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Metastable B-type Ti-Nb based alloys are extensively applied in the fields of
surgical implantation and wound repair owing to their low elastic modulus, excellent
biocompatibility as well as superelastic properties. Based on the d-electron theory,
a novel metastable B-type Ti-25Nb-3Zr-2Sn-3Mo (wt %) (TLM) alloy was developed
using the Bo (d orbital electron bonding strength) -Md (d electron bonding energy)
diagram. The microstructures and phase constituents of the prepared alloys under
different solution conditions were investigated. The unidirectional tensile tests and cyclic
loading-unloading experiments were conducted to analyze the mechanical behavior and
superelastic behavior. Moreover, the microstructural characteristics near the fracture for
the samples under different solution conditions were also investigated. Such results
show that o” quenched martensite phase is generated within the equiaxed B grains
of the TLM alloys which are solution-treated in the g or (a + B) phase regions. The
typical double yielding of the TLM alloys is presented during the deformation at room
temperature. The alloy solution-treated at 750°C has the strain hardening rate of ~1,100
MPa and the uniform elongation of ~32.5%. The stress-induced martensite phase
and deformation twins are simultaneously generated in the microstructures of the TLM
alloys during the deformation. Such alloys exhibit a certain superelastic effect due to
the reverse transformation between the stress-induced martensite o’ phase and B
parent phase during the cyclic loading-unloading at room temperature. Furthermore, the
underlying relationship between the properties of the TLM alloys and their microstructures
are discussed.

Keywords: TLM alloy, solution treatment, double yielding, superelastic behavior, stress-induced martensite,
deformation twins
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INTRODUCTION

In recent years, metastable f type Ti-Nb based titanium alloys
have been extensively applied in the fields of surgical implant
device, bone tissue repair and artificial joint replacement due
to their low elastic modulus, excellent biocompatibility as well
as superelastic properties (Miyazaki et al., 2006; Hao et al,
2007, 2012; Sun et al.,, 2010; Al-Zain et al., 2011; Zhang and
Chen, 2019; Zhang et al., 2020). At room temperature, with
the decrease in P phase stability, the primary deformation
mechanisms, in turn, are dislocation slip, deformation twins
and stress-induced martensitic (SIM) for B titanium alloys
during the plastic deformation (Marteleur et al.,, 2012; Ahmed
et al,, 2015; Zhang et al,, 2017; Mompiou et al., 2018; Rabadia
et al., 2019a,b). The multiple design ideas for titanium alloys
always involve the interaction of various alloying elements,
resulting in various complex microstructures, which leads to the
difficulty in determining the specific relationships among the
chemical composition, microstructure, mechanical properties of
the alloy. The alloy design method of d-electron was developed
based on the calculation of molecular orbital of DV (discrete-
variation)—Xa Cluster. Based on the d-electron theory, the
intrinsic relationship between the plastic deformation behavior
and B phase stability could be predicted by means of Bo (d orbital
electron bonding strength) -Md (d electron bonding energy)
diagram. When the Md value increases or the Bo value decreases,
the B phase stability would decrease. Abdel-Hady et al. (2006)
plotted the Bo-Md diagram (Md: 2.35~2.60, Bo: 2.78~2.96)
based on the existing experimental data. An alloy design
criterion, which simultaneously considers the improvement in
strength and plasticity of B titanium alloys, was proposed based
on the Bo-Md diagram (Sun et al, 2013). When certain beta
titanium alloys are placed in a particular zone in Bo-Md diagram,
the stress-induced martensite transformation, deformation twins
as well as dislocation movement would be simultaneously
activated. In addition, the strain strengthening effect would
be enhanced and hence the room-temperature ductility of B
titanium alloys would be improved due to the symbiosis and
coordination of these deformation mechanisms (Ahmed et al,,
2016; Brozek et al., 2016).

