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Based on the d-electron alloy design theory, a new metastable f-type titanium alloy for biomedical appli-
cations, Ti-21Nb-7Mo-4Sn (wt.%) was designed in this article. This theory predicted this alloy was a
metastable single p-type titanium alloy with low elastic modulus at room temperature, and the f-phase
transition (B to o”) would be easy to occur during the cold rolling. The evolution of microstructure and
mechanical properties of this alloy during cold rolling plus annealing were investigated by means of x-ray
diffraction, optical microscope, transmission electron microscope and mechanical properties test. The re-
sults indicate that only B phase can be identified in this alloy before cold rolling, while a large amount of lath
martensite (o phase) appears after cold rolling due to stress-induced martensitic transformation, which is
in accordance with the prediction of the d-electron alloy design theory. The recrystallization nucleation
occurs preferentially in the martensite lath region during the subsequent annealing process, and this region
forms a large number of nano-crystals and microcrystals, showing that cold rolling plus annealing can
become a new process for refining grains. Compared with casting and cold rolling samples, the annealing
materials at 923 K for 10 min have excellent comprehensive mechanical properties with lower elastic
modulus (58 GPa) and higher elastic recovery rate (35.39%).
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1. Introduction

Titanium and titanium alloys have been widely used for
medical materials for years due to their light weight, excellent
mechanical properties, outstanding biocompatibility and pal-
mary resistance to corrosion (Ref 1, 2). The demand for
titanium and titanium alloys is increasing rapidly because of the
growing population of elderly person, who are in higher danger
of bone-tissue damage. To date, Ti-Ni alloys have been used for
a large number of medical materials for years, but their Young’s
modulus is higher than human skeleton, which will cause the
stress-shielding effect (Ref 3-5). Also, new types of Nickel-free
titanium alloys, adding innocuous elements such as Nb, Mo and
Sn to obtain the low elastic modulus and high strength, have
been highly applied because of the cytotoxicity and Ni-
hypersensitivity of nickel products (Ref 6-9).

Previous investigations show that the metastable B-type Ti
alloys have a large amount of phase transformations, including
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B-phase with body-centered cubic structure, o phase with
hexagonal close-packed structure, o’ phase with hexagonal
close-packed structure, o phase with orthorhombic structure
and o phase with hexagonal structure (Ref 10-12). It is
generally known that the low Young’s modulus and super-
elastic behavior of B-type titanium alloys are owing to the
reversible martensitic transformation between o phase and
parent phase (Ref 13, 14). The martensitic transformation
temperature (M) and the mechanical properties of Ti alloys
depend on their compositions (Ref 15).

A new approach for alloy design which is based on the
molecular orbital calculation of electronic structures has been
put forward recently. The compositions of those B-type titanium
alloys, such as Ti-Nb, Ti-Ta and Ti-Zr, have been developed.
Tane et al. (Ref 5) found the M, of Ti-Nb alloys descend to
— 90 °C with the increase in the Nb content. The super-
elasticity strain can be improved, but other performance cannot
be improved because of their low martensitic transformation
stress with the addition of Nb. Tahara et al. reported (Ref 7)
most of the metastable P-type Ti alloys are ternary or
quaternary alloys, making it difficult to get homogeneous
structure. In order to get excellent properties, Sn are checked as
auxiliary elements, with the B-stabilizers (i.e., Nb, Mo). Al-
Zain (Ref 8) investigated that Ti-Mo alloys possess a smaller
super-elasticity strain, but a high martensitic transformation
stress. In addition, previous investigations have shown that that
M, was declining sharply with the increase in Sn element, and
then, a large super-elasticity strain was obtained.

In this work, the microstructures were observed and super-
elasticity and elastic modulus were measured after cold rolling
and annealing treatment,and the effect of cold rolling and
annealing temperature on martensitic transformation and
mechanical properties was studied.
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2. Experimental Procedures

2.1 Alloy Design

According to Morinaga’s study (Ref 16), a new way for
alloy design which was based on the molecular orbital
calculation of electronic structures has been presented. The
electronic structure of titanium alloy has been calculated by
molecular orbital method, and two alloying parameters (Bo and
Md) were theoretically determined. Bo (the bond order) is
served to characterize the overlap of electron clouds between
atoms and measure the covalent bond strength between atoms,
and Md (the metal d-orbital energy level) is used to define the
combined effects of atomic size, electronegativity and alloying.
For multicomponent alloys, the value of Md and Bo calculated
as the alloy composition is defined as (Ref 17, 18)

Md = Y X(Ma), (Eq 1)

n
Bo =" Xi(Bo) (Eq2)
1
where X;, (Md); and (Bo), are the atomic percentage, and the
value of Md and Bo of alloying element i, respectively.

