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Summary:

Ti-Ni and Ti-Ni-Cu shape memory alloy powders have been fabricated by ball
milling method, and then alloying behaviour and transformation behaviour
were investigated by means of optical microscopy, electron microscopy, X-ray
diffraction and differential scanning calorimetry. As milled Ti-Ni powders
fabricated with milling time less than 20hrs was a mixture of pure elemental Ti
and Ni, and therefore it was unable to obtain alloy powders because the
combustion reaction between Ti and Ni occurred during heat treatment.
Since those fabricated with milling time more than 20 hrs was a mixture of Ti-
rich and Ni-rich Ti-Ni solid solution, however, it was possible to obtain alloy
powders without the combustion reaction during heat treatment. Clear
exothermic and endothermic peaks appeared in the cooling and heating
curves, respectively in DSC curves of 20hrs and 30hrs milled Ti-Ni powders.
On the other hand, in DSC curves of 1hr, 10hrs, 50hrs and 100hrs, the
thermal peaks were almost discernible. The most optimum ball milling time
for fabricating Ti-Ni alloy powders was 30hrs. Ti-40Ni-10Cu(at%) alloy
powders were fabricated successfully by ball milling conditions with rotating
speed of 100rpm and milling time of 30hrs.
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1. Introduction:

Ti-Ni alloys have been known to undergo a thermo-elastic martensitic
transformation and show the shape memory effect. The thermo-elastic
martensitic transformation in Ti-Ni binary alloys were known to be the
B2(Cubic)-R(Rhombohedral) and the B2-B19'(Monoclinic)[1,2]. The
transformation hysteresis and elongation associated with the B2-B19'
transformation are large (more than 50 K and about 7%, respectively), while
those associated with the B2-R transformation are very small (2 K and
0.8%)[3]. From a practical point of view, therefore, it is desirable to develop
new shape memory alloys whose shape memory characteristics fills the gap
between the two transformations.

Ti-Ni-Cu alloys whose Cu-content is more than 10 at% have been known to
transform in two stages, i.e., from the B2(cubic) to the B19(orthorhombic),
and then from the B19 to the B19'(monoclinic)[4]. The transformation
elongation associated with the B2-B19 transformation was known to be about
2.5% and the transformation hysteresis to be about 10 K[5]. Therefore, the
B2-B19 transformation in Ti-Ni-Cu shape memory alloys is very attractive
because its shape memory characteristics can fill a gap between those of the
B2-R and B2-B19' transformations in Ti-Ni alloys. Moreover the shape
memory characteristics associated with the B2-B19 transformation depend on
Cu-content. That is, transformation elongation and hysteresis decreased
from 3.2% to 2.7% and 11 K to 4 K, respectively, with increasing Cu-content
from 10 to 20%[6]. The Ti-Ni-Cu alloys whose Cu-content is more than
10at%, however, were so brittle that the plastic working can not be made.

Many researchers have made applications of powder metallurgy for the
production of Ti-Ni alloys. Green et al. [7] made Ti-Ni alloys by sintering
elemental Ti and Ni powders and showed that it is very difficult to obtain
densification and homogenization simultaneously in sintered alloys. Kato et
al. [8] made Ti-Ni alloys by the hot pressing method using prealloyed powder
made by the plasma rotating electrode process and reported that the alloy
exhibited shape memory effect. However, the application of powder
metallurgy method for the production of the ternary Ti-Ni-Cu shape memory
alloys has not been reported yet.

The present authors have fabricated Ti-Ni-Cu alloy powders by ball milling
with rotating speed of 250 and 350 rpm on the purpose of application of
powder metallurgy method for the production of Ti-Ni-Cu shape memory
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alloys[9,10]. In the alloy powders, however, the martensitic transformation
ranges were very wide, and so they should be decreased for practical
application. In the present study, various ball milling conditions were
examined in order to find an optimum condition for fabricating Ti-Ni-Cu alloy
powders with relatively small transformation temperature range. We started
from Ti-Ni alloy system because transformation behavior of the system is
simpler than that of Ti-Ni-Cu system. After finding an optimum condition in Ti-
Ni alloy system, it was applied for a Ti-Ni-Cu alloy system.

