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Microstructure and properties of a metastable p-type Ti-35Nb-2Ta-3Zr alloy after cold
rolling plus annealing at various temperatures were investigated systematically. The X-ray
diffraction results show that the sample annealed at 923 K is mainly composed of the
B phase (92.3%). However, the samples annealed at 723, 823, and 1023 K contain a
large amount of o phase of 39.6, 36.5, and 39.4%, respectively. The elastic modulus
of the sample annealed at 923 K is about 50.1 GPa. However, these of the samples
annealed at 723, 823, and 1023 K are 73.7, 56.1, and 70.2 GPa. Furthermore, the
sample annealed at 923 K presents the best elasticity and the highest recovery strain
(~66.87%). The corrosion rate of the sample annealed at 923 K (~2.403 um-a~') is
the lowest among all the samples, which may be attributed to its minimum content of
o’ phase.

Keywords: metastable g titanium alloy, super-elasticity, low modulus, corrosion resistance, microstructure

INTRODUCTION

In recent years, due to the low elastic modulus, superelasticity, non-toxicity and corrosion
resistance, the metastable § Ti-Nb based alloys have received much attention in the field of
biomedical materials (Cai et al., 2013; Zhang et al., 2013; Yang et al., 2014). Ti-6A1-4V and Ti-
Ni based alloys have been extensively used in the field of biomedical implants (Miyazaki et al.,
2006). Nevertheless, Young’s modulus of human bone (10~30 GPa) is obviously lower than those
of Ti-6Al-4V alloy (about 108 GPa), stainless steels (210 GPa) and CoCrMo alloy (240 GPa)
(Ehtemam-Haghighi et al., 2016a). If the implanted material has a much higher elastic modulus
than the bones of humanity, it will produce a stress shielding effect (Niinomi, 2008). And that can
easily lead to bone resorption around the implant, loosening, rupturing of the implant, eventually
resulting in failure of implantation (Miyazaki et al., 2006; Ho et al., 2009; Chaves et al., 2015; Nazari
et al., 2015). Toxic elements (Ni, V, and Al) will lead to rickets or Alzheimer’s disease, etc., so these
harmful elements should be avoided in biomedical materials (Ligiang et al., 2009; Kafkas and Ebel,
2014). Besides low elastic modulus, the implant material is expected to have excellent elasticity, so
the implant can better prop up others (Wang et al., 2016). Finally, the implant material is expected
to exhibit better corrosion resistance. So, the low modulus metastable § Ti-Nb based alloys have
been focused since the 2000s (Liang et al., 2016; Wang et al., 2017).
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In general, crystal structures of titanium alloys are divided
into a-type (o + PB)-type and B-type. Due to its body-centered
cubic crystal structure (bce), the elastic modulus of the B-titanium
alloy is lower than that of a-type alloy with hexagonal close-
packed structure and (a + ) alloy. An attempt has been made
to obtain the metastable B titanium alloy, which is expected to
reduce the stress shielding and thus promote bone reconstruction
(Hao et al., 2012; Milosev et al., 2013). It is well known that
Al N, O, and Sn are a-stabilizer elements, while Nb, Mo, Ta,
and Zr are B-stabilizers. In recent years, the main research of
the new B-titanium alloys are Ti-35.3Nb-5.1Ta-7.1Zr (Niinomi
et al., 2012), Ti-15Mo (Min et al., 2010), Ti-20Zr-10Nb (Cui
etal., 2010), Ti-25Ta-25Nb alloy and so on (Bertrand et al., 2010;
Fuetal.,, 2017).

It is well known that cold-rolling work, such as 40-90%,
inhibits the martensitic transformation by the introduction of
defects, which are essentially dislocations. Following cold work,
the annealing treatment, as defined by temperature and time
induces different features of the martensitic transformation
related to the recovery and recrystallization processes (Khelfaoui
and Guénin, 2003). After cold rolling with a large amount of
deformation, the grain anisotropy of the alloy decreases, and the
grain orientation tends to be uniform, which is favorable for
plastic deformation. After cold rolling, the grains exhibit fibrous
structure and contain a large number of dislocations and defects,
and then annealing at a suitable temperature can cause the grains
to recover and recrystallize. The microstructure changes from
fibrous structure to fine equiaxed grains and the strength and
plasticity are improved. Zr is considered as an ideal alloy element
to improve the elastic recovery strain because it maintains the
martensite transformation temperature (Ms) while increasing the
phase transformation strain (Miyazaki et al., 2006).

