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Abstract Advanced characterization techniques are utilized to investigate the effect of laser surface treatment on microstructural
evolution of pure titanium (Ti). The results show that there are three distinctly different types of microstructure from surface to
substrate in Ti samples, including phase transformation and solidification microstructure in zone I (melting zone); insufficient
recrystallization grains with residual o martensitic plates in zone II (heat-affected zone, HAZ); fully recrystallization
microstructure in zone II (base metal, BM). The hardness evolution profiles under different laser treatment parameters are similar.
The highest hardness in MZ is ascribed to « plate, while the lowest hardness value in HAZ is due to the insufficiently recrystallized
grains. The metallurgical process on the laser-modified Ti samples is systematically discussed in this work.
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1 Introduction

Commercially pure titanium (Ti) has the high strength-to-
weight ratio, low-cost manufacturing, excellent corrosion
resistance and superior fracture toughness. However, poor
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surface fatigue resistance, low hardness and wear resis-
tance of Ti would lead to fatigue failure [1, 2]. In addition,
Ti alloys are used in bio-implant application due to its
relatively low Young’s modulus. However, the problems in
long-term use of Ti alloys as medical implant are the bio-
inertness and poor adhesion [3, 4]. It is worth noting that
surface engineering aims to tailor the microstructure and
composition of the near-surface region, improving
mechanical properties without affecting the substructure of
bulk material [5, 6]. Thus, surface engineering can offer
significant potential for improving near-surface properties
of Ti and its alloys.

Laser surface treatment (one of surface engineering
technologies) is a convenient and economical processing
method [7, 8]. Laser surface treatment has a wide appli-
cation in industry due to its precision of operation and
production of a modified region. In addition, laser surface
treatment can bring non-equilibrium systems and genera-
tion of rapid solidification microstructure in the near-
surface region, offering significant potential for near-sur-
face properties [9, 10]. Thus, many achievements on Fe-
based alloys [11-15], Mg-based alloys [16, 17] and Ti-
based alloys [18-23] have been reached. For example,
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laser surface treatment in argon atmosphere significantly
refined the microstructure without carbides and martensite
in tool steels, and the micro-hardness increases about
twice as compared to the as-received sample [14]. In
addition, the corrosion resistance of laser-treated surface
in AZ91 Mg alloy was significantly enhanced due to the
refined continuous network of Mg;;Al;, phases [16].
Furthermore, the improved pitting corrosion resistance in
pure Ti is obtained due to the microstructural changes
caused by rapid solidification during laser surface treat-
ment [24]. To the best of the authors’ knowledge,
microstructural characteristics by electron backscatter
diffraction (EBSD) technology in laser-modified Ti are
still limited. For better understanding the effect of laser
surface treatment on the macro-properties and
microstructure of Ti and its alloys, it is critical to evaluate
the key influential parameters, especially, laser power
output. With these in mind, the microstructural evolution
in response to laser surface treatment at different powers
is investigated by EBSD, aiming at achieving a uniform
and sound-modified region.

2 Experimental

The as-received Ti sheets (99.9%) with 2 mm thick are
fully recrystallization. Figure la is an inverse pole fig-
ure (IPF) map, showing that many grains have their c-axes
close to the normal direction (ND) of Ti sample. {0001}
pole figure in Fig. 1b presents a typical bimodal basal
texture with each density maximum inclined around 20°
from the ND toward the transverse direction (TD). In
addition, the {1010} poles are aligned with the rolling
direction (RD). The above microstructure features can be
representative for a recrystallized Ti sample. There are
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Table 1 Laser processing parameters for Ti samples

Parameter Specimen 1  Specimen 2 Specimen 3
Single pulse peak (kw) 1 1 2

Single pulse width (ms) 4

Laser energy input (J) 4

Pulse frequency (HZ) 20 20 20

Laser power output (W) 80 160 160

differences in the standard pole figure due to the different
ratios of c/a with respect to the hexagonal materials [25].
Thus, it is suitable for Ti material with basal pole spreading
since its c¢/a ratios (1.587) are smaller than the ideal ration
(1.624) [25].

The samples with dimensions of 5, 8 and 2 mm along
RD, TD and ND were cut from the received Ti sheets. Prior
to laser treatment, the sample surfaces were polished with
SiC papers with different grades of roughness, followed by
cleaning in deionized water. Ultrasound in ethanol was
used to degrease the sample surface, and the single track of
laser surface treatment was conducted. The RD-TD sur-
faces were processed along TD by a pulsed 600 W Nd:
YAG laser device. The laser processing parameters are
shown in Table 1. The other constant parameters are laser
beam scan speed of 15 mm/s, laser beam spot diameter of
1 mm and defocusing amount of +2 mm. The laser powers
are set with varying the pulse width (specimen 1 and
specimen 3) or pulse peak (specimen 1 and specimen 2).

