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In this work, using laser quenching technology to modify the surface of

β-Ti-35Nb-2Ta-3Zr alloy. The microstructure and deformation mechanism of

laser-quenched region were analyzed in detail by using X-ray diffraction (XRD),

scanning electron microscope (SEM), and transmission electron microscope (TEM).

Dislocations and α′′ martensite transformation occur during the process. The cyclic

loading-unloading stress-strain curve is used to evaluate the superelasticity of the alloy.

After laser quenching, the superelasticity and microhardness of the alloy increases, and

the toughness decreases. Grain coarsening is also obtained during laser quenching.

Keywords: microstructure, mechanical properties, deformation mechanism, β titanium, laser quenching

INTRODUCTION

β-titanium alloys have good biocompatibility, low modulus, non-toxicity, and excellent corrosion
resistance, which are widely used in medical treatment, especially in dentistry and orthopedics (Saji
et al., 2009; Wang et al., 2009a; Lin et al., 2013). The alloys show a variety of mechanical properties,
which are related to their deformation mechanisms. In 2003, Saito (2003) reported the activation of
dislocation-free plastic deformation mechanisms in β titanium alloys, obtaining super mechanical
properties. This work had triggered a research wave on the deformation mechanisms of β-titanium
alloys and their influence onmechanical properties. Recently, a variety of deformationmechanisms
in β titanium alloys have been found, including stress-induced phase transformations (β → α′,
β → α′′ or β → ω) (Ozan et al., 2017; Wang et al., 2017; Lai et al., 2018; Maghsoudlou et al., 2018;
Yang et al., 2018; Gao et al., 2019), {332} twinning (Tobe et al., 2014; Lai et al., 2016, 2018; Gao et al.,
2019), {112} twinning (Yao et al., 2017; Gao et al., 2018), as well as dislocation slip (Lai et al., 2018;
Gao et al., 2019). It was also revealed that the dislocation slip dominates the plastic deformation
in the β-titanium alloys with higher stability, while reducing the stability of the β-titanium alloys
activates other deformation mechanisms such as deformation twins and martensite transformation
(Lai et al., 2016; Maghsoudlou et al., 2018). Generally, phase transformation, twins or dislocation
slip can be activated individually or simultaneously, which strongly influence the mechanical
properties during processing. For example, Gao et al. (2018) reported that a new Ti-7Mo-3Cr
(wt.%) alloy with high yield strength about 695 MPa and strain hardening rate about 1,600–1,900
MPa, and the yield strength of the alloy phase with a separate twin system is much greater.
which was attributed to the combined action of two twin systems of {112} <111> and {332}
<113> twins, much better compared to alloys with a single twin system. Min et al. (2012)
found that that the combination of twinning and slip in Ti–Mo-based alloys, can enhance the
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uniform elongation and maintain high strength. In addition, it
was reported that the stress-induced α" martensitic during cold
rolling contributed to the spectacular work hardening behavior,
resulting in super elastic and pseudo-elastic zones of the tensile
stress-strain curves, and reduce the elastic shear modulus (Wang
et al., 2008a, 2009b; Maghsoudlou et al., 2018).

Owing to the good matching of implants and bone tissue is
as important as their mechanical properties, many scholars have
used different techniques to modify the surface of β-titanium
alloy, and also studied the deformation mechanisms during
modification. Although the methods for surface modification of
titanium alloy such as plasma spraying (Sathish et al., 2011),
ion implantation (Vlcak et al., 2019), micro-arc oxidation (Chen
et al., 2013; Liu et al., 2015), friction stir processing (FSP) (Wang
et al., 2015, 2017; Ding et al., 2016, 2019), and shot peening
(Xie et al., 2016) can effectively improve the biocompatibility
and mechanical properties of the titanium alloy, but there are
still various problems. For instances, the coatings prepared by
plasma spraying have poor adhesion to the substrate and are easy
to fall off, the films prepared by ion implantation and micro-arc
oxidation are too thin for poor performance (Liu et al., 2004;
Chouirfa et al., 2018; Zhang and Chen, 2019).