In this work, a metastable f Ti-35Nb-2Ta-3Zr alloy was
designed by employing a molecular orbital method. Two
parameters define it. One is the bond order (hereafter referred
to as Bo) which is a measure of the covalent bond strength.
The other is the metal d-orbital energy level (Md). The Bo and
Md values of the selected elements in the project are 2.867
and 2.452, respectively. Phase stability index diagram based
on Bo and Md parameters were drawn by Kuroda (Kuroda
et al.,, 1998). The two parameters of Ti-35Nb-2Ta-3Zr alloy are
located in the metastable B-phase region of the phase stability
index diagram. The effects of annealing on its microstructure,
mechanical and chemical properties were systematically studied,
and an optimum annealing treatment was suggested based on the
above performances of this alloy.

MATERIALS AND METHODS

Using Ti (purity 99.99%), Nb (99.95%), Ta (99.95%), and Zr
(99.95%) as raw materials, the vacuum arc furnace was used to
smelt Ti-35Nb-2Ta-3Zr alloy (mass fraction). They were melted
four times in a high purity argon atmosphere and then placed
in the air-insulated tube furnace at a temperature of 1253 K for
2 h in order to ensure compositional uniformity of the alloy. The
ingots were rolled into sheets with a thickness of 1 mm using a
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FIGURE 1 | The dimensions are used for tensile testing (mm).

cold rolling machine and the amount of cold deformation was
90%. Finally, the specimens were annealed in the tube furnace
in a high purity argon atmosphere. Four temperatures annealing
were performed at 723, 823, 923, and 1023 K holding for 10 min,
respectively, and then followed by air cooling to 298 K.

The specimens of 1 cm x 1 cm were polished with SiC
waterproof emery papers with a grit number of up to 2000 for
XRD measurement. The specimens were identified by irradiation
with Cu Ko at the 40 kV tube voltage and the 200 mA tube
current using X-ray diffraction (XRD Bruker D8-ADVANCE) at
a diffraction angle (26) range of 30-80°. Before the observation,
the alloy was polished and etched. It was etched with a solution
of fluorinated acid (HF) and deionized water (H,O) = 1/10
(volume) for 10 s. Then, the microstructure of the alloy
was observed by a polarizing microscope (PM). Martensitic
morphology of the alloy was observed by transmission electron
microscopy (TEM) (model: JEOL JEM-2000EXII). The loading
and unloading indentation curves of the alloy were measured
by the universal hardness tester (Zwick/Roell 2.5 kN) with a
rectangular pyramid indenter to obtain the elastic recovery of
the alloy. Tensile strength was measured by the tensile tests
(UTM4304), where the tensile samples were deformed at a rate
of about 5 x 1073s~!. And four samples (the dimensions
in Figure 1) were tested for each annealing temperature. The
microstructures of the fracture were investigated by a SEM (JSM-
6510LA). The elastic modulus of the alloy was measured by
the nano-indentation test with the diamond Berkovich indenter
(NANO Indenter G200). During the whole indentation process,
the indenter was controlled by the displacement, and the
maximum depth of indentation was 7000 nm.

Prepare three specimens with a square surface area of 1 cm?
for each condition. The polarization curves of the samples
were measured by an electrochemical workstation (CHIG00E)
at a scan rate of 10 mV/s to obtain the open circuit potential,
corrosion potential (Ecoy) and corrosion current density (Icorr)-
The polarization curve of the alloy was measured in simulated
body fluid (SBF). The SBF containing 0.1375 mol of NaCl,
0.0042 mol of NaHCQj3, 0.0030 mol of KCI, 0.0010 mol of
K,HPO4-3H,0, 0.0015 mol of MgCl-6H,0, 39 ml of 1 mol/L
HCI, 0.0026 mol of CaCl,, 0.0005 mol of Nay;SO4, 0.0505 mol of
Tris per liter of deionized water was prepared, then add about
5 ml of 1 mol/L HCl step by step at 36.5 £ 1°C until the values of
pH reached 7.40 £ 0.02.
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RESULTS AND DISCUSSION

