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Abstract

A metastable B-type Ti-30Nb—1Mo—4Sn alloy with ultralow elastic modulus and high strength was fabricated. Under the solution treatment
state, the Ti—-30Nb—1Mo—4Sn alloy possesses low yield strength of about 130 MPa owing to the presence of the coarse o’ martensitic laths. Upon
a cold rolling and annealing process, the martensitic transformation from p to o is significantly retarded due to the inhibitory effect of grain
boundaries and dislocations. As a result, the metastable [ phase with low total amount of f-stabilizers is retained to room temperature, giving rise
to a low modulus of 45 GPa. Meanwhile, nano-sized o precipitates and dislocation tangles play a key role in strengthening the Ti—-30Nb—1Mo—
4Sn alloy, resulting in a high tensile strength of ~ 1000 MPa. With low elastic modulus and high strength, the metastable p-type Ti—-30Nb—1Mo—
4Sn alloy could be a potential candidate for biomedical materials.
© 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Chinese Materials Research Society. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

As orthopedic implant alloys, commercially pure Ti (C.P. Ti)
and Ti-6Al1-4V alloy have been widely employed due to their
light density, good corrosion resistance, excellent biocompatibil-
ity and appropriate mechanical properties [1-3]. However, these
alloys have an elastic modulus of ~ 110 GPa, which is remark-
ably higher than that of bone tissue (~30 GPa) [1,4]. Such high
modulus mismatch can lead to so-called “stress shielding effect”
and eventual failure of the implant [5,6]. The motivation to avoid
“stress shielding effect” has led to an increasing focus on
metastable pB-type Ti alloys with lower modulus. In the past
decades, various types of metastable pB-type Ti alloys have been
developed for this purpose, e.g., Ti-Ta [7], Ti-Nb-Ta—Zr [8],
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Ti-Nb-Ta-Mo [9], etc. However, these alloys possess elastic
modulus within the range of 50-80 GPa, still not low enough to
match that of bone tissue [1,7-10]. Thus, developing metastable
B-type Ti alloys with lower modulus has become an attractive
topic in the research and development of advanced biomedical
materials.

Previous experimental and computational results have
shown that the elastic modulus of [ phase is closely related
to its total amount of P-stabilizers (e.g. Nb, Ta, Mo, etc.), and
decreases monotonically with decreasing total content of f-
stabilizers [11-13]. Thus, from the perspective of designing f-
type Ti alloys with low modulus, the amount of p-stabilizers in
the metastable pB-type Ti alloys should be reduced as low as
possible. However, when the amount of p-stabilizers is
insufficient, the high-temperature  phase will decompose into
o/ and/or o’ martensite [14,15]. In this case, the yield strength
of the alloys is reduced significantly owing to the occurrence
of the stress-induced martensitic transformation [16].

Recent studies revealed that besides the addition of the f-
stabilizers, some structural factors induced by a thermo-
mechanical process, such as grain refinement and dislocations,
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can play a key role in retarding the martensitic transformation
of B phase [14,17,18]. This implies that the  phase with less f-
stabilizers could be retained to room temperature by the aid of
these structural factors. Apparently, this might provide a novel
approach of developing p-type Ti alloys with low elastic
modulus.

In addition to low elastic modulus, high yield strength is
another key demand for implant materials to undertake the
complicated cyclic loading [1,10]. However, the yield strength
of the current biomedical p-type Ti alloys is commonly much
lower than that of conventional Ti-6A1-4V [1,6,10]. Currently, a
balanced approach is to strengthen the alloy by a precipitates
formed during aging or annealing, at the expense of sacrificing
low modulus [19,20]. In such a case, the “stress shielding”
problem caused by the elastic modulus mismatch between the
implant materials and adjacent bone tissues will be aggravated
further. Therefore, it is quite necessary to find out a solution to
simultaneously achieve high strength and ultralow modulus in
biomedical p-type Ti alloys.

In the present paper, by alloying and thermo-mechanical
process, an attempt was made to fabricate a metastable f-type
Ti-Nb-Mo-Sn alloy with ultralow modulus and high strength.
Based on the combining results from X-ray diffraction, transmis-
sion electron microscope, tensile test, dynamic mechanical analy-
zer and in-situ synchrotron X-ray diffraction, the relationship
between microstructural evolution and mechanical properties was
discussed.