Laser processing is considered to be one of the most
promising surface modification methods (Baker, 2010; Chen
et al., 2018), mainly including laser cladding, laser remelting
and laser quenching, which can form a good metallurgical bond
between the reinforcement layer and the matrix, which had been
obtained in the work of Man et al. (2001), Sun et al. (2003), and
Guo et al. (2007). Moreover, Sun et al. (2003) found that the
α phase has changed to needle-like a′ martensite after the laser
surface remelting of pure titanium, and the martensite formed
by rapid cooling of the laser surface remelting shows a hexagonal
close-packed crystal structure with high hardness but relatively
low ductility. However, a more detailed analysis of the phase
transition mechanism during the processing has not occurred.
As for laser quenching titanium alloys, previous studies are only
about the effect of fretting wear and sliding friction characteristics
after laser quenching of TC11 titanium alloy (Dai et al., 1997), the
effect of laser quenching on the microstructure and mechanical
properties of β-titanium alloys have not been reported.

In this work, the Ti-35Nb-2Ta-3Zr β titanium alloy was
prepared by the vacuum consumable smelting technique and
laser quenching technology. A cyclic tensile test was used to assess
the superelasticity of the material. The microstructural evolution
of laser-quenched Ti-35Nb-2Ta-3Zr alloy was studied in this
paper, and the deformation mechanism and its influence on
superelastic behavior during laser quenching were also studied.

EXPERIMENTAL

Material Preparation
The Ti-Nb-Ta-Zr alloy with a nominal composition of Ti-
35Nb-2Ta-3Zr (wt.%) was prepared by the vacuum consumable
smelting technique. The mass fraction of each element of
the prepared material was determined by hydrometallurgical
chemical composition analysis, as shown in Table 1.

TABLE 1 | Chemical composition (wt.%) of the Ti-35Nb-2Ta-3Zr alloys.

Nb Ta Zr Ti

34.60 2.70 3.04 Bal.

Ingot of Ti-35Nb-2Ta-3Zr alloy was prepared by a vacuum
consumable electric arc furnace. The ingot was hot forged at
950◦C to remove the scale on the surface of thematerial, and then
annealed at the same temperature for 3–5 min.

Laser Quenching
The laser quenching was conducted on a lasermaterial processing
system mainly equipped with a 3.5 kW ROFIN DL 035Q
semiconductor laser, Fanuc trajectory planning and control
robot, and coaxial focus powder feeding system, as shown in
Figure 1A. In this research, the semiconductor laser with an
output laser wavelength of 808–940 nm. The laser quenching
process were conducted in argon protective atmosphere.
Figure 1B shows the basic schematic of a semiconductor
laser nozzle.

After annealing, the surface of the alloy was polished to
remove scale, straightened, then washed with acetone, and fixed
on the working table of the semiconductor laser device. With
the treated surface facing up, the alloy was subjected to laser
quenching under argon protection, and the processing pass was
1 pass. The laser power was 500W and the scanning speed
was 12 mm/s.

Microstructural Characterization
After laser treatment, the samples were sectioned, mounted,

coarsely ground, finely ground, coarsely polished, finely polished,
and then etched by Keller’s reagent (1 vol% HF, 1 vol% HNO3, 1
vol% HCl in water) and for a Zeiss Imager.Optical microscope
(OM) and a JEOL-JSM7600F scanning electron microscope
(SEM) investigation. Phase analysis was carried out with X-ray
diffraction (XRD) and transmission electron microscope (TEM)
and the microstructure evolution of the materials after laser
quenching were observed. XRD analysis was performed using a
Cu Kα radiation source, which with an accelerating voltage of
40 kV and a current of 250mA. TEM analysis was performed
in a JEOL-JEM2100F microscope operated at 200 kV. Vickers
microhardness measurements were performed on a Zwick/Roell
JS-2000 microhardness tester using a 200 g load for a dwell time
of 15 s.

Cycle Tensile Testing
To evaluate the tensile properties of Ti-35Nb-2Ta-3Zr alloy,
some samples were used for cyclic tensile tests. The tensile tests
were carried out at a strain rate of 1.0 × 10−4 s−1. The cyclic
tensile strain during loading-unloading testing was 1, 2, 3, 4%,
respectively. The specimens had the gauge length of 20mm,
width of 5mm, and thickness of 3 mm.
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FIGURE 1 | (A) The laser treatment system, (B) schematic diagram of semiconductor laser nozzle.

FIGURE 2 | Microstructure of Ti-35Nb-2Ta-3Zr alloy: (A) optical micrograph of the base metal, (B) optical micrograph of the laser-quenched alloy, (C) SEM of the

laser-quenched alloy, (D) magnified SEM image of the rectangle in (C).