Phases of the Alloy

Figure 2A shows the XRD patterns of Ti-35Nb-2Ta-3Zr samples
after annealing at different temperatures. It can be observed that
the microstructure of this alloy has only p phase and a” phase
at different annealing temperatures, but the contents of the two
phases are significantly different. Based on the integration area,
the volume fraction (V) of the B phase and a” phase can be
calculated with the following formulas (Yang et al., 2009):

Vi) = Ap/ (Ap + Aw) (1)

Vi) = Aar/ (A + Ax) )

Where Vi) and Vf(a 7) represent the volume fractions, and
Ag and Ay  are the integration areas corresponding to p and
o phase, respectively. The Gaussian function is used to measure
their integrated areas. According to the XRD patterns, the volume
fractions of p and o”” phase in the alloy are shown in Figure 2B.
aThe alloy contains the least p phase (Vi = 60.4%) and
the most o phase (V¢ = 39.6%) at 723 K. The reason for
this phenomenon may be that a large amount of «” phase is
formed during cold rolling due to stress-induced martensitic
transformation (f to «”) (Guo et al.,, 2011). As the annealing
temperature increases, the content of a” phase decreases but the
content of § phase increases, which can be observed from the
changes in the intensity of the peak of the corresponding phase
in the XRD profile of the alloy. The content of o martensite
decreases sharply, which means that the reverse martensitic
transformation occurs during the annealing process (Cai et al.,
2012). When the annealing temperature rises to 923 K, the
alloy contains the most p phase (Vi = 92.3%) and the least
o” phase (V¢ = 7.7%). This means the reverse martensitic
transformation during the annealing process is almost completed.
The content (V¢ = 39.4%) of o” phase increases, while the f phase
content (V¢ = 60.6%) decreases after increasing the temperature
to 1023 K. The B phase in metastable alloys is metastable in

thermodynamics. High annealing temperature and air cooling
caused slow cooling rates. This may result in a partial metastable
B phase transformation to a stable martensitic phase, thereby
reducing the amount of B phase in the sample with an annealing
temperature of 1023 K. It can also be seen from the intensity of
the three diffraction peaks of  phase that when the temperature
rises from 723 K to 923 K, the intensities of the three diffraction
peaks of B phase become stronger, which means that the content
of B phase is increasing and then temperature increases to 1023 K,
the intensities of the diffraction peaks of the two main peaks of
(110) and B (200) decrease gradually indicating that the content
of B phase is reduced. It can be forecasted that the appropriate
annealing temperature should be used to obtain much f phase.

Microstructure of the Alloy
Figure 3 shows the microstructures of the samples at the
different annealing temperatures were observed by a polarizing
microscope. When the annealing temperature is 723 K, there is a
large amount of o’ martensite in the microstructure (Figure 3a),
which is consistent with the result in volume fraction (Vf)
of o and P phase in Figure 2B. As shown in Figure 3b,
the recrystallization of the alloy below 823 K has occurred
already, but there is still o” martensite here. At 923 K the alloy
has undergone recrystallization completely (Figure 3c). As the
temperature continues to rise, the grains of the alloy grows up as
shown in Figure 3d. Due to annealing, the microstructure of the
alloy is almost similar. As the annealing temperature increases,
recovery and recrystallization occur in the alloy, so that the grain
morphology changes from fibrous to equiaxed crystal.
Furthermore, the o’ martensitic phase is observed in the first
two the annealed samples, but the amount of «” martensitic
phase is almost invisible at 923 K (Figure 3c). It should be
noted that the results of the microstructure are consistent with
the XRD in Figure 2A. In addition, Figures 3c,d show that the
recrystallized grains of the specimens are polygonal, but the grain
size is different. Compared to the annealed sample at 1023 K, the
annealed sample has a smaller and more uniform grain size at
923 K. The stress-induced martensitic transformation after cold

A . B
+B-Ti a
o a-Ti _ g AE
) P~ =
| g 2
3 ot ~ °f 1023K
=
8 o A A
b *
‘2 J . 923K
f SO
._=. = . . 2]
=2 # T/ 823K
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26(deg.)

different temperatures.
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FIGURE 2 | (A) XRD patterns of Ti-35Nb-2Ta-3Zr annealed specimens: 723, 823, 923, and 1023 K; (B) volume fraction (V, of «” and p phase after annealing at
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FIGURE 3 | Microstructures of Ti-35Nb-2Ta-3Zr annealed specimens: 723 K
(a), 823 K (b), 923 K (), and 1023 K (d).

