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Effect of the surface oxide layer on transformation
behavior and shape memory characteristics
of Ti-Ni and Ti-Ni-Mo alloys
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Oxidation behaviors of Ti-49Ni and Ti-48.3Ni-0.7Mo (at.%) alloys in dry air from 723 K to
1273 K have been investigated by means of scanning electron microscopy, energy
dispersive X-ray spectroscopy and X-ray diffraction, and then effects of oxidation on
transformation behavior and shape memory characteristics of the alloys were studied by
means of differential scanning calorimetry and thermal cycling tests under constant load.
Three-layered surface scale was formed in both alloys oxidized at temperatures higher than
1023 K, consisting of an outer TiO, layer, an intermediate layer of mixture of TiO, and Ni
and an inner TiNi3 layer. Thickness of the surface oxide layer increased from 1 um to 50 um
with raising oxidation temperature from 923 K to 1273 K. The surface oxide layer raised
transformation temperatures associated with the B2-B19’ and the R-B19’ transformation,
while it did not almost change transformation temperatures associated with the B2-R
transformation. Recoverable elongation was not changed in the alloys oxidized at
temperatures below 823 K with raising oxidation temperature, whereas it decreased in the
alloys oxidized at temperatures above 923 K. Transformation hysteresis was not almost
changed by oxidation in a Ti-49Ni alloy, but it decreased largely in a Ti-48.3Ni-0.7Mo alloy.
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1. Introduction

Ti-Ni based alloys are well known for their unique
shape memory and pseudoelastic behaviors. In many
applications of Ti-Ni based alloys, they are deformed
to be wire and sheet forms. In order to obtain Ti-Ni alloy
wire and sheet, their ingots are fabricated by casting,
and then hot worked followed by cold working. Gener-
ally speaking, hot working is made at above 1023 K in
air. In the process of cold working, they should be an-
nealed at intermediate temperatures (673 K—873 K) be-
cause of their high strain hardening exponent, although
they can be deformed in a ductile manner to about 50%
strain prior to fracture [1].

Ti-Ni alloys have been known to react vigorously
with oxygen to form oxide in air at elevated tempera-
ture. According to Chu et al. [2], the surface oxide of
Ti-Ni alloys consisted of three layers which were an
outer rutile layer, an inner TiNij layer and intermediate
layer consisting of a mixture of rutile and Ni(Ti). Acti-
vation energy for oxidation of Ti-Ni alloys was known
to be 226-247 kJ/mol which is near that of pure Ti and
was superior to that of low aluminium content Ti al-
loys [2, 3]. The thickness and structure of the oxide
layer were also known to play an important role in the
process of cold wire drawing [4, 5] and affect the pseu-
doelasticity of Ti-Ni alloys [6]. However, to the best
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of our knowledge, effect of the surface oxide layer on
transformation behavior and shape memory character-
istics of Ti-Ni alloys was not known well. The purpose
of the present study are to investigate the oxidation be-
havior of Ti-Ni based alloys, and then to study effect of
the surface oxide layer on transformation behavior and
shape memory characteristics. Also oxidation effect on
the shape memory characteristic of a Ti-48.3Ni-0.7Mo
(at.%) alloy was investigated because it was known to
be very suitable for medical application due to their
good corrosion resistance [7].

2. Experimental procedure

Ti-49Ni and Ti-48.3Ni-0.7Mo (at.%) alloys were pre-
pared by vacuum induction melting. From the previous
study [8], a Ti-49Ni alloy was reported to transform in
one-stage, i.e., the B2(cubic)-B19’ (monoclinic), while
a Ti-48.3Ni-0.7Mo alloy was done to transform in two-
stage, i.e., the B2-R(thombohedral)-B19’. The alloy in-
gots were hot rolled at 1123 K to round bars with a
diameter of 5 mm, and then cold drawn to wire with
a diameter of 1.7 mm. All wire specimens were an-
nealed at 1123 K for 3.6 ks in vacuum (1.33 x 1073
Pa), and then quenched into iced water. After heat
treatment, they were electropolished with an electrolyte
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which consists of 95% CH3;COOH and 5% HCIlOy in
volume.