2. Experimental procedure

A metastable f-type Ti-30Nb—1Mo-4Sn (wt%, hereafter
denoted as Ti-3014) alloy was prepared by a vacuum arc melting
method using Ti (99.99%), Nb (99.95%), Mo (99.95%) and Sn
(99.95%) as raw materials. The arc-melted button was homo-
genized at 1173 K for 5 h and then hot forged at 1073 K, with the
dimensions as follows: 80 mm (length) x 40 mm (width) x 8 mm
(thick). The forged ingot was encapsulated in an evacuated quartz
tube, solution treated at 1073 K for 1 h and then quenched into
water (~298 K). The resultant specimens will be denoted as ST
specimens henceforth. After quenching, the ingot was cold rolled
into a plate of ~1 mm in thickness, at a thickness reduction of
~88%. The cold rolled plate was annealed at 625 K for 30 min
and then quenched into water. The resultant specimens will be
referred to CRA specimens hereafter.

Phase constitutions were detected by X-ray diffraction (XRD)
analysis with a Cu-Koa irradiation. Uniaxial tensile tests were
performed along the rolling direction, using specimens with a
rectangular cross-section of 1x 1.5 mm? and a gage length of
30 mm, at an initial strain rate of 1 x 10~ s~ . In order to ensure
the accuracy of strain measurement, an extensometer was
employed in the present study. Martensitic transformation start
(Ms) temperatures were determined by a dynamic mechanical
analyzer (DMA) in a single cantilever mode, using a dynamic
stress frequency of 1 Hz and a cooling rate of 5K min™ ',
Microstructure observations and compositional analyses were
conducted on a FEI Quanta 200F transmission electron micro-
scope (TEM) equipped with energy dispersive X-ray spectroscopy
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Fig. 1. XRD patterns of ST (a) and CRA (b) Ti-3014 specimens.

(EDS) operating at a voltage of 200 kV. In-situ synchrotron X-ray
experiments were carried out at room temperature using the 11-
ID-C beam-line of Advanced Photon Source (APS) at Argonne
National Laboratory (ANL). A monochromatic X-ray beam with a
wavelength of 0.10798 A and a beam size of 0.4 mm x 0.4 mm
was employed to obtain two-dimensional (2-D) diffraction patterns
during tensile. The 2-D diffraction patterns were processed in
Fit2d software and then output one-dimensional (1-D) patterns for
analysis.

3. Results and discussion

Fig. 1(a) and (b) shows the XRD patterns of ST and CRA Ti-
3014 specimens, respectively. A mixture of § parent phase and o
martensite was observed in the ST specimen, indicating that the
ST alloy exhibits a martensitic start transformation (Ms) tempera-
ture higher than room temperature. This can be ascribed to the low
total amount of f-stabilizers in the present alloy. Interestingly,
upon a cold rolling plus annealing at 625 K for 30 min, the
diffraction peaks ascribed to o’ martensite phase disappeared in
the XRD diffraction pattern, as shown in Fig. 1(b). This result
suggests that o’ phase formed before annealing was transformed
reversibly to  phase during annealing, and in the subsequent
cooling process the martensitic transformation from  to o did
not take place any more. Instead, a few o precipitates was
observable in the CRA Ti-3014 alloy, as evidenced by relative
weak diffraction peaks of o phase, i.e., ®(100) and a(110).

The storage modulus, which can be utilized to determine the
Ms temperature from f to o/, was measured by DMA during
cooling for the ST and CRA specimens, and the results are shown
in Fig. 2. The storage modulus, in both ST state and CRA state,
was found to decrease with decreasing temperature and then
increase with further decreasing temperature. On the basis of the
results shown in Fig. 2, the Ms temperatures of the ST and CRA
alloys were determined to be ~339 K and ~ 226 K, respectively.
It should be noted that the Ms temperature for CRA alloy is
~113 K lower than that for ST alloy. This suggests that the
martensitic transformation from p to o’ can be remarkably
postponed through the simple cold rolling plus annealing process,
which is in agreement with the results obtained using the XRD
technique.
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Fig. 2. Storage modulus versus temperature during cooling for ST and CRA
Ti-3014 specimens.