In general, the stress-induced martensitic transformation
takes place during the deformation of the metastable p titanium
alloys at room temperature. Therefore, the lower yield strength
and higher plasticity at room temperature can be obtained. For
instance, the stress-induced martensite transformation would
take place in the Ti-Mo binary alloy system. Sun et al. (2013)
found that the stress-induced martensite phase is generated at a
strain of 0.7% by investigating the deformation mechanisms of
Ti-12Mo (wt%, the same hereafter) alloy at room temperature.
Meanwhile, the increase of the strain results in the increase
in the volume fraction of SIM phase. When the content of
molybdenum is <10%, the martensite phase is prone to be
induced during the deformation process. On the contrary, if
the content of molybdenum is more than 10%, there is no
stress-induced martensite phase transformation in the Ti-12Mo
alloy. Furthermore, the deformation twinning is another typical
deformation mechanism for the f titanium alloys (Tobe et al.,

2014). Sun et al. (2017) and Yao et al. (2017) studied the
plastic deformation behavior and mechanism of biomedical
beta type Ti-24Nb-4Zr-8Sn titanium alloy. The result showed
that when the yield strength reaches about 200 MPa, the
stress-induced martensite phase transformation (B — o)
were activated at first. In the meantime, the tensile curves
also exhibit typical pseudo-elastic behavior. Subsequently, the
higher work hardening rate is obtained due to the presence
of {112}<111> deformation twinning. Therefore, it could be
reasonably concluded that for Ti-Nb based (Kim et al., 2006;
Yang et al,, 2010) and other beta titanium alloys, the stress-
induced martensite transformation is one of the primary reasons
for the pseudo-elastic deformation behavior as well as lower yield
strength and work hardening rate. Moreover, the deformation
twinning could be motivated when a small yield stress is
obtained during the deformation at room temperature. As
such, the phase transformation and deformation mechanisms
of the B titanium alloys could be controlled via various heat
treatments, including solution and aging treatment. However,
there are few investigations on the effects of the stress-
induced martensite transformation and deformation twinning
on the microstructural evolution and deformation behavior of
P titanium alloys during the room temperature deformation at
different solution conditions.

The primary problem is how to improve the biocompatibility
and biological safety of the biomedical B titanium alloys.
To control the microstructures and mechanical properties of
B titanium alloys using various heat treatment conditions
is critical for overcoming the above problems. It plays a
significant role in expanding the application and development
of biomedical titanium alloys with high performance. A novel
near B Ti-25Nb-3Zr-2Sn-3Mo (TLM) belongs to the third
generation of biomedical titanium alloy. The TLM alloy is
independently developed by Northwest Institute for Non-ferrous
Metal Research (NIN). According to the calculation formula
mentioned in Abdel-Hady et al. (2006), the average Bo and
Md of TLM alloy are 2.846 and 2.441, respectively. It could be
inferred that the deformation mechanism of TLM alloy mainly
consists of deformation twins and stress-induced martensite
phase transformation in terms of the Bo-Md diagram (Zhan
et al., 2015). Moreover, different solution treatments would have
a significant influence on the microstructure and deformation
mechanisms of B titanium alloys. Currently, most studies on
TLM alloys concentrates on processing optimization, surface
modification and biocompatibility (Kent et al., 2010; Paladugu
et al., 2010; Yu et al., 2011). However, there is few reports on
the room-temperature deformation and superelastic behavior of
TLM alloys treated by different solution conditions.

