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Experiments have been carried out to study the effect of annealing and cold work (CW) on the mechanical
properties of beta III Ti alloy. Material was annealed at different temperatures above the beta transfor-
mation temperature, and then cold drawn to about 53% area reduction. Cyclic tensile test was performed to
study the evolution of mechanical properties and the recoverable strain during process. Results show that
the effect of annealing and CW is closely related to the stress-induced martensite (SIM) phase transfor-
mation. Lower annealing temperature results in higher strength and recoverable strain, which is further
increased by CW. A total recoverable strain of �3.2% was obtained from the annealed and CW sample.

Keywords beta III titanium, recoverable strain, stress-induced
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1. Introduction

Stainless steels and nickel titanium alloys (e.g., nitinol) are
two common metal materials used in medical applications such
as orthodontic archwire and intravascular guide wire. However,
the relatively low spring-back or recoverable strain of stainless
steels and the relatively low stiffness of nickel titanium alloys
raises the interest of the medical industry in searching for
materials that have better spring-back, torsion, and stiffness
properties (Ref 1, 2). For applications such as the intravascular
guidewire, large spring-back is critical for the material to pass
through the complicated blood pathway without damaging the
tissue, while high stiffness provides good torsion and push-
ability that helps the material to be inserted close to the end of
the blood vessel. Interest has been focused on b titanium alloys,
which have large recoverable strains due to stress-induced
martensite (SIM) during deformation (Ref 3-7). Among b Ti
alloys, beta III Ti is widely used in medical applications such as
the orthodontic archwire (Ref 1) and recently the intravascular
guidewire (Ref 2). Figure 1 compares stress strain curve of our
standard straight annealed beta III Ti wire with those of 316
stainless steel and nitinol wires. It shows that beta III Ti has
mechanical properties between those two alloys, indicating a
great potential for this material in the medical industry.
However, it can be seen that the recoverable strain of beta III
Ti is still very low compared to that of nitinol (e.g., �2.2%

recoverable strain of beta III vs. a full recovery of nitinol at 4%
strain, and it is known that the maximum recovery strain of
nitinol can reach �11% under certain condition). Previous
studies of Laheurte et al. (Ref 7, 8) on this material reported a
maximum recoverable strain of above 4% after pre-straining a
large grain sized wire. According to them, the recoverable
strain increases with increasing grain size. To the authors�
knowledge, this is the only published research on super-
elasticity of beta III Ti alloy. Clearly, more studies are needed.
In this article, we reported our recent experiments on the
influences of annealing and cold work (CW) on mechanical
properties, particularly the recoverable strain, of beta III Ti
alloy. Recently, we have seen an increasing interest from the
medical industry on this material. This work will benefit the
industries and help to produce better products.

2. Material and Experiments

The material used in this study is Ti-10.92 wt.% Mo-6.23
wt.% Zr-4.53 wt.% Sn-0.02 wt.% Fe-0.1 wt.% O and
<0.01 wt.% N and H. The original material was a cold drawn
wire with �50% CW. The wire diameter is �1.5 mm. This
material was then strand annealed at temperatures range from
816 to 1093 �C, which are above its b-transus temperature
(�760 �C), in an argon filled atmosphere. The speed was set up
such that the wire passed through the hot zone in �1.5 min.
Wires were quenched by pressurized argon gas. Samples were
polished and etched by Kroll�s Reagent to reveal the micro-
structures after anneal. Microstructures were analyzed at Fort
Wayne Metals� Material Lab (Fort Wayne, IN) and Materials
Evaluation and Engineering, Inc (MEE, Plymouth, MN). The
grain size was determined per ASTM E 112 using the Abrams
three-circle procedure. About 5-8 areas were evaluated for each
sample dependent on the grain size. Tensile test was carried out
on an Instron tensile tester with load cells that have capacities
range from 1 to 10 kN. During the test, the samples was first
pulled to 4% strain and unloaded at a strain rate of 0.01 per
minute. Once the load reached zero, the sample was re-loaded
and pulled to fracture in a strain rate of 0.07 per minute. The
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gage length is 254 mm. The deformation strain was determined
based on the displacement of the Instron crosshead. 2-3
samples were tested for each data point. The total recoverable
strain, elastic strain, and the reversal phase transformation strain
(which is called super-elastic strain hereafter) were obtained
from the stress strain curve as illustrated in Fig. 2. The yield
strength (YS) was determined by the 0.2% offset method.

All the annealed wires were then cold drawn four times at a
diameter of �1.0 mm corresponding to a 53% CW reduction.
Each pass has a CW reduction �10-20%. The evolution of
mechanical properties was tracked after each drawing step
using the same test method described above. All tests were
carried out at room temperature.