Oxidation treatments were made in dry air at temper-
atures between 723 K and 1273 K for 0.6 ks. In order to
investigate morphology and composition of oxide lay-
ers, scanning electron microscope(SEM) observations
and energy dispersive X-ray spectroscopy (EDS) were
made. X-ray diffraction experiments were made with
Cu Ko radiation in order to investigate crystal struc-
tures of the oxide layer. Phase transformation behaviors
of oxidized specimens were investigated by means of
differential scanning calorimetry (DSC) with cooling
and heating rate of 0.17 K/s. Shape memory charac-
teristics of oxidized specimens were measured using
thermal cycling tests under the constant load [9] with
cooling and heating rate of 0.02 K/s.

3. Results and discussion

3.1. Oxidation behavior

Surface morphologies of oxidized Ti-49Ni and Ti-
48.3Ni-0.7Mo alloys were investigated by SEM ob-
servations. Fig. 1 shows the results obtained from a
Ti-48.3Ni-0.7Mo alloy. From X-ray diffraction which
will be mentioned later, outer surface of oxidized speci-
mens is known to be TiO; layer. With raising oxidation
temperature from 923 K to 1273 K, it is found that
TiO; layer is grown into pillar-like shape. Similar re-
sults were obtained from a Ti-49Ni alloy.

Fig. 2 shows cross-sectional SEM micrographs of an
oxidized Ti-48.3Ni-0.7Mo alloy. Only one layer desig-
nated by A is seen in the specimen oxidized at 923 K
as shown in Fig. 2a. The region designated by D is a
Ti-Ni matrix. In specimens oxidized at the temperature
higher than 1023 K, three layers designated by A, B and

C are seen as shown in Fig. 2b, c and d, respectively.
It is to be noted here that the B layer shows a lamel-
lar structure consisting of B1 and B2 layers as shown
in Fig. 2d. The compositions of A, B(B1, B2), C and
D layers in Fig. 2d were measured by EDS, and then
results obtained are shown in Table I. From Table I, it
is found that Ti is a predominant element in A and B1
layers, while Ni is a predominant element in B2 layer.
It is found also that the atomic ratio of Ti to Ni in C
layer is roughly 1 to 3 and that the composition of D
layer is near to that of the matrix.

In order to investigate crystal structures of A, B(B1,
B2) and C layers in Fig. 2d, X-ray diffraction experi-
ments were made with successively grinding the oxi-
dized surface, and then results obtained are shown in
Fig. 3. Fig. 3a is a diffraction pattern obtained before
grinding. Diffraction peaks corresponding to TiO, are
seen in the pattern. Fig. 3b is a diffraction pattern ob-
tained after removing A layer completely. This means
that the diffraction pattern of Fig. 3b is obtained from B
layer. Diffraction peaks corresponding to TiO, and Ni
are found. Fig. 3c is a diffraction pattern obtained after
removing A and B layers. Diffraction peaks of TiNi(B2
parent phase) and TiNij3 are found. From Figs 2, 3 and
Table I, it is known that both A and B1 layer are TiO,
and that B2 and C layer are Ni and TiNij, respec-
tively. Similar results were reported by Chu et al. in
an equiatomic TiNi alloy [2].

From Table I, B1 and B2 layers seem to contain a con-
siderable amount of Ni and Ti, respectively, although
they were known to be TiO, and Ni from Fig. 3. This
may be attributed to the fact that the interlamellar spac-
ing between B1 and B2 layer is less than 1 um, and
consequently an interference between B1 and B2 layer
occurs during EDS. From Fig. 3c, diffraction peaks of

Figure 1 SEM micrographs of the surface of a 51Ti-48.3Ni-0.7Mo alloy oxidized at (a) 923 K, (b) 1023 K, (c) 1123 K and (d) 1273 K.
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Figure 2 SEM micrographs of cross sections of a 51Ti-48.3Ni-0.7Mo alloy oxidized at (a) 923 K, (b) 1023 K, (c) 1123 K and (d) 1273 K.
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Figure 3 X-ray diffraction patterns of a 51Ti-48.3Ni-0.7Mo alloy oxi-
dized at 1273 K, (b) was obtained after removing A layer in Fig. 2d and
¢ was obtained after removing A and B layer in Fig. 2d.

