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Abstract: TC6 titanium alloy samples are processed by laser shock peening (I.SP). Then, some samples are vacu-
um annealed at 623 K for 10 h for the study on the thermostablity of the nanostructure produced by LLSP. The
characteristics of the strengthened layer and nanostructure are studied by atomic force microscopy (AFM) . scan-
ning electron microscope (SEM), electron backscatter diffraction(EBSD), X-ray diffraction(XRD), and transmis-
sion electron microscopy (TEM) appliances, meanwhile the enhanced microhardness is tested at cross section.
AFM of the processed surface indicates that the deformation is approximately uniform, and LSP slightly increases
the roughness. SEM and EBSD of the strengthened cross section show that a phases are compressed to strip-
shaped, a proportion of « and 8 phases is shattered to smaller phases from surface to 200 pm in depth. The sur-
face XRD shows that although there is no new produced phase during LSP, the grain size refinement and the in-
troduction of lattice micro-strains lead to the broadened peak. The TEM photographs and diffraction patterns in-
dicate that the shock wave provides high strain rate deformation and leads to the formation of nanocrystal. Com-
pared with the samples before annealing, the dislocation density is lower and the grain-boundary is more distinct
in the annealed samples, but the nanocrystal size does not grow bigger after annealing. The microhardness mea-
surement indicates that LSP improves the microhardness of TC6 for about 12. 2% on the surface. and the layer
affected by LSP is about 500 pm in depth. The microhardness after annealing is 10 HV,.; lower, but the affected
depth does not change. The thermostable study shows that the strengthened layer of TC6 processed by LSP is
stable at 623 K. The strengthened thermostable layer can significantly improve the fatigue resistance, wear resis-
tance and stress corrosion resistance of the titanium alloy. The study results break the USA standard AMS2546
that titanium parts after LSP are subjected in subsequent processing within 589 K.
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INTRODUCTION

In contrast to steel, the mechanical perfor-
mance of titanium alloys is very attractive with
combinations of strength, toughness, fatigue,
and outstanding corrupting resistance. Titanium
alloys have been widely used in aero industry, es-
pecially in aero-engines, which have already re-

placed the aluminum alloys and stainless steel to a
1]

certain extent''’. However, titanium alloys are

very sensitive to minor defects and stress concen-
tration, which results in the failure of the areo-

engine components®,

Many surface treatment technologies such as
laser-quenching, ion implantation and shot peen-
ing have been used to improve the fatigue abilities

21, Among the above tradi-

of titanium alloys™""
tional surface treatment technologies, shot peen-
ing is the most effective and widely used. Shot
peening is relatively inexpensive, uses robust pro-
cess equipment, and can be used on large or small
areas as required. However, the shot peening
process has its limitations. In determining the
produced compressive stresses, the process is se-

mi-quantitative and depends upon a metal strip or

gage called an Almen type gage to provide an indi-
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cation of shot peening intensity. Firstly, this
gage does not guarantee that the shot peening in-
tensity is uniform across the peened component.
Secondly, the compressive residual stresses are
limited in depth, usually not exceeding 0. 25 mm
in soft metals such as aluminum alloys and less in
titanium alloys. Thirdly, the peening process re-
sults in a roughened surface, even sometimes mi-
nor cracks. This roughness needs to be removed
before use in wear applications. The used typical
processes remove the majority of the compressive
layer™. An alternative novel surface processing
technology, namely laser shock peening (LSP),
can induce greater depth of residual stress and
produce strengthening nanostructure into metal
surfaces using high-power, Q-switched laser
pulses.

LSP used to shock TC4 titanium alloy has
been vastly studied by researchers in domestic and
abroad™ ', LSP induced compressive residual
stress distribution in TC4 as well as its mecha-
nism to prolong the target fatigue life was studied
in detail™®'*), However, as one of the most im-
portant titanium alloys used in China, LSP of
TC6 has not been studied yet. In this paper, the
pattern of nanostructure, the characteristic of the
enhanced microhardness and the thermostablity of
TC6 titanium alloy processed by LSP are studied

in detail.