The Md and Bo values of the different elements (Ti, Nb,
Mo, Sn) in the titanium alloy are shown in Table 1.

The boundaries of single phase (o, ) and multiphase
mixing regions (o + f) together with the boundaries for M, and
My (room temperature) are indicated in Fig. 1. Abdel-Hady
(Ref 17) discovered the distribution of elastic modulus follows
a certain rule in Bo-Md diagram: The closer the transition line,
the lower the elastic modulus, and the elastic modulus
decreases with the increase in Bo and Md values. So as to
get the low elastic modulus of the alloy, in the guarantee
conditions for B-type alloys, alloy designed in this paper should
have high Bo and Md values. For our alloy, Ti-21Nb-7Mo-4Sn
(Wt.%), the values of Md and Bo are calculated to be 2.831 and
2.417, respectively, which is located between boundaries for the
single phase (o, P) and multiphase mixing region phases
(o + B) and close to the boundary for M (indicated by a
pentagon in the map), showing that it is probably that this
material is a metastable B-type titanium alloy with low elastic
modulus for biomedical applications.

2.2 Alloy Preparation and Characterization

In this paper, Ti-2INb-7Mo-4Sn (wt.%) alloy ingot was
manufactured by arc recasting with titanium particles

Table 1 The value of Bo and Md of different elements
(Ti, Nb, Mo, Sn) and material composition in this study
(Ref 17)

Elements (Bo);(hcp)/(Bo)(bcc) (Md)/eV Composition (wt.%)

3d
Ti 3.513/2.790 2.447 68
4d
Nb 3.767/3.099 2.424 21
Mo 3.759/3.063 1.961
5d
Sn 2.782/2.283 2.100 4
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(99.995%), niobium particles (99.95%), molybdenum particles
(99.95%), tin particles (99.95%). In order to ensure the
homogenization of composition, the ingot was melted 5 times
and homogenized at 1273 K for 6 h. After that cold rolling
(CR) at 90%, and then annealing for 10 min at 823, 923,
1023 K, respectively, and subsequently cooling in the air
(~ 298 K), these specimens were named as CRA specimens.

The samples were prepared with the conventional technique
of grinding and mechanical polishing, etched by Kroll’s
reagent, and the microstructure was observed with optical
microscope (OM). By an x-ray diffraction (XRD) machine, the
lattice constants of the parent and martensitic phases were
measured. The microstructures were explored by transmission
electron microscopy (TEM), using a JEM-2010 electron
microscope operated at 200 kV. The super-elastic behaviors
of those samples were studied by nano-indentation (NANO
Indenter G200). Under continuous conditions, the experiments
were carried out by forcing the diamond Berkovich indenter
into the specimens. In the whole indentation process, the
displacement of the indenter was measured simultaneously with
the controlled force (Ref 13). During the indentation cycle, the
force increased to the maximum and then decreased to zero.
The maximum load applied during the indentation test was 10
mN.

3. Results and Discussion

3.1 XRD Structure Determination

Figure 2(a) and (b) shows the XRD patterns of casting and
cold rolling (CR) samples. Only diffraction peaks of B-phase
can be identified from the patterns of the alloy in casting, while
peaks of o” phase appear after cold rolling. This indicates that
M of this alloy is below room temperature, and the appearance
of the martensite implies that the deformation induces the
martensitic transformation (B to o). The grain boundaries of
the sample will be crushed with the increase in rolling

290

288

286

282

Fig. 1 Md and Bo map in which the boundaries for the single
phase (o, B) and multiphase mixing region phases (o + ) are shown
together with the boundaries for M and My (Ref 19)
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deformation, and almost all of the grain boundaries are not
complete and lattice distortion is serious at the deformation rate
to 90%.

