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Transformation behavior and wire drawing properties of Ti-Ni-Mo shape memory alloys
have been investigated by means of differential scanning calorimetry (DSC)
measurements, X-ray diffraction, electron microscopy, tensile tests and wire drawing tests.
Mo addition to a Ti-Ni binary alloy induced the R phase transformation, and consequently
Ti-Ni-Mo alloys showed two stage transformation, i.e., from the B2(cubic) parent phase to
the R(rhombohedral) phase, and then from the R phase to B19’(monoclinic) phase. In the
thermo-mechanically treated 51Ti-48.3Ni-0.7Mo alloy, reverse transformation temperature,
Af, kept constant, irrespective of thermo-mechanical treatment conditions, while it changed
in the thermo-mechanically treated 51Ti-49Ni and 51Ti-48.5Ni-0.5Mo alloys. Mo addition to
Ti-Ni binary alloy decreased wire drawing stress. Wire drawing stress decreased with
raising intermediate annealing temperature monotonously when the annealing treatment
was made in vacuum. When the annealing treatment was made in air, however, it
decreased with raising annealing temperature up to 923 K, and then increased. Optimum
intermediate annealing temperature of Ti-Ni-Mo alloys for wire drawing was 823 K, above
which a thick oxide film which reduced the drawability of the alloys was formed on the
surface of alloy wires. C© 2001 Kluwer Academic Publishers

1. Introduction
Near equiatomic Ti-Ni alloy is the most attractive
one among many shape memory alloys from practical
points of view because of its superior shape memory
effect, pseudoelasticity and ductility. Many applica-
tions of Ti-Ni alloys for actuators and medical instru-
ments have been made, in which Ti-Ni alloys are usu-
ally deformed to wire form. Ti-Ni alloys are known to
be tensile deformed to more than 50% strain prior to
fracture, but their large strain hardening hinders their
workability [1]. In order to avoid fracturing during
wire drawing, an intermediate annealing to release in-
ternal stress introduced by cold drawing is necessary.
Therefore, commercial manufacturing process of Ti-Ni
wires involves repeated cold drawing and subsequent
annealing.

Cold working and subsequent annealing, thermo-
mechanical treatment, has been known to improve
the shape memory effect and pseudoelasticity of Ti-
Ni alloys because it increased the critical stress for
slip deformation of the alloys [2, 3]. Also thermo-
mechanical treatment has been known to affect transfor-
mation temperatures and behavior in the alloys. Fully
annealed near equiatomic Ti-Ni alloys transforms in
one stage, i.e., from the B2(cubic) parent phase to
the B19′(monoclinic) martensitic phase, while some
thermo-mechanically treated alloys transforms in two

stages, i.e., from the B2 to R(rhombohedral), and then
from the R to B19′ [4, 5].

Wu et al. reported that thermo-mechanical treatment
conditions, i.e., amount of cold working, annealing tem-
perature and annealing time, affect largely the wire
drawing properties of Ti-Ni binary alloys [6]. Accord-
ing to them, the drawing stress decreases with decreas-
ing the amount of cold working and with increasing
annealing temperature. Also they pointed out that high
temperature annealing over 973 K was detrimental to
the pseudoelasticity because of the thick oxide film
formed on the surface of the wire [6].

Ti-Ni-Mo shape memory alloys are very attractive
because of their good corrosion resistance. According
to Gunter [7], the corrosion resistance of Ti-Ni-Mo al-
loys is much better than pure Ti which is widely used
as an implant material in medical field and Ti-Ni-Mo
alloys are of great promise for medical applications.
For medical applications such as staples, clamps and
stent [8], Ti-Ni-Mo alloys should be manufactured to
wire. Transformation behavior and drawing properties
of Ti-Ni-Mo alloys, however, have not been reported
yet. In the present study, we aimed to investigate the
transformation behavior and wire drawing properties of
Ti-Ni-Mo shape memory alloys. Also results obtained
are compared with those obtained from Ti-Ni binary
alloys.
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Figure 1 Apparatus for measuring the drawing stress.