RESULTS AND DISCUSSION

Microstructure and Phase Constitutions
Figure 2 shows the representative microstructure of the initial

and laser-quenched Ti-35Nb-2Ta-3Zr alloy. The materials before

and after laser quenching are equiaxed grains, indicating that

the processing does not change the original morphology of

the alloy. These images clearly reveal the grain coarsening

and martensitic transformation during laser quenching. The
diameter of the average grain evolved from 17.1µm in the
initial metal up to 30.3µm (Figures 2A,B), because the β grains

had grown severely under the action of short-time ultra-high
temperature due to excessive scanning power and speed during
the laser quenching. It can be seen from Figures 2B–D that
acicular martensite α” martensite is present, which can be
more clearly seen from the magnified SEM image (Figure 2D).
This α′′ martensitic transformation was induced by laser
quenching, which is not stress-induced martensite but heat-
induced martensite. Martensitic transformation also occurred
when laser remelting was performed on the surface of pure
titanium of Sun et al. (2003), and it influenced the mechanical
properties of the material.
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FIGURE 3 | XRD profile of the laser-quenched Ti-35Nb-2Ta-3Zr alloy.

Figure 3 is the X-ray diffraction pattern of the laser-quenched
Ti-35Nb-2Ta-3Zr alloy. As can be seen from the profile, there are
β phase peaks and α′′ martensite peaks. Compared to the five or
six martensites diffraction peaks during the cold rolling process
(Guo et al., 2007; Wang et al., 2008a,c; Maghsoudlou et al., 2018),
the number of martensite peak after laser quenching is very
small. This may be the result of fast heating and cooling rates
during laser quenching, which allow only a short time for phase
transformations (Konstantino and Altus, 1999). The temperature
of Ms (martensitic start) is lower than room temperature, and
the martensite transformation is easy to induced with a small
number of external stress in metastable β titanium alloys (Wang
et al., 2009b; Min et al., 2012). Thus, when the alloy was deformed
at room temperature (e.g., cold rolling), a higher critical sliding
stress made martensite transformation easier. It reveals that β →

α′′ martensite phase transformation is more sensitive to stress
than temperature.

TEM Analysis
To further analyze the microstructure and deformation behavior
of the β-Ti-35Nb-2Ta-3Zr alloy after laser quenching, a
transmission electron microscopy (TEM) was used to observe
the surface of the laser-quenched zone. Figure 4 shows the
TEM and HRTEM micrographs of the sample in corresponding
region. A weak strip-shaped α′′ martensite phase with a size of
about 16.7 nm appeared in Figure 4A, and the weak α′′ phase
peaks also appeared in the previous XRD profile (Figure 3),
which again proved that β phase transforms to α′′ martensite
phase in the processing. In Figure 4B, significantly deformed
microstructures and high-density dislocation tangles were found
(as indicated by the white arrow). This phenomenon can be
seen in many mechanical processes (Min et al., 2012; Lin et al.,
2013; Liu et al., 2015; Wang et al., 2017; Lai et al., 2018;
Maghsoudlou et al., 2018), and the dislocation tangles had a bad
influence on phase transformation, leading to more martensite
nucleation than martensite propagation. Therefore, the number
of martensite detected is small, which should be due to the

dislocation tangles. Moreover, because the material is subjected
to internal stress, when the stress threshold is reached, the
dislocation slip mechanism to be activated, resulting in the high-
density dislocation tangles.

The corresponding selected area electron diffraction (SAED)
(Figure 4C) revealed that the β phase and α′′ martensite phase

were obtained from the [111]β zone axis and the [110]α′′ zone
axis, respectively, and showed that the orientation relationship

between α′′ martensite and β matrix is [110]α′′//[111]β. In the
surface modification process of Ti-35Nb-2Ta-3Zr alloy by FSP,
Lai et al. (2018) found that there aremetastable zig-zag structured
ω phase. It was mentioned that the introduction of high-
density dislocation tangles contributes to hinder the formation
of ω phase. In this paper, there is no ω phase appears in the
Figure 3 or Figure 4, which may be owing to a large number of
dislocation tangles appeared in the laser-quenched alloy as shown
in Figures 4A,B, so it can be concluded that the laser quenching
cannot induce the ω phase transformation.