TiNi matrix were found, although layer C was known
to be TiNi3. This may be ascribed to the fact that the
thickness of C layer is so thin (about 2 ;«m) that X-ray
possibly pass through C layer, and that diffraction from
D matrix region occurs.

From Fig. 2, the thickness of oxide layer (A + B + C)
was measured, and then plotted against oxidation tem-

TABLE I Chemical compositions of oxide layers in Fig. 2d

Region A Bl B2 C D
Ti 97.8 88.8 12.8 26.5 48.2
Ni 2.2 11.2 87.2 73.5 51.8

§ sof "
5
E 40+
<
£ 30
S b
o
S 20t
3
£ 10f /-
=
oo} = » -
700 800 900 1000 1100 1200 1300
Oxidation temperature(K)

Figure 4 The relationship between oxidation temperatures and thick-
ness of oxide layer.

peratures in Fig. 4. Thickness of the oxide layer is very
thin less than 1 um at oxidation temperatures below
923 K, while it increases abruptly with raising oxida-
tion temperature above 1023 K.

Fig. 5 shows X-ray diffraction patterns of a Ti-
48.3Ni-0.7Mo alloy before and after oxidation at 823 K,
923 K, 1023 K, 1123 K, respectively. Before oxidation,
as shown in Fig. 5a, diffraction peaks corresponding
to the R phase are found. After oxidation at 823 K,
however, diffraction peaks of the R phase disappear
and those of the B2 and TiO, are found, as shown
in Fig. 5b. This is attributed to the fact that the B2-R
transformation start temperature, 7Tg decreases due to
the decrease in Ti content of the matrix around TiO,.
Martensitic transformation temperatures of Ti-Ni based
alloys were known to decrease with decreasing Ti con-
tent [10, 11]. With raising oxidation temperature from
823 K to 1123 K, intensity of diffraction peaks of TiO,
increases largely. Diffraction peaks corresponding to
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Figure 5 X-ray diffraction patterns of a 51Ti-48.3Ni-0.7Mo alloy oxi-
dized at various temperatures, (a) before oxidation, (b) 823 K, (c) 923 K,
(d) 1023 K and (e) 1123 K.

TiNi3 phase are found at the specimens oxidized at
above 923 K, and those corresponding to Ni are found
at the specimens oxidized at above 1023 K.

Comparing Fig. 5c and d, it is found that intensity of
diffraction peaks corresponding to TiO;, and TiNi3 in-
creases simultaneously with raising oxidation tempera-
ture from 923 K to 1023 K. This result strongly suggests
that formation of TiNis phase is related with the for-
mation of TiO,. With increasing the amount of TiO,,
Ti content of the matrix is expected to decrease, and
consequently the TiNi; phase is formed. Comparing
Fig. 5d and e, it is found that intensity of diffraction
peaks of Ni increases with raising oxidation tempera-
ture from 1023 K to 1123 K, while that of TiNi3 phase
decreases. This means that Ni is formed by decompo-
sition of TiNis phase. Similar oxidation behavior was
observed in a Ti-49Ni alloy.