Fine grain

lpm

ath martensite

1um

rolling and the reversed martensitic transformation during the
annealing process lead to significant grain refinement, which can
reduce the Ms (Cai et al., 2012).

Figure 4a shows that a large number of dislocations and
acicular o/ martensite are gathered in the transmission diagram
of the 723 K annealed sample during the cold rolling. Wang
et al. (2008) held the same points that when the alloy was
rolled by 20% in thickness, stress-induced a” martensite was
visible. The existence of a” martensite can be observed both
in XRD measurement and in TEM images. The occurrence of
dislocations is mainly due to the severe plastic deformation of the
samples. Larger deformations lead to lattice distortion, leading
to a great number of dislocations and martensitic transformation
(Chen et al., 2017). But lath martensite and fine grains are not
found in the sample at 723 K. Seen Figure 4b, equiaxed fine-
grain caused by the annealing process was apparent, as the
PM micrograph shows in Figure 3b. Figure 4c shows the lath
martensite in the transmission image of the annealed samples
at 923 K and fine equiaxed grains recrystallize on the lath
martensite. This is consistent with the results of the XRD and
polarizing microscope. Also, acicular a” martensite was visible
in the annealed at 1023 K sample, which appeared along with
different directions (Figure 4d).

Mechanical Properties

Tensile Properties

Figure 5 shows the tensile stress-strain curve of Ti-35Nb-2Ta-
3Zr alloy annealed at different temperatures at room temperature
(298 K). The tensile strength of the alloy annealed at 723 K is
very high (864 £ 10 MPa), but the plastic deformation after
yielding is very low. Even there is almost no plasticity stage for
the alloy annealed at 723K. The main reason for the high strength
and low plasticity of the alloy is that the defects caused by cold
rolling, such as dislocations, are still present in the samples due

FIGURE 4 | Transmission electron microscopy images of Ti-35Nb-2Ta-3Zr
annealed specimens: 723 K (a); 823 K (b); 923 K (c), and 1023 K (d).

to the low annealing temperature (Figure 4a). The reason for
the high strength and low plasticity of the alloy is the presence
of a high concentration of o” phase in the microstructure of
the alloy, as can be seen in Figure 2. Because o’ phase of the
orthorhombic structure contains fewer slip systems than the
phase of the bcc crystal, the plastic deformation of the alloy
with o/ phase matrix requires higher stress than the alloy with
B phase (Ren et al., 2013). And the two-stage yielding does not
appear in the annealed samples at 723 K and 1023 K. However,
the two-stage yielding phenomenon occurred in the annealed
samples at 823 and 923 K. A similar is phenomenon also observed
in the B-type Ti-19Zr-10Nb-1Fe (at%) and Ti-36Nb-5Zr alloys,
which is the signature of superelasticity in B-type Ti alloys (Xiong
et al, 2017; Meng et al, 2014). The first yielding indicated
the process of stress-induced martensite transformation and the
second yielding for the permanent plastic deformation (Kim
et al., 2006). With the increasing of annealing temperature, the
tensile strength of 923 and 1023 K annealed samples decreased
sharply, and the elongation increased significantly. This is mainly
because the content of dislocations decreases drastically with the
increase of temperature. Although the alloy has a lower strength
(456 4+ 9 Mpa) when annealed at 923 K, its elongation is high
(25.5 & 1.6%).

Figure 6 shows the surface morphology of the tensile fracture
of the alloys at different annealing temperatures by SEM. The
fracture appearances of the four types of samples are generally
shown as dimples, indicating ductile fracture except for the
sample with an annealing temperature of 923 K (Mo et al,
2015; Mo et al., 2013). The dimple size, distribution, and depth
of each sample are different. Figure 6a shows the dimple size
of the annealed samples at 723 K is particularly large and
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FIGURE 5 | Tensile stress-strain curves of Ti-35Nb-2Ta-3Zr annealed
specimens at temperatures from 723 K to 1023 K.