The aim of this work was to investigate the microstructures
and phase constituents of the TLM alloys solution-treated in
the B and (a + B) phase zone. The unidirectional tensile test
at room temperature was conducted to analyze the mechanical
behavior of the alloy under different solution conditions as
well as the microstructure characteristics near the fracture.
The cyclic loading-unloading test was used to understand the
superelastic behavior of the TLM alloy undergoing various
solution treatments.
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MATERIALS AND EXPERIMENTAL
PROCEDURES

Material Preparation

Consumable electrode blocks were made from sponge titanium
(Grade 0, particle size: 0.83~12.7 mm), sponge zirconium (Zr-
1), Ti-32Mo, Ti-60Sn, and Nb-47Ti master alloys by 500 T oil
press. The vacuum consumable arc remelting was repeated three
times to ensure the homogeneous composition of ingot. Hence,
the high/low density inclusions and composition segregation
could be effectively avoided. According to GB/T 3620.1-2016,
the principle elements of ingots were measured using X-ray
fluorescence spectroscopy (XRF) and LECO 600 gas elemental
analyzer. The nominal compositions of TLM alloy ingot is listed
in Table 1. The ingot underwent a series of processing including
billet forging, hot rolling, hot straightening, machining operation
and polishing to obtain bars (with a diameter of 15 mm). The
beta transus temperature of the TLM alloy used was measured
to be about 710°C. A solution treatment was performed in the (a
+ B) phase region (620 and 700°C) and the f phase region (750
and 800°C) for 1h followed by water quenched. The specimens
for tensile test were machined from the solution-treated bars
according to the standard GB/T 228.1-2010. The unidirectional
tensile and cyclic loading-unloading tests were performed using
an INSTRON-598X electronic universal material testing machine
at room temperature.

Microstructure Characterization

A wire-cutting electric discharge machining (EDM) was
used to machine samples from the tensile specimen.
The metallographic samples were subsequently ground,
polished, and etched for microstructure observation. A Kroll’s
solution (10% hydrofluoric acid, 20% nitric acid, and 70%
distilled water, in vol %) was used to etch the samples. The
microstructures of samples solution-treated under various
solution conditions were observed by optical microscope
of Zeiss Axio Vert. Al. The phase constituents of various
samples were detected with X-ray diffraction (XRD, BRUKER
D8 ADVANCE). Preparation of specimens for transmission
electron microscopy (TEM) observation was carried out using
mechanically grinding and twin-jet electrolytic polishing
technique (equipment: Struers A3). The solution of twin-jet
polishing was composed of 50ml perchloric acid, 300ml
ethanediol, and 500ml methanol. The disks of 3mm in
diameter were electrolytic polished at —40°C on the voltage
of 20V. A JEOL 2100 transmission electron microscope
with the acceleration voltage of 200 kV was used to analyze
and characterize the microstructures of the TLM alloys after
tensile deformation.

TABLE 1 | Nominal compositions of TLM alloy ingot used in this work (wt%).

Ti Zr Mo Sn Nb C N (0} H

Bal. 3.06 3.05 2.05 265 0.010 0.008 0.049  0.0006

RESULTS AND DISCIUSSION

Microstructure and Phase Constituents
Figure 1 presents the X-ray diffraction patterns of the TLM
alloys solution-treated at various temperatures. The diffraction
peaks of o” martensite are presented after solution treatment
at 620, 700, 750, and 800°C. It indicates that o” martensite
phase is generated accompanied by solution treatment and water
quenching. Zhang et al. (2013) found that near p titanium alloys
did not have enough time to complete the B — «a phase
transformation due to the rapid cooling rate during solution plus
water quenching treatment in super-elastic Ti-Nb-Zr system. The
phase transformation is generally completed in the following two
modes: (1) the crystal structure itself can not be changed, only
the B phase forms martensite phase based on the shear effect. (2)
If the beta stabilizers in the alloy is relatively high, the beta phase
is relatively stable at this condition. After solution treatment plus
rapid cooling, a supercooling B phase can be generated, and all
of them could be retained to room temperature. On the contrary,
the stability of p phase would decrease due to the lower content
of B stabilizers. After solution treatment plus rapid cooling, (
+ ) phase can be produced simultaneously. The theoretical
value of equivalent is 10.57 for TLM alloys. Compared with other
B-type titanium alloys with high equivalent, the content of
stabilizer of the TLM alloy is relatively lower. Therefore, the o”
martensite phase would be formed after solution treatment plus
water quenching.