2. Experimental Procedure

Ti-50Ni(at%) alloy powders were fabricated by milling elemental Ti and Ni in a
ball mill in argon gas atmosphere. Stainless steel balls were used as grinding
media and the ball-to-powder ratio was 25:1. The rotating speed was 100
rpm and the rotating time was changed from 10min to 100hrs. The as-milled
powders were heated at 1123 K for 60s-3.6ks in vacuum(10"5torr), and then

quenched into iced water. X-ray diffractions were carried out using CuKa
radiation at room temperature. Shape of powders were investigated by
scanning electron microscope(SEM) observations. In order to investigate
transformation behaviors and temperatures, diffrential scanning
calorimetry(DSC) was carried out with heating and cooling speed of 20 K/min.

The same ball milling condition that determined as an optimum condition in
Ti-Ni alloy powders was applied for fabricating Ti-Ni-Cu alloy powders. After
heat treating at 1123 K for 3.6 ks, the shape, transformation behavior, crystal
structures of the powders were investigated by means of SEM observation,
DSC and X-ray diffraction, respectively.

3. Results and discussions

Figure 1 shows SEM micrographs of elemental Ti and Ni powders. Average
size of Ti and Ni powders are known to be 25 and 2 micrometers, respectively.
Figure 2 shows changes in shape of powders occurred during ball milling.
Shape of elemental Ti and Ni powders with ball milling time less than 1hr
almost does not change, as can be seen in Fig. 2(a) and (b). After 10hrs ball
milling, however, Ti and Ni powders are seen to be deformed, and then to be
agglomerated after 20hrs milling. With increasing milling time further, shape
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of the agglomerated powders becomes to be sphere, as can be seen in Figs.
2(e) and (f).

Fig. 1. SEM micrographs of elemental Ti and Ni powders, (a) Ti powders
and (b) Ni powders.

In order to investigate microstructures of as milled powders, optical
microscopic observations were made, and then results obtained are shown in
Figure 3. In powders milled for 10hrs, elemental Ti(white particles) and
Ni(gray particles)powders are separated, as can be seen in Fig. 3(a). In
powders milled for 20hrs, however, it is found that elemental Ti and Ni
powders develop lamellar structures, as can be seen in Fig. 3(b). The inter-
lamellar spacing in powders is seen to decrease from 20 micrometers to
6micrometers with increasing milling time from 20hrs to 100hrs. Also shape
of the lamellar structures becomes to be spiral with increasing milling time.
From Figs. 1-3, it is thought that cold welding starts to occur at 20hrs ball
milling, and that repeated cold welding and fracture develops fine and spiral
shaped lamellar structures.

Figure 4 shows X-ray diffraction patterns obtained from as milled powders.
Ball milling time is designated in patterns. Diffraction peaks corresponding to
elemental Ti and Ni appear in patterns, irrespective of milling time. Shape
and diffraction angle of the diffraction peaks, however, is found to change
with increasing milling time. As for shape of the diffraction peaks, it does not
almost change with increasing milling time from 10 min to 1hr. In the pattern
of powders milled for more than 20 hrs, the diffraction peaks broaden, and
then width of the diffraction peaks increase with increasing milling time. From
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Fig. 2 and 3, it is thought that the broadening in the diffraction peaks is
ascribed to deformations and refinements in microstructures by ball milling.
As for the diffraction angle, it does not almost change with increasing milling
time from 10 min to 1hr. After 20 hrs milling, however, it starts to shift.