FIGURE 6 | Fractographs of different tensile fracture surfaces: 723 K (a),
823 K (b), 923 K (c), and 1023 K (d).

inhomogeneous. Figure 6b shows that the dimples have a certain
direction and orientation along the shear direction (Freels et al,,
2011). The dimple size of the annealed samples at 923 K is
the smallest and the most uniform compared to the other three
samples, shown in Figure 6c. This leads to better ductility of the
alloy (Ehtemam-Haghighi et al., 2016b), which is consistent with
the higher ductility of the alloy when the p phase concentration
is higher in the 923 K annealed sample. When the alloy contains
a large amount of B phases, the alloy has good ductility. While
the alloy contains a large amount of o” phases, it exhibits high
strength but poor plasticity. The sample annealed at 923 K
contains the most B phases, so the plasticity is best due to the
small and homogenized dimple.

Super-Elasticity

Figure 7A shows the loading and unloading curves of
four annealing samples under continuous loads of 2-10 N,
respectively. Four consecutive loading and unloading curves
are represented by load-displacement curves, and each sample
is subjected to load-displacement experiments four times
to calculate the average value. The sample showed typical
superelasticity during the loading and unloading cycle, in which
stress-induced martensite transformation (B-o") appeared during
loading, and stress-induced martensite reverse transformation
(a"-B) appeared during unloading (Xiong et al., 2017).

As reported in Cao et al. (2008) and Gall et al. (2001), the
total deformation energy W, is represented by the area under
the loading curve but the elastic deformation energy Wy, is
represented by the area under the unloading curve. The following
formulas are used in these calculations:

W; = fOm L,dD 3)
Wie = /™ LydD “@
n= Wrc/Wt (5)

Where L; and L, represent the applied load, D represents the
depth of penetration, and Dy, represents the maximum depth
corresponds to the maximum load. Wy is the value of integrating
load over displacement along the loading curve. Where D,
represents this residual depth at which the load falls to zero.
W is the value of integrating load over displacement along the
unloading curve. The ratio of Wy, to W represents the energy
recovery 1), which is an indicator used to characterize the degree
of elastic recovery of the sample.

Figure 7B shows the elastic recovery rates n of the different
annealing samples after four loading and unloading indentation
tests. Regardless of loading, the annealing samples at 923 K
showed a higher n value than the other three samples,
which means that the recovery rate of this sample is the
highest and the best super-elasticity. In particular, the recovery
rate of the second loading and unloading is the largest at
66.87%, the recovery rates of the other three samples are
between 50 and 55%.

Elastic Modulus

Figure 8 shows the elastic modulus of the alloy after the annealing
at different temperatures. The elastic modulus of the alloy
was measured by nano-indentation, and the measurement was
carried out continuously at different positions of each sample
12 times, and then the average value was obtained. The elastic
modulus exhibits the lowest value (50.1 Gpa) for the sample
at the annealing temperature of 923 K (Figure 8). Figure 8
shows the most abundant B phase and the least o phase
(Figure 2) exhibits the lowest elastic modulus after annealing
temperature at 923 K. Elastic modulus of typical biomaterial
alloy were tested by nano-indentation (Table 1). Compared
with cp-Ti, elastic modulus reduced by about 70 Gpa, which is
closer to the elastic modulus of human bones (28.8-40 Gpa).
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FIGURE 7 | (A) Representative load-displacement curves of four continuous loading and unloading of 723,823, 923, and 1023 K. (B) The elastic recovery rate of

As the annealing temperature rises, elastic modulus drops first
and then increases and significant differences can be seen at
different annealing temperatures (the biggest difference is about
23.6 Gpa). During the annealing process, the decrease in elastic
modulus is mainly due to the conversion of the o phase to the
B phase.