Microstructure of RD-ND planes were characterized by
emission gun scanning electron microscope (SEM). Prior
to SEM examinations, all specimens were mechanically
ground using SiC paper (30004# at the final step), and then
electro-polishing was conducted at 17 V/0.6A at —20 °C
for 70 s in a solution, which consisted of 90 ml

(b) i {0001}

RD Max=7.22
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: ™

Fig. 1 Inverse pole figure a and {0001} and {1010} pole figures b of recrystallized Ti sample
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formaldehyde, 10 ml perchloric acid. The specimens were
characterized by electron channeling contrast (ECC)
imaging techniques in a Zeiss Sigma HD field-emission
gun SEM. In addition, step sizes used for the EBSD
scanning varied from 0.25 to 1.2 um, depending on their
grain sizes. The EBSD patterns were processed by using
the Channel 5 software from HKL technology to determine
the local misorientation. Micro-hardness distributions were
examined using a HVS-1000 micro-hardness tester (Vick-
ers indenter). Each indentation is done under a load of
HVO0.5 with holding time 10 s. The values at ten various
locations with the same depth were measured and then
averaged, obtaining the reliable hardness data.

3 Results and Discussion

Figure 2 shows the surface morphologies of Ti samples
processed by different laser powers. The crescent-shape
solidification ripples arise at the top of solidified molten
pools, and these molten pools exhibit “dropout” mor-
phology. Obviously, the molten zone has the brighter
contrast than the unaffected substrate. Compared with
specimen 1, the sizes of bead width and the penetration
depth are larger in specimen 2 and specimen 3. Compared
with specimen 1 and specimen 2, a more rough surface
finish in molten pool with the severe vibration is observed
in specimen 3.

3.1 Cross-Sectional Observations by ECC

The cross-sectional views (RD-ND plane) are exhibited to
comprehensively understand the microstructural evolution
of the laser-modified regions. Figure 3a shows the cross-
sectional view of molten pool for specimen 1 (1
kw x 4 ms) by ECC technology at low magnification. The
laser heat generation at the middle portion of modified zone
is higher than that along the circumference [9]. Thus, the
heat generation at the middle portion of modified region is
higher than those at the edges, leading to a bowl-like cross-
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sectional morphology, as shown in Fig. 3a. Three distinc-
tive zones are outlined by two dashed lines, including
melting zone (MZ, zone I), heat-affected zone (HAZ, zone
II) and base metal (BM, zone III). Some o martensitic plate
appears inside prior austenite grains, as shown in zone I in
Fig. 3b at a higher magnification. The coarsened grains
with irregular shape and inhomogeneous size are revealed
in zone II (Fig. 3a). The prior equiaxed grains are com-
pletely maintained in zone III (Fig. 3a), which correspond
to the unaffected substrate. Compared with specimen 1, the
similarity of general microstructural characteristics for
specimen 2 (1 kw x 8 ms) is shown in Fig. 3c. Moreover,
Fig. 3d shows the denser o martensitic plate in either
parallel or inter-sectional forms. Interestingly, Fig. 3e
shows that the rod-shaped grains are formed in zone I for
specimen 3 (2 kw x 4 ms), which is considered as the
elongated columnar structure (solidification microstruc-
ture) [26]. The columnar grains for zone I in Fig. 3e are
magnified in Fig. 3f, showing the coarsened grains with a
certain direction.

When Ti sample is impacted by laser, the outermost
surface layer begins to melt [27], and the morphological
characteristics of metallic surface are shown in Fig. 2. The
laser pulse duration is very short, so the laser-induced heat
is released through the cold substrate, leading to a self-
quenching effect in zone I. Thus, the rapid f — o phase
transformation will occur, resulting in o martensitic plate in
zone [ (Fig. 3a). It is also worth noting that the self-
quenching effect also initiates in zone II, but the laser-
induced heat effect is weaker in zone II. Therefore, much
more less o martensitic plate can be produced in zone II
(Fig. 3c). Subsequently, cooling process in zone I makes
the excessive heat to dissipate through zone II into the cold
substrate (zone III). Thus, the recrystallization process
would be operated in zone II. Once enough heat is cap-
tured, some grains recrystallized in zone II. In addition, the
coarsening recrystallization grains in zone II are also
revealed (Fig. 3a, c).No microstructure changes happen in
zone III due to that there is no laser-induced heat effect in
zone III (Fig. 3a, c, e).