1 EXPERIMENTAL DETAILS

1.1 Principle and experimental procedure of
LSP

During LSP, the laser beam is directed onto
the treated surface, it passes through the trans-
parent confining medium ( water/glass ) and
strikes the sample. A short laser pulse is then fo-
cused onto the sample to immediately vaporize the
ablation medium. The energy absorption at the
confining medium/plasma interface leads to the
formation of a shock wave which strikes the sam-
ple with an intensity of several Gigapascals. The
high pressure against the surface of the sample
causes a shock wave to propagate into the materi-

al. The plastic deformation caused by the shock

wave produces the compressive residual stress,
nano-crystalization and hardness enhancement on
the surface of the sample!''). LSP has been
proved effective in improving material fatigue
strength in a number of alloys'*?"). The use of
LLSP has been proposed, and in some implemented
cases, as a localized surface treatment for airfoils
in the fan sections of certain military aircraft en-
gines that are particularly sensitive to foreign ob-
ject damage (FOD) induced high cycle fatigue
(HCF) failures™.

1.2 Preparation of test samples

TC6 is primarily composed of the hexagonal
close-packed (HCP) o phases and the body-cen-
tered cubic B phases. Both two kinds of phases
are of equiaxed grains. Fig. 1 is the metallograph-
ic of the titanium without LSP, the white regions
are a phases and the black regions are B phases.

The composition of TC6 titanium alloy is shown
in Table 1%,

Fig. 1 Metallographic of original TC6 without LSP

Table 1 Composition of TC6 titanium alloy wt%

Composition Al Mo Cr Fe Si Ti
Percent 5570 20-3.0 0.8-2.3 0.2-0.7 0.15>—0.40 Bal

The test sample is mounted on a five-coordi-
nate table controlled in x-y direction with floating
water as confining medium. During LSP, the
shock waves are induced by a Q-switched laser
system based on a neodymium-doped glass and yt-
trium aluminum garnet (YAG) crystal lasing rod
which operates in the near infrared with a wave-
length of 1 054 nm and a pulse of around 20 ns.
The LSP parameters to process the sample are

listed in Table 2.
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Table 2 LSP parameters

Parameter Value
Laser wavelength/nm 1 064
Pulse energy/]J 6
Pulse duration/ns 20
Spot diameter/mm 3
Repetition-rate/Hz 1
System ASE energy/m] <50
Export laser energy stability/ % <£5
Lapping rate/ % 70

According to the previous experiments, the
sample surface is laser processed with spots of
3 mm in diameter moving forward along the work
piece. Samples are treated with three layers at the
same power density (4.24 GW/cm?). The stan-
dard after LSP is that: Macro-deformation should
not happen, dimension of samples should not
change, and roughness with LSP should satisfy
project application. Then, some of samples treat-

ed by LSP are vacuum annealed at 623 K for 10 h.
1.3 Measurement equipments and methods

The characteristics of TC6 layer before and
after LSP are measured by Dimension-3100 atom-
ic force microscope (AFM) and electron backscat-
ter diffraction (EBSD). And the nanostructures
induced by LSP with and without annealing are
studied using JEOL/JSM-6360LV scanning elec-
tron microscope (SEM) and TEM-3010 transmis-
sion electron microscope (TEM). XRD-7000 X-
ray diffraction (XRD) equipment is used to study
the diffraction patterns. The Vickers microhard-
ness (HV) measurements are made on a MVS-
1000JMT2 microhardness tester using an indenta-
tion load of 500 g at cross section, a dwell time of

10 s.

2 RESULTS AND DISCUSSION

2.1 AFM observation

The typical deformed configuration of the
shocked region is observed and measured using
AFM, as seen in Fig. 2. The deformation is ap-
proximately uniform along the shocked line,

which is indicative of a 3-D deformation state.

From both 3-D geometry and height information
in Fig. 2, the altitude variation is only 0. 06 pm.
It is clear that LSP slightly increases the rough-
ness, and there are no defects such as ablation
and minor cracks produced by LSP. Since the sur-
face integrality and the low roughness are signifi-
cant to the wear and the fatigue performances of
TC6 titanium alloy, the selected LSP parameters

are beneficial to the titanium alloy.