The atomic configurations of the β matrix had been examined
by using high resolution TEM (HRTEM). Figure 4D is the
HRTEM image seen from the [111]β axis of the β matrix,
Figure 4E shows that the atomic spacing of the β matrix is
measured about 0.277 nm. Figure 4F is the lattice distortion
region of the HRTEM showing the irregular atomic arrangement.
It should be noted that the surface is not flat at the atomic scale
and some lattice fringes are not straight after laser quenching.
This lattice distortion phenomenon also occurred when though
eutectic reaction to prepare the layer-like NiTiNb porous metal
due to the high density of stacking faults that twins have, and the
dislocation activities may accelerate the lattice distortions during
tensile deformation (Wang et al., 2018). In addition, this lattice
distortion will occur during the martensitic transformation
process. Therefore, heat-induced martensite transformation and
dislocation activities are responsible for this phenomenon in
this paper.

Microhardness Analysis
Along the laser-quenched surface of the Ti-35Nb-2Ta-3Zr
sample (as shown by the black dotted line in Figure 5B), the
microhardness distribution from the base metal to the laser-
quenched zone as shown in Figure 5A. It can be clearly seen from
the microhardness distribution curve of the laser-quenched Ti-
35Nb-2Ta-3Zr alloy is uneven, the microhardness value of base
metal is about 165HV, and themicrohardness value of quenching
zone reach 181 HV, which increases by 9%. According to our
knowledge, the increase inmicrohardness during laser quenching
can be put down to two main factors. On the one hand, materials
suffer from rapidly heat and cooling, β phase with lower hardness
is transformed to highly hard and brittle martensite, resulting in
microhardness increases (Sun et al., 2003). On the other hand,
a lot of dislocations and lattice distortions are formed on the
surface of samples leading to the surface hardening as shown
in Figures 4B,F, so the microhardness increases. In the research
(Wang et al., 2018), the refined grain size also helps to increase
microhardness of thematerial, which due to themicrohardness of
polycrystalline materials increase with the decrease of grain size.
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FIGURE 4 | TEM and HRTEM micrographs: (A) bright-field micrograph of laser-quenched Ti-35Nb-2Ta-3Zr alloy; (B) image of dislocation structure; (C) SAED

patterns of (A); (D) HRTEM image shown along the [111]β zone axis; (E,F) are magnified HRTEM figures of the region A and B in (D), respectively.

However, as can be clearly seen from Figure 2B above, although
the grain size increases significantly after laser quenching, the
hardness of the quenching zone still increases (Figure 5A). It
implied that the grain size has little effect on the microhardness,
and dislocation activation and α′′ martensite transformation are
the main reasons for the increase in microhardness.

Superelastic Behavior
To expound the effect of laser quenching on the superelasticity of
Ti-35Nb-2Ta-3Zr alloy, cyclic-tensile tests were conducted and
the results were shown on Figure 6. The cyclic tensile strain
for the alloys before and after laser quenching were 1, 2, 3,
4%. The superelastic features of laser-quenched specimens were
described the residual strain (εR), the superelastic strain (εSE),
and pure elastic strain (εE) during unloading (Wang et al.,
2008b), respectively.

It can be observed from the stress-strain curves that the
accumulation of residual strain on deformation (X axis).

For the base and laser-quenched Ti-35Nb-2Ta-3Zr alloy
(Figures 6A,B), residual strain can be seen in every cycle,
indicating that irreversible plastic deformation occurred.
The gradual accumulation of plastic deformation resulted
in dislocation pile-up and tangles as shown in Figure 4B,
which might hinder martensitic decomposition (Zhu et al.,
2012). There are obvious non-linear deformation features
appearing in Figures 6A,B, while much more non-linearity
occurs in Figure 6B. Niinomi et al. (2008) investigated the
non-linear elastic behavior of Ti–Nb–Ta–Zr system titanium
alloy and stated that dislocation slip starts activating when
the elastic strain attains to the lowest level belonging to a
certain crystal direction. Therefore, the elastic modulus of the
alloy is significantly decreased and the elastic behavior not
obey Hooke’s law. It is called superelasticity and is related to
martensitic transformation. Figure 6C shows the superelastic
recovery and elastic recovery strain of the two samples after
unloading. The maximum εSE value for base metal is 0.38%
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FIGURE 5 | (A) Microhardness of the Ti-35Nb-2Ta-3Zr alloy, (B) metallographic image of microhardness points positions.