2. Experimental procedure
51Ti-49Ni, 51Ti-48.5Ni-0.5Mo and 51Ti-48.3Ni-
0.7Mo(at%) alloy ingots were prepared by vacuum in-
duction in a graphite crucible. After the alloy ingots
being hot rolled into rods, specimens for wire draw-
ing (� 3.0 mm × 200 mm) were cut from the rods. All
specimens were fully annealed at 1123 K for 3.6 ks
in vacuum. The drawing machine is shown in Fig. 1.
The machine is equipped with heating/cooling facilities
and a load cell for measuring drawing force. The wire
drawing were carried out under the speed of 5 m/min
at various temperatures using drawing dies of tungsten
carbide. The multi-pass wire drawing were made. The
multiple-pass means that the set cross-section area re-
duction is achieved by continuously passing through
many dies. For multi-pass drawing, intermediate an-
nealings were done at 623 K–1123 K for 0.6 ks–3.6 ks.
For eliminating the effect of oxide film on the drawing
force, intermediate annealing treatments were under-
taken in vacuum.

In order to investigate the transformation behavior,
transformation temperatures, deformation characteris-
tics of Ti-Ni and Ti-Ni-Mo alloy wires, differential
scanning calorimetry (DSC), X-ray diffraction, trans-
mission electron microscopy (TEM) and tensile tests
were carried out. DSC measurements were carried out
with heating and cooling speed of 10 K/s. X-ray diffrac-
tions were made in a temperature range of 373 K and
223 K using Cu Kα . Tensile tests were carried out at
room temperature with strain rate of 2.7 × 10−4/s. TEM
observations were made with a JEM-2010 operated at
200 kV.

3. Results and discussion
3.1. Phase transformation behavior

of Ti-Ni-Mo alloys
Fig. 2 shows DSC curves of fully annealed 51Ti-49Ni,
51Ti-48.5Ni-0.5Mo and 51Ti-48.3Ni-0.7Mo alloys. In
the 51Ti-49Ni alloy, one clear peak appears on each
cooling and heating curve as seen in Fig. 2a. In the Ti-
Ni-Mo alloys, however, two peaks separated clearly on
cooling curves in both alloys appear, although only one
peak appears on heating curves as seen in Fig. 2b and c.
In order to explain the DSC peaks, X-ray diffractions
were carried out, and then results obtained are shown
in Fig. 3. In the diffraction pattern of (a) obtained at

Figure 2 DSC curves of the fully annealed (a) 51Ti-49Ni, (b) 51Ti-
48.5Ni-0.5Mo and (c) 51Ti-48.3Ni-0.7Mo alloys.

Figure 3 X-ray diffraction patterns of the fully annealed (a) 51Ti-49Ni,
(b) 51Ti-48.5Ni-0.5Mo and (c) 51Ti-48.3Ni-0.7Mo alloys.
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Figure 4 TEM micrographs of the fully annealed 51Ti-48.3Ni-0.7Mo alloy.

room temperature, diffraction peaks corresponding to
the B19′ martensitic phase are seen. Therefore, the DSC
peaks in Fig. 2a is known to be due to the B2-B19′
transformation. In the diffraction patterns of (b) and (c),
diffraction peaks corresponding to the R phase are seen
in the pattern obtained at 298 K. The diffraction peaks
designated by Cu are due to sample holder. On cooling
the specimen, intensity of the R phase diffraction peaks
decreases, while that of the B19′ martensite increases.
The two peaks appeared in cooling curves of Fig. 2b
and c, therefore, are ascribed to the B2-R and the R-B19′
transformations, respectively.

Fig. 4 shows transmission electron micrographs of
the 51Ti-48.3Ni-0.7Mo alloy. Fig. 4a is a bright field
image where 3 kinds of the R phase variants are seen and
(b) is an electron diffraction pattern which is a typical
pattern of the R phase. From Figs 2–4, it is concluded
that Mo addition to Ti-Ni alloy induces the R phase, and
that transform occurs in two stages on cooling, i.e., the
B2-R, and then R-B19′. Fe [9, 10] and Al [11] addition
to Ti-Ni alloys have been known to induce the R phase
also.

Figs 5–7 show typical DSC curves of thermo-
mechanically treated 51Ti-49Ni binary and 51Ti-
48.5Ni-0.5Mo and 51Ti-48.3Ni-0.7Mo ternary alloys,
respectively. Annealing temperatures and times are des-
ignated on the curves. In the 51Ti-49Ni alloy, two peaks

Figure 5 DSC curves of the thermo-mechanically treated 51Ti-49Ni
alloy.

Figure 6 DSC curves of the thermo-mechanically treated 51Ti-48.5Ni-
0.5Mo alloy.