Fig. 2. SEM micrographs of as-milled Ti-Ni powders fabricated by ball milling
method with a rotating speed of 100rpm. (a) 10min, (b) 1hr, (c)10hrs, (d)
20hrs, (e) 50hrs and (f) 100hrs.
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Fig. 3. Optical microfraphs of as-milled Ti-Ni alloy powders fabricated by ball
milling with a rotating speed of 100rpm. (a) 10hrs, (b) 20hrs, (c) 30hrs, (d)
40hrs, (e) 50hrs and (f) 100hrs.
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Fig. 4. X-ray diffraction patterns of as-milled Ti-Ni alloy powders.
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Fig. 5. X-ray diffraction patterns of Ti-Ni alloy powders heat treated at 1123K
for from 60s to 3.6ks after ball milling at a rotating speed of 10Orpm. (a) 60s,
(b) 300s, (c) 600s and (d) 3.6ks.
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Fig. 6. DSC curves of the Ti-Ni alloy powders fabricated by ball milling with a
rotating speed of 10Orprm and heat treated at 1123K for 1 hour, (a) 1 hr, (b)
10hrs, (c) 20hrs, (d) 30hrs, (e) 50hrs and (f) "lOOhrs.

In order to fabricate Ti-Ni alloy powders, as milled powders obtained from ball
milling for 30 hrs were heat treated at 1123 K. Figure 5 shows X-ray
diffraction patterns obtained from powders heat treated at 1123 K for from
60s to 3.6ks. In the diffraction pattern obtained from powders heat treated for
60s and 300s, diffraction peaks corresponding to the B2 and the B19'
martensite of TiNi phase appear. Also those corresponding to elemental Ti
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and Ni appears in the pattern. This suggests that TiNi phase is formed by
diffusion of Ti and Ni and that the diffusional reaction is not completed within
300s. After 600s heat treatment, however, diffraction peaks corresponding to
elemental Ti and Ni do not appear, as can be seen in the pattern of Fig. 5(c).
With increasing heat treatment time from 600s to 3.6ks, intensity of the
diffraction peaks of the B2 and the B19' increases.

Figure 6 shows DSC curves of Ti-Ni alloy powders heat treated at 1123 K for
3.6ks after milled for 1hr, 10hrs, 20hrs, 30hrs, 50hrs and 100hrs. As can be
seen, clear exothermic and endothermic peaks appear in the cooling and
heating curves, respectively in DSC curves of 20hrs and 30hrs milled
powders. On the other hand, in DSC curves of 1hr, 10hrs, 50hrs and 100hrs,
the thermal peaks are almost discernible. From diffraction patterns of Fig. 5,
the exothermic peak is known to be due to the B2-B19' transformation and
the endothermic peak is to be due to the B19'-B2 reverse transformation. It
should be noted here that the thermal peak of 20hrs milled powders is much
broader than that of 30hrs milled powders.
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Fig. 7. Changes in lattice parameters of Ti and Ni with ball milling times.
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It was known that high temperature sintering using elemental Ti and Ni
powders involve the combustion sintering process where the constituent
powders react violently to form TiNi phase[7,11]. The combustion sintering
process developed a porous structure not suitable for the shape memory
effect. In the present study, it was unable to fabricate Ti-Ni alloy powders
with as milled powders fabricated with ball milling time less than 10hrs,
because they were melted by the combustion sintering occurred during heat
treatment at 1123 K to form a porous bulk alloy. However, for as milled
powders with milling time more than 20hrs, the melting did not occur during
heat treatment, and therefore it was possible to fabricate Ti-Ni alloy powders.
This means that the combustion sintering does not occur while heat treating
at 1123 K as milled powders with milling time more than 20hrs.

As mentioned previously, the diffraction angle of elemental Ti and Ni starts to
shift after 20hrs milling. This means that lattice parameters of Ti and Ni
changes during ball milling. From Fig. 4, lattice parameters of Ti and Ni were
measured, and then plotted against the milling time in Figure 7. Lattice
parameters were measured only for the powders with milling time less than
40hrs because diffraction peaks of the powders with milling time more than
50 hrs were too broad to be suitable for measuring lattice parameters. As
can be seen in Fig. 7, lattice parameters of Ti almost did not change until 10
hrs milling, and then decrease abruptly with increasing milling time. Atomic
radius of Ni is smaller than Ti. Therefore, it is thought that the decrease in
lattice parameters of Ti is ascribed to a formation of Ti-rich Ti-Ni solid solution.
From Ti-Ni equilibrium phase diagram, it is found that Ni is not solved in Ti.
Therefore, the Ti-rich Ti-Ni solid solution is a metastable phase.