Figure 2 presents the metallographic structure for the TLM
alloys after solution treatment at 620, 700, 750, and 800°C/1h
plus water quenching. Figures 2A,B show that after solution
treatment at 620°C, the microstructures of samples mainly
consist of primary o, o” martensite, and p phases. As the
solution temperature increases, the volume fraction of a phase
significantly decreases, which finally transforms into § phase.

* . B
° au
~ v
: [
< B *H ot
= [800°C W s .
=
72 e
§ 750°C
-
700°C Al P Py
620°C A X

20 30 40 50 60 70 80
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FIGURE 1 | X-ray diffraction patterns of the TLM alloys solution-treated at
various temperatures.
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FIGURE 2 | Microstructures of the TLM alloy after solution treatment at: (A) 620°C; (B) 700°C; (C) 750°C; and (D) 800°C/1 h, WQ.

When the solution temperature (750 and 800°C) increases over
the P transus temperature, most of primary o phase transforms
into B phase. Meanwhile, the equiaxed P grains are obtained
(Figures 2C,D). In addition, the equiaxed P grains grow up
obviously as the solution temperature increases. From the
comparison between Figures 2C,D, it shows that the average
grain size is only ~35 pwm after solution at 750°C. In comparison,
the average size of § grains grows up to about 60 jum after solution
treated at 800°C.

Double Yielding Effect

Figure 3 presents the room temperature tensile curves of the
TLM alloy solution-treated in (a + ) (620 and 700°C) and B
phase region (750 and 800°C). It can be seen that the typical
double yielding effect is exhibited during the tensile deformation
at room temperature. The first yield point is caused by the
stress-induced martensite phase transformation. This yield point
defined as the stress value corresponding to 0.2% residual strain
is the martensite phase transformation induced stress ogpy (Kim
etal,, 2005). In fact, the martensite phase is activated by stress and
the slip is induced subsequently during the tensile deformation
at room temperature. The stress-strain curves exhibiting a lower
level of yielding strength are caused by the easy precipitation of
SIM and the deformation twins. As such, the p phase transforms
into the o phase and the stability of § phase would be enhanced
after solution treatment in (a + B) phase region. In addition,
the driving force for f — o phase transformation could be
reduced during the deformation at room temperature. Therefore,
the precipitation fraction of stress-induced a” phase could be

700
600}
500 |
400}
300}
200}
100}

Stress/MPa

15 20 25 30 35
Strain/%

FIGURE 3 | Room temperature tensile curves of the TLM alloy solution treated
in (@ 4 B) (620 and 700°C) and p phase region (750 and 800°C).

decreased. Therefore, the results show that the tensile strength
would be improved due to the generation of o phase.

Figure 4 presents the relationship between the stress induced
by martensite phase transformation and the solution temperature
of the TLM alloy. It can be seen that the ospy is relatively lower
(140~170 MPa) for the sample solution-treated in (o + B) (620
and 700°C) as compared to the sample solution-treated in f
phase region (750 and 800°C).
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As the solution temperature rises, ospy decreases at first
and then increases. It is obvious to find that the sample with
the minimum ogpy (140 MPa) is obtained after the solution
temperature of 700°C. It indicates that the amount of a” phase
is relatively less after solution treatment at 700°C and water
quenching. This process results in the easy occurrence of stress-
induced martensitic phase transformation in the metastable
P phase grains during deformation at room temperature. In
addition, the stress corresponding to the second yield point is
defined as the yield stress o before uniform plastic deformation.
Figure 5 presents the relationship between the yield stress o,
elongation § and solution temperature for the TLM alloy.
It indicates that oy gradually decreases with the increase of
the solution temperature of the samples. On the contrary, §
significantly increases for the sample solution-treated in the (a
+ B) phase region (620 and 700°C) with the increase of solution

210
180 F
150
120
90+
60
30

oSIM/ MPa

750 800

7/°C

620 700

FIGURE 4 | The relationship between the stress induced by martensite phase
transformation and the solution temperature of the TLM alloy.