X-ray diffraction was carried out on an APD 3520 x-ray
diffractometer with Cu Ka radiation to identify the phases
presented after anneal and deformation. The accelerating
voltage is at 40 kV and current is at 30 mA. The scan step
size is 0.005� and the counting time is 0.2-0.25 s per step.

3. Experimental Results

3.1 Microstructures

After anneal at temperatures from 816 to 1093 �C, all
samples have a recrystallized microstructure as illustrated in
Fig. 3(a). The average grain sizes are listed in Table 1. It is seen
that grain size increases with increasing annealing temperature.
X-ray diffraction spectrum of materials annealed at 816 to
1093 �C in Fig. 4 shows that after anneal, materials consist of
single b-phase, no obvious a-phase or x-phase peaks can be
observed. Figure 3(b) shows the microstructure after 16% CW,
where the striations of mechanical twinning or SIM can be
seen. The presence of SIM in the deformed sample is confirmed
by the additional peaks in the x-ray diffraction spectrum, as
shown in Fig. 4.

3.2 Mechanical Properties

The mechanical properties after annealing at various tem-
peratures are plotted in Fig. 5. It can be seen that both the YS
and ultimate tensile strength (UTS) decreased with increasing

Fig. 2 Schematic illustrates the applied and recoverable strains. eP
is the plastic strain, eR is the total recoverable strain after unload at
the test temperature. It includes the elastic strain, eE, and the reversal
phase transformation strain, eS

Fig. 3 Microstructures after (a) solution treated at 1093 �C shows
an equiaxed grain structure and (b) solution treated at 1093 �C
followed by 16% CW shows a deformation structure

Table 1 Grain size (lm) after annealed at different
temperatures

816 �C 871 �C 927 �C 982 �C 1038 �C 1093 �C
11±1.3 22± 2.6 30.0± 3.6 40.2± 3.7 60.7± 7.3 84.4± 8.3

Fig. 1 Stress strain curves of the beta III titanium after straight
anneal, 316L stainless steel in spring condition and nitinol in
super-elastic condition
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annealing temperature. While the total elongation (e %) did not
change until the annealing temperature raised to above
1000 �C, where an e % larger than 20% was obtained. The
Young�s modulus of all the annealed samples was very close to
each other with an average value of 57.8± 0.8 GPa.

Figure 6(a) shows that the Young�s modulus was indepen-
dent to the annealing temperature, but decreased by CW.

Young�s modulus was decreased by �10 GPa to about 47 GPa
after the first drawing pass. After that, very small change was
observed with further increasing CW reduction. The Young�s
modulus after 53% CW was �48 GPa for all samples. The YSs
of all annealed samples first decreased and reached a minimum
value after 16% CW, after that they increased with increasing
CW in a near linear relationship (Fig. 6b). On the contrary,
UTSs continuously increased with CW, as shown in Fig. 6(c).

3.3 Recoverable Strain

Figure 7(a) shows the effect of changing annealing temper-
ature on the recoverable strain, it can be seen that lower
annealing temperature results in higher recoverable strain. At
4% deformation strain, the total recoverable strain was �2.5%
for sample annealed at 816 �C, and it decreased to �2% as the
annealing temperature increased to 1093 �C. However, these
differences disappeared after CW (Fig. 7b); all samples that
were annealed at different temperatures had recoverable strain
of �2.7% after 16% CW. Increasing the amount of CW
increased recoverable strain. After 53% CW, all samples had
recoverable strain of �3.2%, corresponding to an approximate
80% strain recovery after unloading from 4% tensile strain.

Figure 8(a) shows that the elastic strain, eE, increased with
increasing CW to �40% reduction. Further increasing CW did
not produce big change in elastic strain. On the contrary,
Fig. 8(b) shows that super-elastic strain, eS, was decreased by
CW to �40% reduction. From Fig. 8(b), it can be seen that

(a)

(b)

Fig. 4 X-ray diffraction profile of materials annealed at (a) 816 �C and (b) 1093 �C. The upper line in each plot represents the deformed
material, the lower line represents the annealed material. d-Spacing of a¢¢ martensite was calculated using the lattice parameters in Ref 17

Fig. 5 Mechanical properties after annealed at different temperatures
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samples annealed at lower temperature have larger super-elastic
strain, eS. The maximum eS of �1% was obtained after anneal
at 816 �C. It is also worthy to note that all samples have the
similar eS once CW was put into the material.

