applied mechanical stresses. As the coupling
of LCF and thermal fatigue, thermomechanical fatigue properties
are a reliable predictor of actual operating conditions. Wang et al.
[78] investigated the thermomechanical fatigue properties of Ti64
alloys under LSP. Compared to the untreated Ti64 alloys, the ther-
momechanical fatigue lives of the LSPed specimens with one cov-
erage layer and two coverage layers increased by 48.00 % and
114.95 %, respectively. Under a high temperature of the heat cycle,
the fatigue life of the LSPed specimens with two coverage layers
was increased by 68.91% even. In the thermal fatigue test, the LSP-
induced CRS, high-density dislocations and refined grains make a
significant contribution to the inhibition of microcrack initiation
and growth.

Furthermore, dimensions of the LSPed regions play an impor-
tant role in the fatigue life of Ti17 alloy (Fig. 30). Sun et al. [60]
found that the fatigue life increased by 38% and 50% with Type-I
and Type-II peened regions, while it decreased by 13% when em-
ploying Type-III peened region. The main factor is the discontinu-
ity on the edge due to the interaction between the shock wave and
the specimen edge. As shown in Fig. 30(a0-a3), the FCI sites of the
original and Type-IIl specimens were located on the top surface
of the specimen, while that of Type-I and Type-II were located on
the side surface. The FCI sites were transited from surface to sub-
surface, implying a delay of cracks initiation and a prolongation of
fatigue lives. The same transition process was found in the LSP and
CLSP treated TC6 alloys [70]. By comparing the propagation zone
of different types (Fig. 30(b0-b3)), the averaged striation width of
Type-1 and Type-1I was smaller than the original and Type-III spec-
imens. Fig. 30(c0-c3) shows the Type-I and Type-II specimens have
more small voids and equiaxial dimples than the initial and Type-
I1I specimens, which indicates that LSP can postpone the genera-
tion and propagation of the crack, thus increasing the fatigue per-
formance.

4.4. Enhanced corrosion resistance

Owing to excellent engineering properties (high strength and
low Young’s modulus), and excellent biocompatibility, Ti alloys
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have been extensively applied in the biomedical implant market
and the aerospace industry [133,134]. Ti alloys are sustained by the
influence of the surrounding media (acids, alkalis, and salts, etc.),
as well as high temperatures. This would significantly decrease the
engineering performances of Ti alloys, and shorten the service life
of the equipment. In order to enhance the corrosion resistance of
Ti alloys, LSP has already been successfully applied to various Ti
alloys and proved its ability to improve the corrosion resistance of
Ti alloys. Ti alloys were typically exposed to the molten salt at-
mosphere and air at high temperatures to evaluate the hot cor-
rosion [135,136]. Isothermal oxidation tests were conducted in a
timer-controlled resistance furnace under static air [137,138]. The
initial and final weights of the Ti alloys were measured to assess
the mass gains. Electrochemical experiments were carried out with
a three-electrode cell system to obtain the polarization curve [137].

The LSP-induced grain boundary effect and the superior plas-
tic deformation can improve hot corrosion resistance of Ti alloys.
Geng et al. [136] used LSP to enhance the hot corrosion resis-
tance of TC21 alloy. Compared with the untreated specimens, the
mass gains of LSPed TC21 alloy after hot corrosion at 700 and
800 °C were decreased from 5.65 and 6.81 mg/cm? to 3.72 and
4.78 mg/cm?, respectively. The enhanced hot corrosion resistance
after LSP was attributed to that crystal defects can increase the
diffusion channels of elements, thereby assisting the formation of
protective mixed oxides and improving the adhesion between the
outer oxide layer and the substrate. Lu et al. [135] also found that
LSPed Ti64 had lower mass gain after hot corrosion compared with
the initial specimen, especially at 700 °C.

LSP can also effectively improve the oxidation resistance of Ti64
alloy produced by laser additive manufacture. Guo et al. [138] stud-
ied the effects of LSP treatment on the high-temperature oxida-
tion resistance of NiTi alloy. As shown in Fig. 31(a), the oxida-
tion weight gain per unit surface area of LSP-treated sample was
lower than that of untreated samples at the same temperatures. In
Fig. 31(b), the activation energies of the LSPed samples in the 400-
800 °C were increased by 10.3% than untreated samples, indicating
the enhancing antioxidant properties. The increasing oxidation re-
sistance of the Ti64 alloy after LSP was attributed to the reduction
of oxide particle size on the surface (Fig. 31(c)). Moreover, com-
pared with one Al-rich zone in untreated samples, LSP induced the
formation of three Al-rich zones (Fig. 31(d, e)). The multiple Al-rich
zones facilitated the formation of a dense Al,05 layer, further pre-
venting oxygen from diffusing into the substrate.