A few phase transformations took place under different
annealing temperatures as shown in Fig. 2(c), (d) and (e).
Compared with the rolling samples, the content of o’ phase
decreases and the stability of B improves relatively with the
increase in the annealing temperature. This indicates that an
inverse phase transition (3 to o) occurs during the annealing
process, and stress and dislocation caused by rolling also
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Fig. 2 XRD patterns of the casting (a), cold rolling (b) and anneal-
ing at 823 K (c), 923 K (d), 1023 K (e) Ti-2INb-7Mo-4Sn alloy
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provide energy for this solid-phase evolution. The specific
process of phase transformation is analyzed by OM (Fig. 3) and
TEM (Fig. 5.)

3.2 Microstructure Evolution

3.2.1 Metallographic Analysis. After rolling deforma-
tion (90%), the grain boundaries are pulled into a strip along the
rolling directions which can be vaguely seen in Fig. 3(a), and it
can be apparently observed that parallel acicular and fine o”
phase appears near the prior B-grain boundary. These results
show that the crystal boundary of the alloy is not clear by cold
rolling which confirms previous conjecture in Fig. 2, and the
internal stress produced by cold rolling leads to the occurrence
of stress-induced martensite transformation. The phase transi-
tion occurs preferentially at the original grain boundaries
because of the higher energy and internal stress.

With different annealing temperatures, the microstructures
of the samples are shown in Fig. 3(b), (¢) and (d). Specific
mechanisms need further investigation. The o phase and
recrystallized grains can be clearly seen in Fig. 3(b), due to the
elimination of stress and the occurrence of recrystallization
during annealing. The recrystallized grains are preferentially
present in the original grain boundary region and the prior lath
martensitic area because the dislocation at the grain boundary
and the accumulation of stress provide the required energy for
the recrystallization nucleation. The recrystallized grains exist-
ing in the original lath martensitic region can be clearly seen in
Fig. 3(c), while the regions without martensitic transformation
have not yet begun recrystallization. In Fig. 3(d), the samples
have been completely recrystallized, and the grains growing
preferentially in the recrystallized region have grown. The

The prior B grain boundary
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The recrystallized grains

|50um|
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—

Fig. 3 Optical micrographs of the CR (a) and CRA at 823 K (b), 923 K (c), 1023 K (d) Ti-21Nb-7Mo-4Sn alloy
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Fig. 5 The TEM micrographs of the cold rolling by 90% (a) and cold rolling plus annealing at 923 K for 10 min (b) specimens

reasons for these changes can be explained: (a) High temper-
ature can eliminate the rolling grain boundary and grain is not
clear, so in the annealing diagram we can clearly see the
martensitic phase. The increase in temperature causes the
recrystallization nucleation and growth time to be shortened
due to the acceleration of atomic thermal motion. (b) The
nucleation takes precedence over the martensitic transformation
zone in the rolling, since the dislocations and internal stresses
present here can provide the energy required for recrystalliza-
tion.

Schematic diagram of microstructure evolution of the CRA
alloy is shown in Fig. 4. The cast microstructure is shown in
Fig. 4(a). With the rolling deformation (at 90%), the grain
boundaries are elongated and blurred, accompanied by the
presence of martensitic lath, as shown in Fig. 4(b). Figure 4(c),
(d), (e) and (f) describes the process of the sample’s microstruc-
ture during annealing. With the increase in deformation amount,
the lath martensitic number increases, and after annealing, fine
grain is formed on martensitic lath. The formation of crystallites
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indicates that there is also some lattice rotation within the
martensitic lath to fit the strain of the region and the surrounding
area. As the temperature varies, the number of sliding systems in
the deformation band is different, resulting in the rotation of the
lattice not uniform and synchronous, and they gradually evolve
into fine grain with large angle grain boundaries. Due to uneven
deformation, which evolved into the fine grains are also more
obvious at the grain boundary. Recrystallization nucleation
occurs on martensite lath, and the grain grows up with the
increase in temperature. These recrystallized grains are B-phase,
which can be confirmed in Fig. 5(b). Therefore, the formation of
nano-structures is closely related to the evolution of martensitic
lath. Due to the large shear strain in the slab, it is necessary to
adjust and adapt to the elastic strain by lattice rotation. With the
increase in the amount of macroscopic plastic deformation, the
tangent strain of the deformation zone increases, resulting in an
increase in the lattice rotation, and the angle of the lattice rotation
increases, and the volume fraction of the microcrystals and nano-
crystals increases and the size decreases. With regard to the
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formation of nano-crystals, it is generally believed that in the alloy,
martensitic transformation, twins, kinks, deformation bands, giant
defects, etc., caused structural instability and the interaction
between them to break the crystal. The process of phase transition
is fully demonstrated in Fig. 6, including stress-induced marten-
sitic transformation and its inverse phase transition.