4. Discussions

4.1 Effect of Annealing and CW on Mechanical Properties

The reason for the decreased mechanical strength with
increasing annealing temperature appears to be obvious as the

grain size increased with increasing annealing temperature.
However, the jump in elongation at temperatures �1000 �C is
hard to explain. One may think that there might be some x or a
precipitates in the material before anneal, and since the
annealing time is very short (i.e., only �1.5 m in hot zone),
these precipitates may remain in the matrix after annealed at
lower temperature, but may be dissolved after annealed at
higher temperatures. This explanation, however, is unlikely as
the x-ray did not show any diffraction peaks from both phases
in the annealed condition (Fig. 4). One possible reason is that
after annealing at different temperatures, different texture
orientations were produced. In other words, after annealed at
low temperatures, the material may still maintain the deforma-
tion texture, while a full recrystallization texture may be
developed after high temperature anneal. Different textures
could affect the deformation modes and result in different
ductilities. For an example, for a material with a random
texture, once grains with a preferred orientation yield (e.g.,
grains with the {110} plane in the loading direction), load will
be transferred to their neighboring grains, which are still in the
elastic deformation region due to their different orientations
(e.g., grains with the {200} plane in the loading direction). This
load transfer between different crystal orientations results in
high work hardening rate and thus longer elongation. On the
other hand, for a material with strong texture, since most of the
grains aligned in the similar direction, the effect of load
partitioning is limited. Therefore, once yield happens, local
deformation will be quickly developed and results in lower

(a)

(b)

(c)

Fig. 6 Effects of CW on (a) Young�s modulus, (b) YS, and (c) ten-
sile strength. The standard deviation in (a) varies from 0.3 to 3 GPa.
The deviation in (b) varies from 3 to 40 MPa in (b) and from 1 to
50 MPa in (c)

(a)

(b)

Fig. 7 Recoverable strains after annealed at different temperatures
(a) and after different amounts of CW (b)
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elongation. However, since texture measurement has not been
carried at this moment, this possibility has not been confirmed
and requires further study.

The decrease in Young�s modulus by the cold drawing
process can be explained by the formation of SIM as it has been
found to have the lowest modulus among all the phases in b Ti
system (Ref 9). Similar behavior has been observed in other b
Ti alloys (Ref 10, 11) and other materials, such as 304 stainless
steel (Ref 12) and nitinol (Ref 13), that involve SIM during
deformation. In Ref 14, Shastry et al. studied the influence of
CW to mechanical properties of beta III Ti and obtained a
Young�s modulus of about 55 GPa, which is very close to our
result for the annealed sample. However, they reported that the
Young�s modulus continuously increased by CW, which is in
contrast to our observation. The Young�s modulus of the
annealed sample was, however, not reported in their article (see
Fig. 2 in Ref 14), thus it is not clear if the Young�s modulus was
decreased by CW at the beginning. It is interesting to note that
their results on a beta Ti-13V-11Cr-3Al alloy (Fig. 1 in Ref 14),
which included the annealed Young�s modulus) did show a
drop in Young�s modulus after �12% CW.

After the first drawing pass, the Young�s modulus did not
change too much with further increasing the amount of CW
(Fig. 6a). This suggests that SIM has reached its maximum
volume fraction after a small amount of CW (e.g., 16% CW).

Similarly, the decrease in YS caused by CW can be
explained by SIM. As discussed in Ref 9, 15, martensite has
lower YS than austenite. Therefore, the retained martensite (by

pinning effects from dislocation or twinning) after CW reduced
the YS of the bulk material. Since the deformation of beta III Ti
is a combination of dislocation slip, mechanical twinning (both
increase the YS), and SIM (Ref 16-18), the decrease in YS
indicates that the effect of SIM is larger than that of the
dislocation slip and twinning at the early stage of deformation.
Since no more SIM was produced after the first drawing pass,
the effect of SIM was surpassed by that of dislocation and
twinning; therefore, the YS increased with increasing CW
simply due to the work hardening effect of slip and twinning.

Compared to the YS, the UTS was increased by CW without
a decrease at 16% CW, suggesting that SIM only has a
significant influence on the early stage of deformation such as
the elastic deformation and the elasto-plastic deformation,
while dislocation slip and deformation twinning are the
dominant deformation modes during the plastic deformation,
which is consistent with the previous discussion.

4.2 Effect of Annealing and CW on Recoverable Strain

The effect of the annealing process on the recoverable strain
of beta Ti alloys depends on the influences of microstructure
and deformation modes. Any change that benefits the SIM and
suppresses dislocation slip will improve the super-elastic strain.
For example, annealing at intermediate temperatures (rather
than solution treatment after CW), the retained work hardening
or dislocation structures increases the critical stress for
dislocation slip and promotes the nucleation of the SIM
(Ref 19). This could explain the larger recoverable strain
obtained after annealed at lower temperatures. In addition,
studies of Kim et al. (Ref 19, 20) showed a strong texture
dependence of the super-elastic strain, where the maximum
recoverable strain was obtained in the Æ110æ b-phase direction.
Considering that bcc metals tend to form a Æ110æ fiber texture
during wire drawing (Ref 21), it is very likely that the larger
recoverable strain obtained after lower temperature anneal (e.g.,
816 �C) has benefited from the retained deformation texture.
Increasing the annealing temperature resulted in the recrystal-
lization texture, which might have reduced the Æ110æ concen-
tration in the wire axial direction and, therefore, decreased the
recoverable strain. More studies regarding the texture evolution
during annealing and its relationship to super-elasticity are
recommended.