200

070
(b) With LSP

Fig. 2 3-D shapes without and with LSP

2.2 SEM and EBSD observation

Fig. 3(a) is the SEM morphology of the sam-
ple cross section without LSP. Over 50%
equiaxed a phases evenly distribute in the material
and a quantity of B8 phases unevenly distribute
among « phases. Fig. 3(b) is the SEM morpholo-
gy of the sample cross section with three LSP lay-
ers at power density of 4. 24 GW/cm?. In this pic-
ture, the severe plastic deformation (SPD) layer
and substrate can be distinguished easily. The
SPD layer is about 200 pm. The o phases are
elongated by normal shock wave to the surface

and the (8 phases are shattered in the SPD layer.
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Fig. 3(c¢) is the SEM morphology of the sample
cross section after annealing. Paired observing
Figs. 3(b,c), it can be seen that the depth of SPD
layer does not decrease after annealing. Fig. 3(d)
is the partial enlarged detail of Fig. 3(c), the pat-

terns of a and f3 phases do not change either.

(a) Without LSP

(d) Partial enlarged detail of (c)

Fig. 3 SEM morphologies of cross section

EBSD is a diffraction technique for obtaining
crystallographic orientation with sub-micron spa-
tial resolution from bulk samples or thin layers in
SEM[ZH.

The crystallographic orientation of the sur-
face microstructure is collected using EBSD,
which provides information about the lattice rota-
tion during LLSP, as shown in Fig. 4. The white
regions correspond to the a phases and the black
regions correspond to the (3 phases respectively.
As can be seen in Fig. 4(b), lattice rotation due
to the high plasma shock wave leads to a domi-
nance orientation distribution of the two kinds of

phases, but there is no new produced phase.
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Fig. 4 EBSD of TC6 surface without and with LSP

The EBSD diffraction patterns at cross sec-
tion without and with LLSP are shown in Fig. 5.
Compared with Fig. 5 (a), the low diffraction
quality of Fig. 5(b) reveals that SPD happenes at
the surface layer during LSP, and the affected
layer is about 200 pm. As we can see in
Fig.5(b), the a phases are compressed and
stretched in the strengthened layer, and a propor-

tion of a and B phases is shattered to smaller phas-
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es. The compressed phases induce compressive
residual stress at the surface layer. The residual
compressive stress with the strengthening phases
together restrains initiation and propagation of
the fatigue cracks during low cycle fatigue (LCF)
and high cycle fatigue (HCF), thus improving the
fatigue performance and increasing the fatigue life

of the titanium alloy.

(b) Three LSP layers

Fig. 5 EBSD diffraction patterns at cross section

2.3 XRD observation

Since the shallow nanostructure produced by
LSP and the bigger § angle in routine XRD lead to
the shortened distance of X-ray in the strength-
ened layer, a new film-XRD method is used to
measure the diffraction patterns. Fig. 6 is the
XRD patterns with different layers. It can be seen
that there is no additional peak with different LSP
layers, which indicates that no phase transforma-
tion and no new crystalline phases are formed
when high pressure laser shock wave transmits in
the material. The main phases are a and 3. The
second interesting feature in XRD patterns is that
the peaks are broadened with LSP. The peak

broadening indicates the grain size refinement and

the introduction of lattice microstrains/®!. The
main reason is that the high strain rate can gener-
ate high density dislocation and cold work in the
material. This consists with the phenomenon in
nanocrystalline materials prepared via the other
SPD methods. In the SPD zone, there are high
internal stresses™J, As a result, XRD line broad-
ening of these nc-materials is due to crystallite re-
finement, lattice microstrains and instrumental

broadening.
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Fig. 6 XRD patterns of TC6 with different LSP layers

2.4 TEM observation

The nanostructure changes of the current ti-
tanium alloy induced by LSP and annealing are
shown in Fig. 7.

Fig. 7(a) presents the original features of the
sample without LSP. The diffusive diffraction
spots in the SAED pattern are identified as «
phases. Fig. 7(b) is the diffraction pattern and
TEM micrograph near the surface processed by
LSP, and TEM micrograph shows a very high
density dislocation region and dislocation cells.
The diffraction patterns reveal that dislocation
cells are large and have thin walls composed of
tangled dislocations in the area. Fig. 7(c) reveals
that three LSP layers are enough to generate
nano-grain on the surface of the titanium sam-
ples. Surface nanocrystal induced by multiple
LSP is similar to those caused by SPD methods.
The underlying mechanism may include ; deforma-
tion localized in shear bands consisting of an array
of high density dislocations, dislocation, annihila-

tion and recombination of small-angle grain
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(a) Without LSP
,"‘ s

¥ o
(d) LSP+annealing
Fig.7 TEM photographs and diffraction patterns

boundaries separating individual grains, and a

change in the direction of the grains with respect

to their neighboring grains becoming completely
random.