From Fig. 7, it is also found that the lattice parameter of Ni almost did not
change until 10hrs milling, and that it increases with increasing milling time,
although the amount of increase is very small. This increase in the lattice
parameter of Ni is attributed to a formation of Ni-rich Ti-Ni solid solution which
is a stable phase. From Fig. 7, it is concluded that as milled powders
fabricated with milling time less than 20hrs is a mixture of pure elemental Ti
and Ni, while those fabricated with milling time more than 20 hrs is a mixture
of Ti-rich and Ni-rich Ti-Ni solid solution. The melting occurred while heat
treating as milled powders with milling time less than 20hrs is attributed to the
combustion reaction of pure elemental Ti and Ni. The very wide thermal
peaks in Fig. 6(a) and (b) may be due to the combustion reaction which
develops porous and inhomogeneous structure. However, the melting dose
not occur while heat treating as milled powders with milling time more than
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20hrs, because reacting constituents are not pure elemental Ti and Ni, but Ti-
rich and Ni-rich Ti-Ni solid solution.

30[im

Fig. 8. SEM micrograph of as-milled Ti-40Ni-10Cu(at.%) alloy powders
fabricated by ball milling with a rotating speed of 100rpm.
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Fig. 9. DSC curves of Ti-40Ni-10Cu(at.%) alloy powders fabricated by ball
milling with a rotating speed of 100rpm and heat treated at 1123K for 1hr.
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As can be seen in Fig. 6(e) and (f), DSC peaks of powders milled for 50hrs
and 100hrs are too wide to be discernible, although the combustion reaction
did not occur in the powders during heat treatment. This may be ascribed to
large residual strain introduced during ball milling. Similar result has been
reported in mechanically alloyed Ti-Ni and Ti-Ni-Cu alloy powders[9,10].

c : B2
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o : B19
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Fig. 10. X-ray diffraction patterns of Ti-40Ni-10Cu(t.%) alloy powders
fabricated by ball milling with a rotating speed of 100rpm and heat treated at
1123Kfor1hr.

From above mentioned results, it is found that there is an optimum milling
time, i.e., 30hrs for fabricating Ti-Ni alloy powders by ball milling method with
relatively small transformation temperature range. The same milling
condition , i.e., 100rpm and 30hrs milling was applied for fabricating Ti-Ni-Cu
alloy powders. Figure 8 shows a SEM micrograph of as milled Ti-40Ni-
10Cu(at%) alloy powders. Average size of the powders is known to be 25
micrometers. Figure 9 shows DSC curves of Ti-Ni-Cu alloy powders heat
treated at 1123 K for 3.6 ks. Two thermal peaks are shown in both cooling
and heating curves. In order to explain the thermal peaks, X-ray diffraction
was made at 298 K, and then the result obtained is shown in Figure 10. As
can be seen, diffraction peaks corresponding to the B2, B19 and B19' phase
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appear. Therefore, in the cooling curve, the thermal peak appeared at higher
temperature is due to the B2-B19 transformation and that appeared at lower
temperature is due to the B19-B19' transformation. In the heating curve, the
thermal peak appeared at lower temperature is due to the B19'-B19 reverse
transformation and that appeared at higher temperature is due to the B19-B2
reverse transformation. This two stages transformation behaviour was
reported in a Ti-40Ni-10Cu alloy fabricated by casting[4].

4. Conclusions

1) As milled Ti-Ni powders fabricated with milling time less than 20hrs was a
mixture of pure elemental Ti and Ni, while those fabricated with milling time
more than 20 hrs was a mixture of Ti-rich and Ni-rich Ti-Ni solid solution.
2) Clear exothermic and endothermic peaks appeared in the cooling and
heating curves, respectively in DSC curves of 20hrs and 30hrs milled Ti-Ni
powders. On the other hand, in DSC curves of 1hr, 10hrs, 50hrs and 100hrs,
the thermal peaks were almost discernible.
3) The most optimum ball milling time for fabricating Ti-Ni alloy powders was
30hrs.
4) Ti-40Ni-10Cu(at%) alloy powders were fabricated successfully by ball
milling conditions with rotating speed of 100rpm and milling time of 30hrs.
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