Fig. 3 presents a typical bright-field micrograph (a) and the
corresponding [110]f zone axis selected area diffraction pattern
(SADP) (b) of ST Ti-3014 specimen. In the bright-field image, o’
martensitic laths were visible within the coarse f parent phase.
Referring to the SADP shown in Fig. 3(b), one can see that in
addition to the primary reflections from  matrix, additional spots
ascribed to o martensite were visible near the 1/2 {112}§
positions. In addition, no extra reflections can be observed at
the 1/3 and 2/3 {112}P positions in Fig. 3(b), indicating that
athermal o phase does not form in the ST specimen.

Fig. 4(a) shows the bright-field micrograph of CRA speci-
men, indicating that upon a cold rolling plus annealing
process, the coarse o’ martensitic laths disappeared. Instead,
a few nanometer-scale precipitates, labeled with a white arrow
in Fig. 4(a), are observable in the CRA specimen. Addition-
ally, some irregular dark areas originating from dislocation
tangles were clearly visible. Fig. 4(b) shows the corresponding
SADP of the CRA specimen. Comparing this SADP with the
SADP in Fig. 3(b), one can see that the SADP of the CRA
specimen exhibits near-continuous diffraction rings which are
different with the discrete diffraction spots of the ST specimen.
This indicates that the present cold rolling plus annealing
process can give rise to significant grain refinement, and high-
density grain boundaries are introduced in the CRA Ti-3014
specimen. Based on the SADP in Fig. 4(b), the nanometer-
scale precipitates distributed in  matrix are determined as o
phase. Additionally, there were no extra diffraction rings
arising from o’ phase in Fig. 4(b), thereby indicating that
the transformation from P phase to o' martensite no longer
occurred during the water quenching process after annealing.
Namely, the martensitic transformation in the Ti-3014 alloy is
remarkably retarded by the cold rolling plus annealing treat-
ment. Recent studies revealed that the microstructure factors,
such as dislocation and grain refinement, can play a significant
influence in suppressing martensitic transformation due to the
shear nature of the transformation [14,17,18]. As shown in Fig.
4, there do exist large quantities of dislocation tangles and
grain boundaries in the CRA Ti-3014 alloy. Therefore, we can
reasonably ascribe the retard of martensitic transformation
in the CRA specimen to the microstructure factors, i.e.

Fig. 3. A typical bright-field micrograph (a) and the corresponding [110]p
zone axis selected area diffraction pattern (SADP) (b) of ST Ti-3014 specimen.

dislocation tangles and grain refinement, induced by the cold
rolling plus annealing process.

Commonly, the amount of B-stabilizers in o precipitates is
lower than that in  phase of the same Ti alloy [21,22]. As a
result, the precipitation of a within p phase, especially for high-
temperature and/or long-time annealing, may lead to an enrich-
ment of p-stabilizers in residual  matrix [21,22]. If so, this may
have an adverse effect on lowering the elastic modulus of 3
phase, because the elastic modulus of p increases monotonically
with increasing the content of B-stabilizers [11-13]. Thus, it is
quite necessary to clarify the impact of the precipitation of a on
the composition of the residual f. Fig. 5 presents the EDS line
scanning results of a typical area (marked with a white line in Fig.
4) covering  and a phases in the CRA specimen. It can be seen
that there was no visible composition variation along the
composition profiles for Ti, Nb, Mo and Sn elements, indicating
that the precipitation of fine o phase did not lead to obvious
composition change in residual p matrix. In other words, during
the annealing at low temperature for short time (i.e., 625 K for
30 min), the partitioning of f-stabilizers between a and B phases
did not occur and the amount of B-stabilizers in the residual {3
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Fig. 4. Bright-field micrograph (a) and the corresponding selected area
diffraction pattern (SADP) (b) of CRA Ti-3014 specimen.
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Fig. 5. EDS line scanning results of a typical area (marked with a white line in
Fig. 4) covering B and o phases in the CRA Ti-3014 specimen.

phase remained at a low level. This result is consistent with a
recent study on the p-type Ti-5553 alloy, where the initial small-
sized o precipitates were found to be formed by a displacive
transformation mode, rather than diffusional mechanism [23].
According to the results in Fig. 5, it is reasonable to expect that
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Fig. 6. Tensile stress—strain curves of ST and CRA Ti-3014 specimens.

the residual B matrix in the CRA specimen may exhibit a low
elastic modulus due to its low amount of p-stabilizers.