620f 1
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S
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FIGURE 5 | The relationship between the yield stress o, elongation 8, and

solution temperature before the uniform plastic deformation for the TLM alloy.

temperature. It is found that the increment of 3 is about 14%
for the sample solution-treated at 620 and 700°C, respectively.
When the solution temperature exceeds B-transus, the increment
of § decreases with the increase of the solution temperature.
Finally, § gradually attains a constant value (~32.5%), which
represents that the TLM alloy possesses a superior plasticity at
room temperature under this condition. This phenomenon is
similar to that of Grosdidier and Philippe (2000) studying the
deformation behavior at room temperature for §-CEZ titanium
alloys treated at different solution temperatures. The metastable
B type titanium alloys solution-treated in the B phase region are
prone to exhibit the double yielding effect during deformation at
room temperature. On the contrary, the degree of double yielding
effect for the alloy solution-treated in the (a + p) phase region
is relatively weak. When the alloys are solution-treated in the
(o + PB) phase region, the larger difference between the solution
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FIGURE 6 | X-ray diffraction profiles near the fracture surface before and after
tensile deformation of the TLM alloy (A) solution treated in the (o + B) (620°C);
(B) B phase region (750°C).
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temperature and B-transus is, the greater driving force for the
precipitation of the primary a phase would be needed. There are
a large amount of nucleation sites presenting in the f matrix,
which is favorable for the nucleation and precipitation of the
primary o phase. Meanwhile, the remaining B phase becomes
more stable. The driving force for the phase transformation
(B — a”) during the deformation at room temperature decreases,
leading to a significant reduction in the volume fraction of
o” phase.

Figure 6 displays the XRD patterns near the fracture
surface before and after tensile deformation of the TLM alloy
solution-treated in the (a + B) (620°C) and P phase regions
(750°C). It can be seen that when the specimen is tensile-
deformed until fracture takes place, although the diffraction
peaks of o” phase are still presented, there is a significant
difference in the intensities of diffraction peaks and peak
positions compared with the undeformed counterpart. The
reason is that the quenched martensite o” phase undergoes
micro-deformation along a specific crystallographic orientation
(preferred orientation) during tensile deformation. It is also
accompanied by stress-induced martensitic transformation,
which is the result of synergy effect between phase
transformation and texture evolution during plastic deformation
(Mantani et al., 2002).

Strain Hardening Effect

Figure 7 shows the curve of the strain hardening rate (SHR) for
the TLM alloy after solution treatment at 750°C. It indicates
that the strain hardening rate is as high as 1,100 MPa in the
work hardening stage. In addition, there are two typical stages
represented by stage I and stage II in the curve during the
tensile deformation. Stage I is the transitional stage from the
elastic deformation to plastic deformation. At first, the value
of SHR decreases sharply. Secondly, it slowly rises and then
decreases after reaching the maximum value. The deformation
at this stage is mainly dominant by stress-induced martensite
and dislocation slip since the dislocations easily cut through
the martensite phases during deformation. The enhancement of

80000+
600001
40000+

20000+ | II

Strain hardening rate /MPa

I
0 | 1

0 5 10 15 20 25
True strain /%

FIGURE 7 | The curve of the strain hardening rate for the TLM alloy solution
treated at 750°C.

strain hardening rate mainly results from deformation twins.
Meanwhile, the necking behavior is improved to a higher strain
due to the generation of the martensite. Furthermore, the strain
hardening effect might be associated with the refinement of p
grains since new and deformed twins with high misorientation
boundaries are continuously formed, resulting in a decrease in
the dislocation mean free path. In fact, the SIM transformation
take participate in the strain hardening behavior as well.