3.2.2 Transmission Electron Microscopy (TEM) Analy-
sis. The TEM micrograph of the cold rolling is shown in
Fig. 5(a). It is clear that lath martensite and dislocation areas
have been marked with arrows, respectively. A lot of lath
martensite can be seen in the direction of rolling. In dislocation
region, more dislocation tangles and dislocation loops can be
observed and even formed a small cell structure. With the cold
rolling process, the lath martensite is divided into several thin
lamellae by dislocation, which can lead to grain refinement. A
small amount of deformation and twin martensitic phase were
observed. This is why the larger deformation causes the lattice
to be distorted. Martensitic transformation is related to grain
size, grain refinement inhibits martensitic transformation (Ref
20). In addition, dislocation entanglements in deformed
microstructures of cold-rolled alloys may hinder martensitic
transformation, and the internal stress caused by cold rolling
leads to the emergence of a sea of dislocations and the
martensitic transformation. The results show that the sample
with a reduction rate of 90% has great influence on dislocations
and lath martensite. Thus, diffraction rings are formed, as
shown in the upper right corner of Fig. 5(a).

As shown in Fig. 5(b), the recrystallized grains can be
observed in the annealed samples,which are formed on lath
martensite, and the selected electron diffraction pattern corre-
sponding to the recrystallized grains is shown in the upper right
corner. Recrystallized grains are formed in the martensite and
dislocation entanglements regions, which provide the energy
required for nucleation. In addition, the recrystallized grains of
nano-crystalline can be observed in annealed samples, and the
recrystallization is completely controlled and the grain growth
is restrained due to the short annealing time and suitable tem-
perature. In many metastable B-type titanium alloys, it is easy
to induce martensitic transformation and grain refinement (Ref
21). It is found that the martensitic transformation and the
reverse transformation of o martensite play an important role
in grain refinement (Ref 22).

10 - (a) (b) (©)(e) (d)

Load (mN)

0 -1 T T T T T T v T v T v T M
0 100 200 300 400 500 600 700
Displacement (nm)

Fig. 6 Nano-indentation load—displacement curves of the casting
(a), cold rolling (b) and annealing at 823 K (c), 923 K (d), 1023 K
(e) Ti-21Nb-7Mo-4Sn alloy
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The experimental results of this alloy, XRD and TEM show
that the Ti-2 INb-7Mo-4Sn alloy exhibits a metastable f-phase on
the martensitic transformation. Thus, it can be concluded that the
reason for grain refinement in annealed specimens is the stress-
induced martensitic transformation during cold rolling and the
reverse transformation of martensite during annealing. Previous
studies have shown that microstructures greatly affect martensitic
transformation (Ref 23). Based on the above observation results,
it can be concluded that the grain refinement, dislocation density
and nanometer martensite play an important role in the marten-
sitic transformation of annealed samples.

3.3 Mechanical Properties

Load—displacement tests were carried out at 8 different
locations on the specimen surface. The average value is then
calculated to determine the super-elastic behavior of the samples.
A representative set of nano-indentation load—displacement curves
with 10 mN are shown in Fig. 6. Under the same load, as the
annealing temperature increases, the indentation depth of the
indenter increases gradually. This indicates that rolling leads to
severe deformation of the material, resulting in a large number of
dislocations within the material. These dislocations are tangled to
each other, and some form a dislocation ring, which increase the
hardness of the material. With the increase in annealing temper-
ature, the internal stress of the specimen disappears, and recrys-
tallization occurs gradually in the dislocation region, which lead to
material resistance to external deformation capacity weakened.

The load—displacement curve of materials can be measured
by nano-indentation. The deformation mechanism of materials
with different crystal structures leads to different load—dis-
placement curves. Since the nano-indentation has high load—
displacement resolution, the load—displacement curve can
reflect whether the material has undergone a solid-state phase
transition during the indenter indentation, especially the
pressure dependent solid-state phase transition. Stress-induced
martensitic transformation is a kind of solid phase process. If
the the parent phase is applied force at temperature above M,
the mechanical energy serving the driving force of the
matensite transformation, this transformation may occur even
at the temperature above M (Ref 24, 25). Since the volume of
martensite is greater than the specific volume of the parent
phase, the superplasticity of the material occurs during the
transformation. When the external force is eliminated, the
martensite reverses into a parent phase, and the macroscopic
performance of the material is elastic recovery. Based on the
above principle, the total and recovered work (W, W,.) and the
elastic recovery rate () can be calculated (Ref 26, 27):

Dhnax
W,= [ LidD (Eq 3)
0
Dinax
Wie = [ LydD (Eq 4)
Dy
Wie
= Eq 5
= (Eq 5)

where Dy is the maximum indentation depth of the press
head, D, is the indentation depth after unloading, L; is the
loading force, and L, is the unloading force.