FIGURE 6 | Stress-strain curves of cyclic tensile tests of Ti-35Nb-2Ta-3Zr alloy: (A) base metal, (B) laser-quenched alloy, and (C) comparison of strain after unloading

(BM, base metal; LQA, laser-quenched alloy).

when the tensile strain is 4%. For laser quenched alloy, the
maximum value measured is about 0.5% at the same tensile
strain during superelastic recovery. Compared to the base metal,
with the increase in tensile strain, the εSE value is higher for
laser-quenched alloy during superelastic recovery stage. The
elastic recovery value can be intercepted by expanding the initial
linear unloading stiffness [X] (strain) (Wang et al., 2018). The
elastic recovery value can be intercepted from X axis (strain) by
extending the original linear unloading stiffness (Wang et al.,
2018). It can be observed that the elastic recovery strain for all
samples is nearly 0.8% when the tensile strain is 4% during the

elastic recovery stage. This superelastic behavior is attributed
to more martensite transformation and reverse transformation
occurring during cyclic tensile tests of the laser-quenched
Ti-35Nb-2Ta-3Zr alloy.

α′′ martensite transformation is very important in β-titanium
alloys, which not only grants superelastic properties, but also
accommodates both elastic and plastic strains (Maghsoudlou
et al., 2018; Yang et al., 2018). In previous researches (Lai
et al., 2018; Maghsoudlou et al., 2018), stress-induced martensitic
transformation occurred in the early stage of plastic deformation
of β titanium alloys, causing the yielding phenomenon. And
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FIGURE 7 | The SEM fractographic images: (A) the laser-quenched Ti-35Nb-2Ta-3Zr alloy, (B,C) show high-magnification images taken from the black rectangle

in (A).

the yield strength value is equivalent to the critical stress
value of the induced β → α′′ martensite transformation.
According to Lin et al. (2013) and Bingjie et al. (2018), the
deformation behavior in β-titanium alloys was revealed by
comparing the critical stress of dislocation slip (σSDS) and
martensitic transformation (σSIM). If σSDS < σSIM, dislocation
slip occurred before martensitic transformation are induced.
After unloading, the condition (σSDS < σSIM) would have
less strain recovery than the condition (σSDS > σSIM). In the
present study, laser-quenched alloys (219 MPa) had higher yield
strength than base metal (186 MPa). This is why the alloys after
quenching has better superelasticity. In the study of Yang et al.
(2018), the β → α′′ martensite transformation also occurred
first and then dislocations appeared. In addition, the small
amount of martensite transformation should be the main reason
for the slightly higher superelastic recovery performance after
laser quenching.

Fracture Surfaces
Fracture surface of the laser-quenched Ti-35Nb-2Ta-3Zr alloy
after tensile testing is shown in Figure 7A, which exhibits
a complex fracture mode of dimple and cleavage. Plastic
instabilities are the cause of the appearance of dimples
characteristics, so the dimples features are used to indicate the
level of plastic deformation (Rabadia et al., 2018; Zhang et al.,
2018). The dimples in Figure 7B indicates a ductile fracture, and
the cleavage plans in Figure 7C shows a brittle fracture. It can be
seen from Figure 7A that the area of the cleavage plans (laser-
quenched layer) is almost equal to the dimples regions (base
metal), which indicates that toughness of the laser-quenched
material is reduced and brittleness is increased. The main reason
is that α′′ martensite phase transformation occurs during laser
scanning, and the martensite with higher brittleness, which leads
to a decrease in material toughness. This is consistent with the
results described above.

Frontiers in Materials | www.frontiersin.org 7 December 2019 | Volume 6 | Article 318

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Zhang et al. Laser Quenched β-Ti Alloy

CONCLUSIONS

The microstructural evolution, mechanical properties, and
deformation mechanisms of laser-quenched β-Ti-35Nb-2Ta-3Zr
alloy were studied. Therefore, the key conclusions were drawn
from this work are outlined below.

1) After laser quenching, grain coarsening and martensitic
transformation occurred. The average grain size of the laser-
quenched Ti-35Nb-2Ta-3Zr alloy increases from 17.1µm in
the initial metal to 30.3µm.

2) Dislocations activated after martensitic transformation
during the laser quenching process. β phase and α′′

martensitic phase in the laser-quenched Ti-35Nb-
2Ta-3Zr alloy was identified by transmission electron
microscope (TEM) observation, and the orientation
relationship between α′′ martensite and β matrix is

[110]α′′//[111]β. It was also found in the XRD profile,
and the content of α′′ martensite is less than that of
β phase.

3) The superelasticity of the laser-quenched Ti-35Nb-2Ta-3Zr
alloy is slightly increased, which is due to the number of
martensite transformation is less during laser quenching.

4) The laser-quenched Ti-35Nb-2Ta-3Zr alloy had a complex
fracture mechanism including brittle fracture and toughness
fracture, which was related to the transformation of the
martensite phase.
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