Majumdar et al. (2008) have reported that the elastic modulus
of B Ti-35Nb-5.7Ta-7.2Zr (TNTZ) tested by nano-indentation
after annealing was found to be half of the pure titanium. Also,
Haghighi et al. (2015) have found that the least amount of o”
phase and dominant § phase in the Ti-10Fe-10Ta system exhibits
the lowest elastic modulus and highest plasticity. These results
are consistent with the test results of this work. However, Ho
et al. (1999) reported that the modulus of Ti-7.5Mo (retained the
o -martensitic (orthorhombic) phase became the only dominant
phase) is even lower than the modulus of Ti-15Mo (retained
the B phase became the only dominant phase), which is
inconsistent with to our findings. It is probably attributed to the
various alloy system.

Corrosion Resistance

All samples were soaked in physiological electrolytes for 1 h
before measurement, which resulted in more positive values of
open circuit potential (OCP) and steady-state conditions. OCP
curves and potentiodynamic polarization curves of the alloy are
shown in Figure 9.

According to the polarization curves shown in Figure 9B,
the corrosion potential (Ecorr), corrosion current density (Icorr)
and corrosion rate each curve were determined by the Tafel
extrapolation method, as shown in Figure 9B. It is generally
known that Ti and its alloys have good corrosion resistance
owing to the spontaneous formation of a passivation oxide
layer on their surface upon contact with oxygen (Martins et al.,
2008). During the polarization test, the passivation film is being
formed when the current density is almost constant with the
increase of the potential. The sample annealed at 923 K formed
passivation film at a potential of -0.20 V, with almost no
change in current density. When the polarization arrived at -
0.03 V potential, the current density gradually increased. The
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TABLE 1 | Elastic modulus of typical biomaterial alloy tested by nano-indentation.

S/N Reported alloy E (GPa) Ref.

1 Ti-35Nb-2Ta-3Zr (annealing at 723K) 73.7+4.3 This work

2 Ti-35Nb-2Ta-3Zr (annealing at 823K) 56.1 £ 3.2 This work

3 Ti-35Nb-2Ta-3Zr (annealing at 923K) 50.1 £ 3.5 This work

4 Ti-35Nb-2Ta-3Zr (annealing at 1023K) 70.2 +4.25 This work

5 cp-Ti 119+ 4.6 Majumdar et al., 2008
6 Ti-85Nb-5.7Ta-7.2Zr 57 £3.0 Majumdar et al., 2008
7 Ti-13Zr-13Nb (800°C furnace cooled) 69+ 8 Majumdear et al., 2008
8 Ti-13Zr-13Nb (800°C water quenched) 65+8 Majumdear et al., 2008
9 Ti-13Zr-13Nb (700°C furnace cooled) 67 +6.3 Majumdear et al., 2008
10 Ti-13Zr-13Nb (700°C water quenched) 69 + 0.54 Majumdear et al., 2008
" Ti-7Nb-6Al <65 Munuera et al., 2007
12 Ti-13Zr-13Nb <65 Munuera et al., 2007
13 Ti-15Zr-4Nb <65 Munuera et al., 2007
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environment, the metal can be self-passivated if its critical current
density is less than 100 pA-cm~2 (Zheng et al, 2006). The
corrosion current densities of these four temperatures annealed
alloys are all below 100 pLA-cm™~2. However, the current density
of the annealed samples at 923 K is much lower than this value.
For the above reasons, the sample annealed at 923 K has better
corrosion resistance than the other three samples.

CONCLUSION

The effects of annealing temperature on the microstructures,
mechanical properties and chemical properties of metastable
B-type Ti-35Nb-2Ta-3Zr alloy were investigated. Some important
conclusions are summarized as follows:

(1) The results of XRD and polarization microscopy show that
the sample annealed at 923 K is mainly composed of § phase
(~92.3%), while the samples annealed at 723 K, 823 Kand 1023 K
contain a large amount of &” phase besides § phase (~60%).

(2) The tensile tests show that the two-stage yielding
phenomenon has been found in the curves of the specimen
annealed at 923 K, and the dimple size is the smallest and the most
uniform compared to the other three samples. In the loading
and unloading indentation tests, the sample annealed at 923 K
shows the highest recovery rate than the other three samples. In
particular, the recovery rate of the second loading and unloading
is the largest at 66.87%, the recovery rates of the other three
samples are between 50 and 55%. Through nano-indentation
tests, the elastic modulus of the sample annealed at 923 K is
the lowest about 50.1 £ 3.5 GPa due to the high content of
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