Figure 7 DSC curves of the thermo-mechanically treated 51Ti-48.3Ni-
0.7Mo alloy.

appear on cooling curves when annealing temperatures
are below 823 K, while only one peak appears at 1023 K
as seen in Fig. 5. On heating curves only one peak
appears, irrespective of annealing temperatures. In the
51Ti-48.5Ni-0.5Mo alloy, two peaks appear on cool-
ing curves, irrespective of annealing temperatures, as
seen in Fig. 6. On heating curves, two peaks appear
when annealing temperatures are below 823 K, while
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Figure 8 X-ray diffraction patterns of the thermo-mechanically treated
51Ti-48.5Ni-0.5Mo.

only one peak appears at 1023 K. In the 51Ti-48.3Ni-
0.7Mo, four peaks appear on cooling curves when an-
nealing temperatures are above 823 K, while two broad
peaks appear at 623 K as seen in Fig. 6. On heating
curves, three peaks appear, irrespective of annealing
temperatures.

In order to explain the DSC peaks in Fig. 6b, X-ray
diffraction experiments have been made, and then re-
sults obtained are shown in Fig. 8. At 323 K, only
a diffraction peak corresponding to (110)B2 is seen.
On cooling, diffraction peaks of the R phase appear at
313 K. On further cooling, diffraction peaks of the R
and the B19′ phase appear simultaneously at 288 K.
With decreasing temperature from 288 K to 263 K,
intensity of peaks of the R phase decreases, whereas
that of the B19′ increases. Therefore, the DSC peak at
higher temperature on the cooling curve in Fig. 6b is
known to be due to the B2-R transformation and that
at lower temperature is to the R-B19′ transformation.
From the previous study [12], transformation behavior
of thermo-mechanically treated 51Ti-49Ni and 51Ti-
48.3Ni-0.7Mo alloys was known to be from the B2
to R, and then from the R to the B19′. In the 0.7Mo
alloy annealed at 823 K and 1023 K, DSC peaks corre-
sponding to the B2-R and R-B19′ splits into two peaks,
respectively.

Transformation temperatures of TR(the R phase
transformation start temperature), Ms (the B19′ phase
transformation start temperature), As (the reverse trans-
formation start temperature) and Af (the reverse trans-
formation finish temperature) of thermo-mechanically
treated 51Ti-49Ni, 51Ti-48.5Ni-0.5Mo and 51Ti-
48.3Ni-0.7Mo are measured on DSC curves, and then
plotted against annealing temperatures in Fig. 9.
Changes in TR are seen to be very small with raising
annealing temperature, while those in Ms and As to be
large. Similar results have been reported in Ti-Ni al-
loys [5]. It is to be noted here that Af increases in the
51Ti-49Ni and 51Ti-48.5Ni-0.5Mo alloys with raising
annealing temperatures, whereas it keeps constant at
about 310 K which is the temperature of human body
in the 51Ti-48.3Ni-0.7Mo alloy. This is ascribed to the
fact that the B19′-R and the R-B2 reverse transforma-
tions are not separated clearly in the 51Ti-49Ni and

Figure 9 The relationship between transformation temperatures and
annealing temperatures.

51Ti-48.5Ni-0.5Mo alloys, while they are separated in
the 51Ti-48.3Ni-0.7Mo alloy.

As mentioned previously, for medical applications
of Ti-Ni based shape memory alloys, they should be
deformed to wire. Since strain hardening exponent of
Ti-Ni based shape memory alloys is very high, inter-
mediate annealing during wire drawing process is nec-
essary. Af of the binary Ti-Ni alloy change during de-
formation and intermediate annealing process as seen
in Fig. 9. In order to apply binary Ti-Ni shape mem-
ory alloys to medical field, very precise control of the
amount of deformation and intermediate annealing con-
dition should be done, since Af of the alloys is sensitive
to the amount of cold working, annealing temperature
and annealing time. As seen in the Fig. 9, however, Af
of the 51Ti-48.3Ni-0.7Mo alloy does not depend on the
conditions of intermediate annealing treatment. There-
fore, it is concluded that the a 51Ti-48.3Ni-0.7Mo alloy
is very suitable for medical applications.
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3.2. Wire drawing characteristics
of Ti-Ni-Mo alloys