The elastic modulus measured directly by nano-indentation
and elastic recovery rate calculated by formulas (3), (4) and (5)
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Fig. 7 Elastic modulus and elastic recovery rate of the casting (a),
cold rolling (b) and annealing at 823 K (c), 923 K (d), 1023 K (e)
Ti-21Nb-7Mo-4Sn alloy

of the samples in different processing states are shown in
Fig. 7. It can be found that the elastic modulus of this material
under these different processing methods is about 65 GPa. The
effect of the cold rolling on Young’s modulus is not obvious,
but the effect at different annealing temperatures is significant:
The elastic modulus of cold rolling (72 GPa) is slightly higher
than that of the casting (70 GPa), but the annealing states are
lower than the cold rolling and the casting’s, and it can be seen
that the overall trend of the annealing elastic modulus is
decreased first and then increased and reaches a minimum (58
GPa) at 923 K. As shown in Fig. 5, the stress caused by cold
rolling promotes martensitic transformation (B to o) and the
inverse phase transformation (o to ) occurs during recrys-
tallization annealing, or the large number of dislocations and
internal stresses produced by rolling are eliminated during the
annealing process, leading to these phenomena.

The change in elastic recovery rate is opposite to the elastic
modulus in the above process. The recovery rate of cold rolling
(24.61%) is lower than that of casting (28.09%) because of the
existence of over-dislocation and martensitic lath, the unclear
grain boundary and the crystal structure close to the amor-
phous. The elastic recovery mainly depends on the phase
transformation (B to o) and inverse phase transformation of
the material (o’ to B): stress-induced martensitic transformation
in the sample during loading and the reverse transformation
during unloading. In the annealing stage, the elastic recovery
increased firstly, reaching the maximum at 923 K (35.39%),
and then decreased. Recrystallization annealing makes the fine
grain of the P-phase form on the martensite, increases the
content of the B-phase and provides the condition for the stress-
induced martensite transformation during the loading (Ref 28).
The reduction of the grain size led to the increase in the volume
ratio of grain boundaries and voids (Ref 29). Therefore, the
elimination of material dislocation and internal stress, recrys-
tallization, and high content of B-phase make the sample obtain
better comprehensive properties(E(58 GPa), n(35.39%)).

4. Conclusions

In the present work, the evolution of microstructure and
mechanical properties of the Ti-21Nb-7Mo-4Sn alloy were
investigated and the following conclusions have been reached:
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1. This alloy can be only observed the B-phase before
deformation, while a large amount of lath martensite (o”
phase) appears during cold rolling due to stress-in-
duced martensitic transformation, indicating that the
material is a metastable titanium alloy, which is in
accordance with the result of the d-electron alloy de-
sign method. The phenomenon that annealing recrys-
tallized grains preferentially nucleate on the lath
martensite formed after rolling indicates that cold
rolling plus annealing can become a new process for
refining grains.

2. The elastic modulus of CRA sample annealing at 923 K
for 10 min is 58 GPa, the casting is 70 GPa, and that of the
CR sample is 72 GPa. The modulus of annealing sample is
lowest, which may be attributed to the improvement of -
phase stability, the refinement of grains and the disappear-
ance of dislocation and internal stress after annealing.

3. The elastic recovery rates of casting and CR samples are
24.61 and 28.09%, respectively, while that of the CRA
samples annealing at 923 K is 35.39%. The reason for
the highest elastic recovery rate of samples annealing at
923 K may be that a large number of defects and residual
stress of casting and rolling materials can be eliminated
by annealing, which is conducive to the subsequent
stress-induced martensitic transformation and its reverse
transformation. In addition, the appropriate annealing
temperature and shorter annealing time can ensure the
completion of recrystallization and the formation of
microcrystalline and nano-crystalline.
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