Ti alloys can be adjusted to obtain different microstructures
with different plastic deformability, each of which has a distinct
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corrosion resistance under LSP treatment. Luo et al. [137] stud-
ied the corrosion resistance of LSPed Ti80 alloys with equiaxial,
bimodal and lamellar initial microstructure. Fig. 32(a-c) shows
the different microstructures of Ti80 alloy after LSP. The results
showed that LSP can improve the corrosion resistance of three mi-
crostructures. This is attributed to the increase of grain boundaries
and twin boundaries, which accelerates the formation of passiva-
tion film. As shown in the polarization curve (Fig. 32(d, e)), the
corrosion potential (Ecorr) increases and corrosion current density
(Jeorr) decreases for three different initial microstructures after LSP,
indicating that the oxide film at the alloy surface becomes denser.
Equiaxial and bimodal initial microstructures have weaker corro-
sion resistance than the other, due to the broader active dissolution
zone where Ti matrix oxidizes to Ti>* and dissolves. According to
electrochemical impedance spectroscopy analysis, corrosion resis-
tance also can be evaluated by the capacitive resistance (Rp). The
Rp of lamellar microstructure was obviously enhanced after LSP
than the other two (Fig. 32(f, g)). In conclusion, the corrosion resis-
tance order of LSPed specimen was lamellar > equiaxial > bimodal
microstructure. Compared with 8 phase, the smaller potential in o
phase can lead to the corrodes preferentially. Therefore, the greater
thickness of the o phase has bad corrosion resistance.

5. Challenge and future research directions
5.1. Current challenges

Since the development of LSP technology, significant progress
has been made towards its industrialization and commercial-
ization. With an in-depth understanding of the processing-
microstructure-property relationship, LSP has been successfully
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utilized for enhancing the engineering performance of critical
mechanical components in aerospace industry, such as turbine
blades, gear shafts, and rotor discs, in which Ti alloys have been
widely used [139]. Moreover, the demand for improving the bio-
compatibility and mechanical properties of Ti alloy implants also
drives the investigation of LSP on bio-medical applications [140].
In addition, due to its capability to introduce CRS, LSP has also
been deemed as an efficient approach to tailor the residual stress
state in some welding joints or additive manufactured parts, by
converting the undesirable tensile residual stress to the beneficial
CRS [141,142]. However, as Ti alloys have been widely utilized as
mechanical components with complex shapes, it is expected that
LSP equipment could have the capacity to process the components
with high flexibility. Moreover, Ti alloys have been more and more
widely applied in a variety of applications in harsh environments,
and the demand for further improving the engineering properties
of Ti alloys has become an urgent issue. Therefore, several chal-
lenges with respect to the flexibility, stability, and homogeneity of
LSP remain to be addressed for the LSP of Ti alloys.

(1) Flexibility
With the rapid development of additive manufacturing and ad-
vanced welding technology, Ti alloys could be manufactured
into quiet complex shapes with concave surfaces or welded
with other metallic materials with complicated joint structures.
Moreover, LSP is expected to be utilized not only in the pro-
duction process in factory, but also for field maintenance of
existing outdoor structures, such as bridges, ships, airplanes,
etc. Therefore, it is necessary to develop mobile LSP equipment
with high flexibility, which will also promote the application of
LSP industrialization. Additionally, the mobile LSP should equip
adjustable laser energy, suitable spot size, high precision, and
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high efficiency of laser, so that to overcome different field situ-
ations.

Stability

It is well known that the LSP is widely used to enhance the
engineering performance of metallic materials by introducing
CRS with high magnitude of depth and value. However, as the
processed metallic material is subjected to external loading or
aging during its operational life, the CRS gradually releases,
leading to the deterioration of its engineering properties.
Therefore, it is crucial to design novel LSP processes to main-
tain the introduced CRS and microstructure for the LSPed Ti
alloy components.