Figure 8 presents the TEM microstructures of the stress-
induced martensite and deformation twins as well as the selected
area electron diffraction (SAED) patterns of stress-induced
martensite for the TLM alloy solution-treated at 750°C after
tensile deformation at room temperature. Figure 8A shows that
the stress-induced martensite o” phase precipitates as lath from
B matrix. Moreover, there is a small amount of dislocation pile

deformation twins

FIGURE 8 | TEM microstructures of the TLM alloy solution treated at 750°C
after tensile deformation at room temperature: (A) stress-induced martensite
and its selected area electron diffraction (SAED) pattern; (B) deformation twins.
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(a 4+ B) (620°C) and P phase regions (750°C). It can be seen

up inside the o” grain. In the stage II range of the SHR curve,
deformation twins with different orientations are formed during
the deformation process before the true strain reaching 25%
(Figure 8B). Therefore, strain hardening rate can be maintained
at a steady state under the coordinated deformation between the
stress-induced martensite and deformation twins.

Superelastic Behavior

When the deformation, which is much larger than the elastic
limit, is applied to a p type metastable titanium alloy. Once the
load is removed and the deformed alloy subsequently returns to
its original shape. Such a phenomenon is defined as superelastic
behavior. The stress-induced martensite phase transformation
takes place during plastic deformation at room temperature. The
superelastic behavior of metallic material can be described by
the cyclic loading-unloading curves. Figure 9 shows the cyclic

that the curve exhibits a non-linear recovery characteristic when
the preloading strain is 1~3%. The alloy exhibits a certain
superelastic effect because there is a reverse transformation
relationship between the stress-induced martensitic a” phase and
the B parent phase during the unloading of applied load. In
addition, the double yielding effect gradually weakens until it
disappears and the corresponding residual strain increases with
the increase of preloading strain. One can conclude that the TLM
alloy solution-treated in the B phase region has better room-
temperature ductility than the counterpart solution-treated in
the (o + P) phase region. Therefore, the sample solution-
treated in the (o« + P) phase region reveal failure fracture
when the preloading strain is 6%. Plenty of the quenching
martensite o” phase grains are presented within the f matrix
after solution treatment plus water quenching, which reduces
the number of the stress-induced martensite phase precipitates
under small strain condition, resulting in a reduction in the
superelastic properties.
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Figure 10 represents the curves of the residual strain (€pesiqual)
recoverable strain (€recoverable)> recovery rate (1), and preloading
strain of the TLM alloy solution-treated in (a + B) (620°C)
and B phase regions (750°C). First, the recoverable strain slowly
increases and then gradually tends to be steady with the increase
of preloading strain. Meanwhile, the residual strain increases
significantly. In contrast, the recovery rate gradually reduces with
the increase of the preloading strain. A comparison between
Figures 10A,B shows that the TLM alloy solution-treated at
620°C has relatively high residual strain and recoverable strain
since more martensite o” phases are produced in the f matrix
after solution treatment plus water quenching. The stress-
induced martensite phase precipitates would be reduced at
a small strain, resulting in a reduction in the superelastic
properties. The double yielding effect gradually weakens with the
increase of preloading strain during the cyclic loading-unloading
tests at room temperature. Previous studies (Min et al., 2013)
showed that the stress-induced martensite phase generated at
a low strain could not achieve reversible phase transformation
with the increase of preloading strain, leading to the irreversible
recovery of deformation twins. The driving force for martensite
transformation gradually increases with the accumulation of the
stress-induced martensite variant and deformation twins during
the subsequent loading process, causing the increase of the
double yielding effect barrier and the reduction in the 1 value.

CONCLUSIONS

(1) The o” quenched martensite phases are generated within
the equiaxed P grains for the TLM alloy solution-treated in
the p and (o + B) phase regions. The TLM alloy exhibits
a typical double yielding effect during the deformation at
room temperature.

(2) The TLM alloy has the work hardening rate of ~1,100
MPa and the uniform elongation of ~32.5% after solution
treatment in the B phase region (750°C), which is a
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