In order to investigate general deformation characteris-
tics of Ti-Ni binary and Ti-Ni-Mo ternary alloys, ten-
sile tests were made at room temperature, and then
typical stress vs. strain curves obtained are shown in
Fig. 10. All specimens were cold drawn by 25%, and
then annealed at 823 K for 0.6 ks. At room tempera-
ture, the Ti-Ni binary alloy is transformed into the B19′
martensite completely before loading as seen in Fig. 5
and so the plateau region in the stress vs. strain curve
corresponds to a rearrangement of the B19′ martensite
variants. In the 0.5at%Mo alloy, only the R phase ex-
ists before loading as seen in Figs 6 and 8 and so the
plateau region in the curve corresponds to the stress

Figure 10 Stress-strain curves of the thermo-mechanically treated
(a) 51Ti-49Ni, (b) 51Ti-48.5Ni-0.5Mo and (c) 51Ti-48.3Ni-0.7Mo
alloys.

Figure 11 Drawing stress at Ms temperature.

induced R-B19′ transformation. In the 0.7at%Mo al-
loy, a deflection (designated by an arrow) appears, and
the plateau region appears at higher stress level. Since
the B2 parent phase and the R phase coexists before
loading, the deflection is ascribed to a rearrangement
of variants of the R phase and the stress-induced B2-R
transformation, and the plateau region is ascribed to the
stress induced R-B19′ transformation.

On increasing applied stress over the stress corre-
sponding to the plateau, the thermally and/or stress in-
duced B19′ martensite is deformed elastically, and then
the macroscopic plastic deformation starts to occur at
the stress of σ m. While wire drawing being done, large
amounts of plastic deformation by slip occurs. In the
above mentioned three alloys, during being drawn at
room temperature, slip deformation should occur by a
plastic deformation of the B19′ martensite. Examining
stress vs. strain curves in Fig. 10, it is found that σ m of
the Ti-Ni-Mo alloys is lower than σ m of the Ti-Ni bi-
nary alloy. From the result, it is expected that the stress
(σ d) required for wire drawing of the Ti-Ni-Mo al-
loys is lower than that of the Ti-Ni binary alloy. Fig. 11
shows σ d of the Ti-Ni and Ti-Ni-Mo alloys, which are
measured at Ms. It is clear that σ d of the Ti-Ni alloy
is larger than that of Ti-Ni-Mo alloys. Therefore, it is
concluded that drawability of a Ti-Ni alloy is improved
largely by Mo addition.

As mentioned previously, since strain hardening ex-
ponent of Ti-Ni based alloys is very large, intermediate
annealing process to release internal stress introduced
by cold drawing is necessary during wire drawing. The
residual internal stress after the intermediate annealing
process depends on the amount of cold working and
annealing temperature, and it affect subsequent cold
working. Fig. 12 shows a relationship between σ d and
the amount of cold working. As seen in the figure, σ d
increases with increasing cold working. This is because
the residual internal stress which hinders workability
increases with increasing cold working. Fig. 13 shows
annealing temperature dependence of σ d. σ d is seen
to decrease with raising annealing temperature. From
Figs 12 and 13, we can conclude tentatively that an high
temperature annealing above 823 K after small amount
of cold drawing is desirable for a good drawability.

When the intermediate annealing is made in air, an
oxidation on the surface of Ti-Ni alloys occurs. It was
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Figure 12 The relationship between σ d and the amount of cold work-
ing.

Figure 13 The relationship between drawing stress and annealing tem-
peratures.

Figure 14 (a) and (c) are SEM micrographs of specimens annealed at 823 K and 1023 K, respectively. (b) and (d) are SEM micrographs obtained
after cold drawing (a) and (c), respectively.