Homogeneity

LSP has been proved to be an effective approach to improve the
fatigue durability of critical structural components of aircraft
engine blades which always hold a complex geometry. How-
ever, due to the Gaussian distribution of the plasma pressure
for a single laser spot and successive overlapping LSP impacts,
the whole LSPed surface might be inhomogeneous and thus
bring about uneven strengthening effect. Moreover, the inho-
mogeneous surface plastic deformation will result in increased
surface roughness which is undesirable in terms of fatigue life
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improvement. Therefore, it is of great importance to increase
the surface homogeneity of LSPed Ti alloy materials. The gra-
dient dislocation movement induced the formation of a gradi-
ent structure, resulting in a distribution of hardness. In order
to characterize the microstructure at different depths, metal-
lography, EBSD and TEM are widely used. Moreover, CRS, sur-
face hardness, fatigue life, and corrosion resistance are catching
even more attention to evaluate the enhanced engineering per-
formance after LSP. However, how to combine the strengthen-
ing of engineering performance after LSP and the microstruc-
ture at macro and micro scales becomes a problem.

5.2. Future research directions outlook

Due to the aforementioned challenges, there are still many ob-
stacles hindering the effective utilization of LSP to improve the en-
gineering performance of Ti alloys. To overcome these obstacles,
a full understanding of the mechanism of microstructural evolu-
tion and enhanced engineering performance of Ti alloys processed
by LSP is indispensable. Therefore, future research directions might
be carried out in the following discussions to address these critical
challenges, which are also illustrated in Fig. 33.
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(1) Portable LSP design

With the emergence of compact high-power microchip lasers,
the development of a portable LSP facility has become possi-
ble and will make a big difference. A compact laser, coupled
with a flexible robotic arm, would greatly expand the poten-
tial applications of LSP beyond production settings, facilitating
the field maintenance of existing outdoor structures such as
bridges, ships, and airplanes [143]. When combining the com-
pact laser with drones, these portable LSPs could be utilized
for replacing scaffolding and labor in building maintenance op-
erations. Therefore, developing portable LSP equipment is es-
sential, which can greatly broaden the applications of LSP tech-
niques to enhance the engineering performance of Ti alloy com-
ponents.

(2) LSP integrated with extra processing techniques.
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With the rapid development of other advanced material pro-
cessing techniques, such as ultrasonic, magnetic, and electric
field assisted material processing approaches, LSP integrated
with these techniques may magnify its effectiveness and have
gained more and more attention. Moreover, tailoring the LSP
processing temperature could also significantly change the mi-
crostructure evolution of CRS distribution of Ti alloy processed.
For instance, it has been proved that magnetic-mechanical cou-
pling effect prominently improves the dislocation activities in
some metallic materials, which paves a possible way to bring
about a more effective processing effect [144]. In order to fur-
ther improve the circulation stability and thermal stability of
the LSPed microstructure and reduce CRS relaxation at high
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Fig. 33. Summary of current challenges and future research directions of LSP of Ti alloys.

temperatures or under cyclic loading, it is necessary to take
advantage of advanced material processing methods (such as
magnetic field and ultrasonic vibration) in combination with
LSP. The combination of these extra fields has introduced new
pathways for the development of LSP technology, generating
more possibilities for microstructure tuning and performance
optimization of Ti alloys.

Microstructure based LSP modeling development

A thorough understanding of the process-microstructure-
performance relationships is of great importance for the pro-
cessing parameters optimization, and therefore increases the
surface homogeneity and integrity of Ti alloy components pro-
cessed by LSP. However, due to massive processing variables,
such as overlapping ratio, laser beam size, etc, and diver-
sity of Ti alloys, exploring the suitable LSP processing condi-
tions for specific Ti alloy components is often costly and time-
consuming. Microstructure based LSP modeling and simulation
are necessary in order to eliminate trial-and-error loops during
the development of LSP process, due to their capability to illus-
trate complex macrostructural evolution scenarios and to make
reliable predictions of the engineering performance.

w
At

6. Conclusion

The present work systematically reviews the state-of-the-arts
of LSP of Ti alloys. The fundamental mechanisms of LSP principle
and design were presented. Some emergent novel LSP techniques
with processing at different temperatures or integrated with ex-
ternal fields were discussed. Furthermore, typical microstructural
evolution characteristics, including dislocation accumulation, stack-
ing faults evolution, deformation twinning, phase transformation,
grain refinement, and surface amorphization, during LSP of Ti al-
loys were reviewed. The effects of LSP on the engineering per-
formance in terms of surface hardness, wear resistance, fatigue
durability, and corrosion resistance of Ti alloys were summarized.
The relationships among the microstructural evolution, engineering
performance enhancement, and processing parameters of LSPed
Ti and its alloys in recent studies are systematically summarized.
Moreover, current challenges of applications of LSP to further im-
prove the engineering performance of Ti alloys were discussed and
future research directions were put forwarded. It is expected the
knowledge gained from this review paper will provide insights and
guidance for future LSP processing designs that will result in Ti and
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its alloys with outstanding engineering performance for a wider
range of applications.
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