Fig. 6 shows the tensile stress—strain curves of ST and CRA Ti-
3014 specimens. The ST specimen performs typical “double
yielding” behavior, characterized by the existence of stress-
plateau, which is similar to that observed in the solution treated
metastable B-type Ti alloys, such as Ti-Nb [24], Ti-Ta [25], and
Ti-Nb-Ta—Zr alloys [26]. It has been confirmed that the presence
of stress-plateau is closely related to the stress-induced o’
martensitic transformation and the reorientation of the martensite
variants [24-26]. Clearly, although the ST alloy exhibits a low
elastic modulus of 46 GPa, it is not the appropriate candidate for
biomedical applications due to its low yield strength (~ 130 MPa).
Interestingly, upon cold rolling plus annealing treatment, the Ti-
3014 alloy was remarkably strengthened, with a yield strength of
~954 MPa and a ultimate tensile strength of ~ 1000 MPa. This
strengthening effect can be attributed to the interaction between
nanometer-scale o precipitates and high-density dislocations in the
CRA specimen, as show in Fig. 4. It should be noted that in
addition to high strength, the CRA specimen also exhibited an
ultralow elastic modulus of 45 GPa. This level of elastic modulus
is lower than that of most of p-type Ti alloys for biomedical
applications [1,4,6,10]. According to the EDS results shown in
Fig. 5, it is believed that the ultralow elastic modulus of the CRA
specimen is mainly attributed to the ultralow modulus of § matrix
caused by its low B-stabilizers content.

Referring to the stress—strain curve of CRA specimen in Fig. 6,
one can also see that there exists a demarcation point, which
divides the stress—strain curve into two stages, at about 1% strain.
The first stage exhibits linear deformation obeying a straight line,
while the second stage performs nonlinear deformation deviating
from a straight line. In order to elucidate the deformation
mechanism of the CRA alloy, in-situ synchrotron X-ray diffrac-
tion was conducted on the CRA specimen. Fig. 7 shows the
diffraction patterns for the 1103 and 002, perpendicular to the
tensile direction during loading. The first pattern was detected
before loading (at a strain of 0%), and the other patterns were
detected by stretching the specimen at a strain interval of 0.2%,
until the strain reached to 2%. It can be seen from Fig. 7 that at
the initial linear deformation stage (for strain < 1%), only the
110g peak was detected and the d-spacing of 110y increased with
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Fig. 7. In situ synchrotron X-ray diffraction patterns for the CRA 1103 and
002, perpendicular to the tensile direction during loading.

increasing strain. This suggests that for when the strain is less
than 1%, no stress-induced transformation occurs in the CRA
specimen and the specimen exhibits elastic deformation. When
the strain reaches 1%, the 1103 peak begins to split, and a new
diffraction peak attributable to 002, is detected in the diffraction
pattern. With further increasing strain (for 1% < strain < 2%), the
intensity of 110 peak decreased, while the intensity of 002,
peaks increased, indicating that the stress-induced martensitic
transformation from p to o takes place during loading. Conse-
quently, a demarcation point is observed in the tensile stress—
strain curve of the CRA specimen due to the occurrence of stress-
induced o’ martensitic transformation.

4. Conclusions

In summary, a metastable B-type Ti—-30Nb—1Mo—4Sn alloy
with ultralow elastic modulus and high strength was fabricated.
Although the alloy exhibits low yielding stress in its solution state
owing to the presence of coarse o’ martensitic laths, cold rolling
plus annealing treatment can result in the combination of high
yield stress of 1000 MPa and low elastic modulus of 45 GPa. The
result of the present study indicates that the high-density grain
boundaries and the dislocations induced by thermo-mechanical
treatment retard the p— o martensitic transformation in Ti—
30Nb-1Mo—4Sn alloy with low (-stabilizer content, and hence
give rise to the ultralow elastic modulus and high tensile strength.
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