reported that an oxide film on Ti-Ni alloys is detrimental
to their shape memory effect and pseudoelasticity [6].
Oxidation behaviors depends on annealing temperature
and time [13]. Therefore it is necessary to investigate
oxidation behaviors of Ti-Ni-Mo alloys for determin-
ing an optimum wiredrawing condition. Morphology
of surfaces of the 51Ti-48.3Ni-0.7Mo alloy obtained
by scanning electron microscopy are shown in Fig. 14.
Fig. 14a is a micrograph of the surface of the alloy wire
annealed at 823 K for 0.6 ks. The surface of the alloy
wire is found to be covered by dense oxide film. After
being annealed, the alloy was drawn by 20% at room
temperature. Fig. 14b is a micrograph obtained after
the cold drawing. It should be noted here that most of
the oxide film formed during annealing process is re-
moved by cold drawing. The lines aligned along vertical
direction (drawing direction) in the figure are scratches
formed on the surface of the alloy wire during cold
drawing. Fig. 14c is a micrograph of the alloy annealed
at 1023 K for 0.6 ks. An porous oxide film is seemed
to cover all the surface of the alloy. As can be seen
in Fig. 14d, the porous oxide film is removed by cold
drawing. Fig. 15 shows SEM micrographs of the cross
section of the alloy wire annealed at 1023 K for 3.6 ks.
As can be seen in Fig. 15a, two kinds of oxide layer,
that is, the outer layer with thickness of about 7 µm
and the inner layer with thickness of about 1 µm are
found to be formed. From X-ray diffraction and energy
dispersive X-ray analyses, it was found that the outer
layer is mainly TiO2 and that the inner layer is a mixture
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Figure 15 SEM micrographs of the cross section of the 51Ti-48.3Ni-0.7Mo alloy wire. (a) before wire drawing, (b) after wire drawing.

Figure 16 The relationship between drawing stress and annealing tem-
peratures.

of TiO2, pure Ni and Ti3Ni4 [14]. After wire drawing,
the outer oxide film is removed as seen in Fig. 14b, and
the inner layer remains, although some microcracks are
seen as seen in Fig. 14d. That is, the dense oxide film
made by annealing at 823 K is removed, while that
made by annealing at 1023 K is not removed by cold
drawing.

In order to investigate the effect of oxide films on
σ d, specimens were annealed at 623 K–1023 K for
3.6 ks in air, and then drawn by 30% with measuring
σ d. Results obtained are shown in Fig. 16. As seen in
the figure, σ d decreases with raising annealing temper-
ature up to 923 K. This is attributed to the fact that the
residual internal stress which hinders workability de-
creases with raising annealing temperature. However,
σ d increases when the annealing temperature is above
923 K with raising annealing temperature. This may be
ascribed to a formation of the oxide films. As mentioned
previously, during wire drawing the specimen after be-
ing annealed at 1023 K, the thick outer oxide film is
removed, but the inner oxide film remains. The inner
layer may not be deformed during wire drawing, and
consequently increases σ d. In contrast to Fig. 16, σ d
decreased monotonously with raising annealing tem-
perature when annealing was made in vacuum as seen
in Fig. 13.

In order to determine the optimum wire drawing
condition of Ti-Ni-Mo shape memory alloys for medi-

cal application, transformation temperature, drawabil-
ity should be considered simultaneously. As mentioned
before, Af of a 51Ti-48.3Ni-0.7Mo alloy is near temper-
ature of human body and it dose not depend on the in-
termediate annealing condition. However, drawability
decreases with increasing intermediate annealing tem-
perature when intermediate annealing treatments are
made at the temperature above 923 K in air, since a
thick oxide film which is detrimental to drawability is
formed. Therefore, it is concluded that the optimum in-
termediate annealing temperature for wire drawing of
a 51Ti-48.3Ni-0.7Mo alloy is 823 K.

4. Conclusions
1) Substitution of Mo for Ni of a 51Ti-49Ni(at%) alloy
induced the B2-R transformation, and consequently it
transformed in two stages, i.e., from the B2 to the R,
and then from the R to the B19′. The stability of the R
phase increased with increasing Mo content.

2) In the thermo-mechanically treated 51Ti-48.3Ni-
0.7Mo(at%) alloy, reverse transformation temperature,
Af, kept constant, irrespective of thermo-mechanical
treatment conditions, while it changed largely in
the thermo-mechanically treated 51Ti-49Ni(at%) and
51Ti-48.5Ni-0.5Mo(at%) alloys.

3) Drawing stress of 51Ti-48.3Ni-0.7Mo(at%)
ternary alloys was smaller than that of a 51Ti-
49Ni(at%) binary alloy. This means that drawability
of a Ti-Ni binary alloy is improved by Mo addition.

4) Drawing stress of 51Ti-48.3Ni-0.7Mo(at%)
ternary alloys decreased monotonously with raising in-
termediate annealing temperature when intermediate
annealing treatments were made in vacuum. However,
it decreased below 923 K, and then increased above
923 K with raising intermediate annealing temperature
when intermediate annealing treatments were made in
air. This was ascribed to a formation of thick oxide film.
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