3.2. Phase transformation behavior

In order to investigate the effect of oxidation on
phase transformation behavior, DSC measurements
were made on oxidized specimens, and then results
obtained are shown in Figs 6 and 7. Fig. 6 shows
DSC curves of a Ti-49Ni alloy oxidized at various
temperatures. From Fig. 6, DSC peaks correspond-
ing to the B2-B19’ transformation on cooling curves
and those corresponding to the B19’-B2 transformation
on heating curves are found, irrespective of oxidation
temperatures. The B2-B19’ transformation start tem-
perature (M) and the B19'-B2 reverse transformation
finish temperature (Ar) were determined by a tangential
extrapolation method [12]. Fig. 7 shows DSC curves of
a Ti-48.3Ni-0.7Mo alloy oxidized at various temper-
atures. Two DSC peaks designated by R and M are
found on cooling curves at all oxidation temperatures.
The peak designated by R is due to the B2-R transfor-
mation and that designated by M is due to the R-B19’
transformation. It is to be noted here that a tempera-
ture gap between the two DSC peaks decreases with
raising oxidation temperature. On heating curves, two
DSC peaks designated by M* and R* appear in speci-
mens oxidized below 923 K. The DSC peak designated
by M* is ascribed to the B19’-R transformation and that
designated by R* is done to the R-B2 transformation.
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Figure 6 DSC curves of a 51Ti-49Ni alloy oxidized at various
temperatures.
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Figure 7 DSC curves of a 51Ti-48.3Ni-0.7Mo alloy oxidized at various
temperatures.

However, only one DSC peak appears in specimens oxi-
dized above 1023 K. This means that the B19’-R and the
R-B2 transformation are not separated clearly in speci-
mens oxidized above 1023 K. The B2-R transformation
start temperature (7R), the R-B19’ transformation start
temperature (M) and the R-B2 or the B19’-B2 trans-
formation finish temperature (A¢) are determined by the
extrapolation method as shown in Fig. 7.

From Figs 6 and 7 measured transformation temper-
atures were, plotted against oxidation temperatures as
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Figure 8 The relationship between oxidation temperatures and transfor-
mation temperatures.

shown in Fig. 8. With raising oxidation temperature,
My and As are found to increase in a Ti-49Ni alloy as
shown in Fig. 8a. In a Ti-48.3Ni-0.7Mo alloy, however,
Tr, and A¢ are found to be almost kept constant with
raising oxidation temperature, as shown in Fig. 8b, al-
though M/, increases. The small increase in Ay above
1023 K may be ascribed to the fact that the B19’-R and
the R-B2 transformations are not separated clearly at
oxidation temperatures above 1023 K. This means that
an oxidation affect largely transformation temperatures
associated with the B2-B19’ and the R-B19’ transfor-
mations, while it almost dose not affect those associated
with the B2-R transformation.

It is well known fact that volume of Ti-Ni alloys con-
tract during the B2-B19” and B2-R transformation [13].
Therefore, transformation temperatures of Ti-Ni alloys
were reported to increase by applying hydrostatic pres-
sure [14, 15]. When Ti-Ni alloys are oxidized, the ox-
ide layer formed at the surface is thought to impose a
compressive stress to specimens because molar volume
of a Ti-Ni alloy increases by oxidation [16]. Therefore,
the increase in transformation temperatures with raising
oxidation temperature in Fig. 8 is attributed to a com-
pressive stress induced by the oxide layer. As mentioned
before, however, transformation temperatures associ-
ated with the B2-R transformation are almost kept con-
stant. This is ascribed to the fact that the volume change
associated with the B2-R transformation (—0.013%)
is very small comparing with that associated with the
B2-B19’ transformation (—0.526%) [13].

Fig. 9 shows DSC curves of a Ti-48.3Ni-0.7Mo al-
loys obtained after removing completely the surface
oxide layer formed by oxidation at 1123 K, respec-
tively. As shown in the figure, Tr, M| and Ay in a Ti-
48.3Ni-0.7Mo alloy are found to be 301 K, 240 K and
308 K, respectively. Comparing Fig. 9 with Fig. 7, it is
found that M/ in a Ti-48.3Ni-0.7Mo alloy decrease by
removing the surface oxide layer, while 7T and A¢in a
Ti-48.3Ni-0.7Mo alloy are not almost changed.