Fig. 7(d) shows the features of the LSP sam-
ple vacuum annealing at 623 K for10 h. Figs. 7(b-
d) reveal that the dislocation density increases
with increasing strain rate, but decreases after
annealing. Furthermore, it can be seen that the
nanocrystal sizes are nearly the same to those be-
fore annealing and the obscure grain-boundary be-
comes distinct. Therefore, it is concluded that for
the nanocrystal produced by LSP, the offered en-
ergy during annealing at 623 K is not high enough
to lead nano-grain boundary migration. The
nanocrystal presents a barrier for dislocation
movements, thus causing the dislocations to pile
up and counteract at the nanocrystal boundary. It
seems reasonable to assume that the amount of
precipitated nanocrystals has direct effect on the
mechanical property of the current titanium alloy.
Therefore, the nanocrystal produced by LSP of

this titanium alloy is thermostable at 623 K.
2.5 Microhardness test

The recorded mechanical property measure-
ments indicate a significant increase in hardness
and strength at surface layers with LSP. The
hardness distribution is determined using micro-
hardness at the cross section. Fig. 8 shows the
variation in microhardness as the depth from the
treated surface increases. The original hardness
of TC6 titanium alloy is about 334 HV, ;. At the
LLSP layer of top surface, the microhardness is
406 HV,.;, which is 72 HV, ; higher than that of
the matrix. The hardened depth affected by LSP
is about 500 pm. After annealing the surface mi-
crohardness decreases only 10 HV,;, and the
hardened depth remains stationary. Therefore,
the microhardness distribution affected by LSP of
the current titanium alloy is thermostable at
623 K.

The mechanism of the hardness enhancement
induced by LSP includes two factors. One is the
actual increase in hardness, while the other is the

introduction of residual compressive stress into
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Fig. 8 Microhardness of different samples at cross

section

the material during the nanocrystalization on the
surface of the material. The residual stress partly
releases during annealing, which leads to the

minute decrease of microhardness.

3 CONCLUSIONS

In this paper, TC6 titanium alloy is laser
shock processed and vacuum annealed at 623 K
for 10 h. And the nanostructures and microhard-
ness before and after annealing are examined.
The conclusions are as follows:

(1) The processed surface AFM indicates
that the selected LSP parameters are beneficial to
the TC6 titanium alloy. The uniform deformation
and lower roughness show that LSP is better than
other traditional surface treatments.

(2) SEM and EBSD of the strengthened
cross section layer show that a phases are com-
pressed and stretched at the strengthened layer,
and a proportion of a and 8 phases is shattered to
smaller phases. The strengthened layer is about
200 pm in depth.

(3) The surface XRD indicates that there is
no new produced phase during LSP, while the
grain size refinement and the introduction of lat-
tice micro-strains with LSP lead to the broadened
peak.

(4) The TEM photographs and diffraction
pattern indicate that the shock wave provides high

strain rate deformation and leads to the formation

of nanocrystal. Compared with the samples with-
out annealing, the dislocation density is lower and
the grain-boundary is more distinct in the an-
nealed samples, but the size of the nanocrystal
does not visibly grow larger after annealing.

(5) The microhardness measurement indi-
cates that ISP improves the microhardness of
TC6 for about 12.2% on the surface, and the
hardness affected depth is about 500 pm. The mi-
crohardness after annealing is 10 HV ;lower, but
the affected depth does not change.

(6) Tests after annealing indicate that hard-
ness improvement and nanostructure produced by
LLSP are thermostable at 623 K, which is benefi-
cial to improve the wear resistance and stay the
generation of the fatigue cracks. The research
production of this paper breaks the USA standard
AMS2546 that titanium parts with LSP are sub-

jected in subsequent processing within 589 K.
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