Specimen 2

1kwx8ms

Fig. 2 Optical microscope images of laser-treated surfaces for specimen 1 a, specimen 2 b specimen 3 ¢
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Fig. 3 Electron channeling contrast showing microstructural characteristics of cross-sectional views of specimen 1 a, b, specimen 2 ¢, d and
specimen 3 e, f with three distinctly different zones including zone I (melting zone), zone II (heat-affected zone) and zone III (base metal) a, c,

e o martensitic plates in zone I b, d columnar grains in zone I f

3.2 Cross-Sectional Observations by EBSD

The bowl-like profiles are exhibited in the all Euler angle
map superposed by a band contrast map (Fig. 4a—c). The
transition lines between the modified region (zone I and zone
II) and the unaffected region (zone III) are marked. For
specimen 1 (1 kw x 4 ms) and specimen 2 (1 kw x 8 ms)
with the same peak power (1 kw), the laser impact time
increases as the pulse duration increases, leading to the
higher heat input in specimen 2. Thus, the stronger self-
quenching effect is in specimen 2, revealing the denser o
martensitic plates in MZ (Fig. 4a, b). For specimen 1 (1
kw x 4 ms) and specimen 3 (2 kw x 4 ms) with the same
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pulse duration, the higher heat input is produced in specimen
3 as the peak power increase, leading to the longer cooling
time under the higher heat input (specimen 3). Thus, the
typical solidification microstructure is exhibited in specimen
3 (Fig. 4c). Interestingly, for specimen 2 (1 kw x 8 ms) and
specimen 3 (2 kw x 4 ms) under the same heat input (8 J),
completely different microstructural characteristics in zone I
are revealed in MZ: Specimen 3 shows the solidification
microstructure (columnar grains), while specimen shows the
phase transformation microstructure (o« martensitic plates) in
specimen 2. Much more microstructural details for specimen
1, specimen 2 and specimen 3 are shown in Figs. 5,6 and 7,
respectively.
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Fig. 4 All Euler angle map superposed by a band contrast map
showing bowl-like profiles in laser-modified Ti samples for specimen
1 a, specimen 2 b specimen 3 ¢

Figure 5 shows the EBSD map scanning at a step size of
0.6 pm for specimen 1. Three distinct zones can be dis-
tinguished in Fig. 5a: Some o martensitic plates appear
inside austenite grains in zone I; the coarsened grains with
irregularity in shape exist in zone II; and the fully
recrystallization microstructure occurs in zone III. Burgers
specific

orientation relationship (OR) predicts five

misorientations (10.5° <0001 >, 60° <1120 >,
~60.8° <4371 >, ~63.3°<4221 >, ~90° <3740 >)
during f — o transformation in Ti [28]. The special
boundaries (SBs) inside prior austenite grains belonging to
the five Burgers misorientations can be detected in GB
map (Fig. 5b). These SBs are marked by different colored
lines, in which the frequency of 10.5° <0001> boundary is
much lower than other SBs. In addition, high-angle
boundaries (HABs with misorientation angle higher than
14°) and low-angle boundaries (LABs with misorientation
angle between 2° and 7°) are represented by black and gray
lines. The thermal stress induced by laser can produce
LABs.

Three different zones for specimen 2 (1 kw x 8 ms) are
shown in Fig. 6a (zone I and zone II) and Fig. 6b (zone II
and zone III). For zone I, GB map in Fig. 6¢c shows the
overwhelming majority of the detected grain boundary
misorientations belong to two Burgers misorientations
(60° <1120 >, 63.3°<4221 >). Indeed, other Burgers
misorientations (10.5° <0001 >, 60.8° <4371 >,
90° <3740 > ) are existed; but their fraction is relatively
low. Thus, the variant selection phenomenon
(60° <1120 > and 63.3° <4221 > ) has occurred in zone I
for specimen 2. The variant selection can induce the
“texture memory” phenomenon [29-31], affecting the
mechanical performance of Ti materials after f — o
transformation. The corresponding rotation axis distribu-
tions around the Burgers misorientation of 8°-13°, 57°-66°
and 87°-90° are confirmed in Fig. 6f. For the insufficiently
recrystallized structures in zone II in Fig. 6d, they are
believed to evolve from the previous o martensitic plate
substructure, which are formed by the transferring heat
form zone I to zone II. As a result, the insufficient
recrystallized grains with the residual o martensitic plates
are formed in zone II. The existence of a number of LABs
in Fig. 6d further confirms the insufficient recrystallization

1010

e 10.5°<0001> m—— 60°<1120> m—— ~60.8°<4371>

~ 63.3°<4221>

0_70
~90°<3740> 2=T'(LAB)
—— >-14°(HAB)

Fig. 5 EBSD maps of specimen 1 showing three zone, including melting zone (MZ), heat-affected zone (HAZ) and base metal (BM) which are
separated by two broken lines a and grain boundary map showing special boundaries with Burgers misorientation (marked by different colored

lines) b
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Fig. 6 EBSD maps showing microstructure characteristics for specimen 2: a zones I and II; b zones II and III; ¢ GB map for zone I; d GB map
for zone II; e GB map for zone III; f-g rotation axis distributions around Burgers misorientation of 8°-13°, 57°-66° and 87°-90° for zone I, zone