3.3. Shape memory characteristics

Figs 10 and 11 are elongation vs. temperature curves
of oxidized Ti-49Ni and Ti-48.3Ni-0.7Mo alloys, re-
spectively. All curves were obtained under the applied
stress of 60 Mpa. In Fig. 10, the abrupt elongation which

Ti-48.3Ni-0.7Mo

@ | cooling /MS' J\ T,

= VAN /

£

2

=}

&= S

«

£ heating AS/ \Af

j 1mW/g
200 250 300 350

Temperature(K)

Figure 9 DSC curves of a 51Ti-48.3Ni-0.7Mo alloy obtained after re-
moving the surface oxide layer completely.
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Figure 10 Temperature-elongation curves of a 51Ti-49Ni alloy oxidized
at various temperatures.
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Figure 11 Temperature-elongation curves of a 51Ti-48.3Ni-0.7Mo al-
loy oxidized at various.

starts to occur at M is due to the B2-B19’ transfor-
mation and recovery of the elongation which stars to
occur at Ag is due to the B19’-B2 transformation. Be-
fore oxidation, transformation hysteresis (A7) is found
to be 38 K. After oxidation, it is almost kept constant
(35 K) with raising oxidation temperature from 723 K
to 1273 K. This is originated from the fact that M
and Ar increased with raising oxidation temperature
as shown is Fig. 8a. Before oxidation, the recoverable
elongation (egr) is found to be 2.2%. After oxidation,
it is almost kept constant in the specimens oxidized
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below 823 K. However, it decreases from 2.1% to
0.3% with raising oxidation temperature from 823 K to
1273 K.

In Fig. 11, arelatively small elongation which starts
to occur at TR is due to the B2-R transformation and a
relatively large elongation which starts to occur at My is
due to the R-B19’ transformation. Recovery of the elon-
gation which stars to occur at A is due to the B19'-B2
transformation. Before oxidation, transformation hys-
teresis (AT) is found to be 55 K. After oxidation, it is
almost kept constant in the specimens oxidized below
823 K. However, it decreases from 52 K to 16 K with
raising oxidation temperature from 823 K to 1273 K.
This is ascribed to the fact that M increased with rais-
ing oxidation temperature, while A¢ was almost kept
constant as shown in Fig. 8b. Before oxidation, the re-
coverable elongation (egr) is found to be 3.8%. After
oxidation, it is almost kept constant in the specimens
oxidized below 823 K. However, it decreases from 3.8%
to 0.4% with raising oxidation temperature from 823 K
to 1273 K.

From Figs 10 and 11, it was found that eg started to
decrease largely when oxidation temperature is higher
than 923 K. From Fig. 4, it was found that thickness of
oxide layers started to increase largely at 923 K. There-
fore, it is thought that the large decrease in egr which
start to occur at 923 K is related to the large increase in
thickness of oxide layers. In order to prevent from de-
creasing er by oxidation, heat treatment temperatures
should be below 923 K.

4. Conclusions

1. The surface oxide layer of Ti-49Ni and Ti-48.3Ni-
0.7Mo alloys oxidized at temperatures higher than
1023 K consisted of an outer TiO; layer, an intermedi-
ate layer of mixture of TiO, and Ni and an inner TiNij
layer.

2. Thickness of the surface oxide layer increased
from 1 pum to 50 pum with raising oxidation temper-
ature from 923 K to 1273 K.

3. Transformation temperatures associated with the
B2-B19’ and the R-B19’ transformation rose by oxida-
tion, while those associated with the B2-R transforma-
tion did not change.
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4. Recoverable elongation was not almost changed
in the alloys oxidized at temperatures below 823 K with
raising oxidation temperature, whereas it decreased in
those oxidized at temperatures above 923 K.

5. Transformation hysteresis was not almost
changed by oxidation in a Ti-49Ni alloy, but it
decreased largely in a Ti-48.3Ni-0.7Mo alloy.
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