In their studies on the super-elasticity of the beta III Ti alloy,
Laheurte et al. (Ref 7, 8) proposed that the recoverable strain
increased with increasing grain size. However, our study shows
an opposite sense, i.e., samples with smaller grains have larger
recoverable strain than those with larger grains. This discrep-
ancy is however not very surprising since previous studies on b
Ti alloys have also found controversial influences of the grain
size on SIM and the recoverable strain. Bhattacharjee et al.
(Ref 22) studied a Ti-10V-2Fe-3Al beta alloy and observed an
increased trigger stress for the SIM with increasing b-phase
grain size. They proposed that the larger grain size resulted in
higher elastic energy stored in the matrix during stress induced
phase transformation, which delayed the SIM process. On the
contrary, Grosdidier et al. (Ref 23) found that for the b-Cez Ti
alloy (i.e., Ti-5Al-2Sn-2Cr-4Mo-4Zr-1Fe), the trigger stress for
the SIM increased with decreasing grain size. They proposed
that the strengthening of the matrix caused by grain refinement
made it more difficult to accommodate the shape change of the
martensite plate in the parent grain, and thus increased the
stability of the parent phase. However, the study of Takashi

(a)

(b)

Fig. 8 (a) Elastic strain and (b) superelastic strain
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et al. (Ref 24) showed that the recoverable strain was
independent of the b-phase grain size, but rather increased
with decreasing quenching temperature. Miyazaki et al. (Ref 6)
proposed that lower temperature annealing increased the critical
stress for slip deformation and stabilized the super-elastic
behavior due to the fine sub-grain structure and the high density
of thermally re-arranged dislocations. The different results of
the grain size effect between our research and those of Laheurte
et al. (Ref 7, 8) are probably related to the differences during
sample preparation and hence crystal textures. In Laheurte
et al.�s study (Ref 7), the cold drawn wire has a rectangular
shape, which likely has a somewhat different texture from our
cold drawn round wire. Therefore, the textures after anneal are
also likely different. Further in Ref (Ref 7), samples with the
smaller grain size were prepared by annealing the cold drawn
rectangular wire, while samples with the larger grain size were
prepared by annealing the cold drawn rectangular wire, then cold
rolling by 10% reduction and followed by a high temperature
anneal. Hence, the textures in samples with different sizes will
also likely be different. Even in Ref (Ref 7), the sample with
large grain size does not always have a larger recoverable strain
than that with smaller grain size (e.g., the one with grain size
�105 lm has a lower recoverable strain than that with grain size
�23 lm). One is thus led to doubt the conclusion of Lahuerte�s
statement about the grain size effect on the super-elastic strain.
The experimental observations are likely the combined efforts of
changes in both grain size and texture.

The influence of CW on super-elastic strain is two-fold. On
one hand, CW raises the critical stress for twinning and slip and
thus promotes SIM. In addition, dislocations and sub-grain
boundaries produced by small pre-strain helps SIM by
providing plastic accommodation for martensite shape strain
(Ref 25) and acting as nucleation sites (Ref 26). On the other
hand, too much dislocation or twins pin the grain boundaries
and impedes the reversal phase transformation, and therefore
reduce the super-elastic strain. In our case, the super-elastic
strain slightly decreased with increasing CW (see Fig. 8b),
indicating that the amount of CW range in this study might be
too large, which produced a dislocation structure that retarded
the reversal phase transformation and reduced the super-elastic
strain. Future study will be focused on the influence of small
pre-strain.

5. Conclusions

Experiments have been carried out to study the influences of
annealing and CW on mechanical properties, especially the
recoverable strain, of beta III Ti alloy. Following conclusions
are obtained:

1. Mechanical strength of beta III Ti decreases with increas-
ing annealing temperature following a near linear rela-
tionship, while the ductility largely increases when the
annealing temperature is above 1000 �C.

2. The recoverable strain increases with decreasing annealing
temperature.

3. CW decreases the Young�s modulus and YS due to SIM.
4. CW increases the elastic strain, but slightly decreases the

reversal phase transformation strain. The total recoverable
strain increases with increasing CW. After unload from

4% tensile strain, a total recoverable strain of �3.2% was
obtained.
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