II and zone III, respectively

in zone II. These LABs with the misorientation angles
lower than 8° (Fig. 6d) could be resulted from the recovery
of quenching-induced dislocation [28]. Figure 6g displays
the rotation axis distributions around the Burgers misori-
entation of 8°-13°, 57°-66° and 87°-90° for zone II. Fig-
ure 6e and h displays the GB map for zone III and their
rotation axis distributions around the Burgers misorienta-
tion of 8°-13°, 57°-66° and 87°-90°, suggesting the fully
recrystallized microstructure without any changes.

Figure 7 shows the microstructure characteristics for
specimen 3 (2 kw x 4 ms). Specifically, IPF map in
Fig. 7a shows the typical solidification microstructure
(columnar grains) with a length of millimeter in zone I.
Three distinct zones in one area can be easily distinguished
in Fig. 7b, clearly showing their respective microstructural
characteristics. GB maps in Fig. 7d show that the possible
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misorientations among o plate are detected in columnar
grains, suggesting that § — o phase transformation also
occurs after solidification process in zone I in specimen 3.
As compared to the zone II for specimens 1 and 2, the un-
completed recrystallized GB characteristics are also
revealed in zone II for specimen 3 (Fig. 7c). Interestingly,
the solidification microstructure is only revealed in speci-
men 3 due to the longer cooling time. Its solidification
process can be described as follows: During the molten
metal solidification process, the grains tend to grow in the
direction perpendicular to pool boundary because this is the
direction of the maximum temperature gradient and hence
maximum heat extraction [7, 9, 10]. However, columnar
grains tend to grow in the easy-growth <1010 > direction
[32]. Therefore, solidification grains with their most
favorable direction essentially perpendicular to the pool
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Fig. 7 EBSD maps showing microstructure characteristics for specimen 3: a three different zones; b GB map for zone I; ¢ GB map for zone II;

d GB map for zone III

boundary will grow more easily and crow out those less
favorably oriented grains. This competitive growth mech-
anism dominates the growth direction of columnar grains.
Thus, the parent y grains are elongated along the thermal
gradient direction, resulting in the rod-shaped grains in
MZ. In addition, most of these columnar grains, which are
separated from one another by high-angle boundaries, are
always aligned as anisotropy (IPF in Fig. 7a).

3.3 Hardness

In addition to the microstructural characteristics as
described above, the hardness of different zones for spec-
imens 1, 2 and 3 is shown in Fig. 8c, respectively. An
average hardness value of 167.2 HV is located in zone III
(BM). Although the different modified depth can be
obtained under different laser processing parameters, the

similarity of general hardness evolution profiles can be
seen Fig. 8. In zone I, the micro-hardness reaches the
highest value at a site near the top surface. For specimen 2,
zone I is found to be generally much harder than BM and
the highest hardness value is 459.9 HV. Furthermore,
specimen 2 has the highest hardness value in zone I than
the two other specimens. These are ascribed to the denser o
plates in specimen 2, leading to the significant grain
refinement.

The lowest hardness value is always located in zone II,
which is determined to be generally softer than the sub-
strate. This may be ascribed to the very heterogeneous
grain structures in zone II, where the coarsening grains are
found to exist extensively. These coarsening grains in zone
II would contribute less to the hardness than that in the
substrate. Although there are some LABs and « boundary
inside these un-completed grains, the overall impediment
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Fig. 8 Micro-hardness variations along depth from surface including MZ, HAZ and BM for specimen 1 a, specimen 2 b specimen 3 ¢
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to dislocation motion provided by them remains relatively
weak. Thus, the hardness in zone II is even lower than the
hardness in BM (Fig. 8).

4 Conclusions

The systematical EBSD characterization confirms that laser
surface treatment for Ti samples under different processing
parameters can markedly affect their microstructural
characteristics. Some key conclusions have been drawn as
follows:

1. After the laser surface treatment, three distinctly
different microstructural features are exhibited: zone
I (melting zone) for phase transformation microstruc-
ture in prior austenite grain (specimen 1 and specimen
2) or solidification microstructure in elongated colum-
nar grains (specimen 3); zone II (heat-affected zone)
for insufficient recrystallization grains with residual o
martensitic plates; and zone III (base metal) for fully
recrystallization grains.

2. The similarity of general hardness evolution profiles in
different laser treatment parameters. In zone I, the
micro-hardness is highest due to the denser « plates. In
zone II, the micro-hardness always has the lowest
value, which is ascribed to the insufficiently recrystal-
lized grains.
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