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a b s t r a c t

Phase transformation behavior of Ti50Ni30Cu20 shape memory alloys prepared by powder metallurgy
is analyzed with respect to the duration of mechanical alloying. The processed blends were studied by
differential scanning calorimetry and room temperature X-ray diffraction. The martensitic transforma-
tions evidenced by thermal scans are discussed in correlation with the relative phase content obtained
from the refinement of the X-ray diffraction patterns.

© 2011 Elsevier B.V. All rights reserved.
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. Introduction

It is known that the near equi-atomic Ni–Ti shape memory
lloy (SMA) undergoes a thermo-elastic reversible structural trans-
ormation between the high temperature austenite phase with
ubic structure (B2) and the low temperature martensite phase
ith monoclinic structure (B19′). Function on the metallurgical and
echanical conditions as well as the chemical composition, the

ransformation may take place either in one-stage (B2–B19′) or in
wo-stages, in the last case, via an intermediate phase with rhom-
ohedral symmetry (R). The large lattice distortion, responsible for
he important shape memory effect (SME) in Ni–Ti alloys is accom-
anied by a broad thermal hysteresis which prolongs the functional
esponse. This inconvenience seems to be surpassed in ternary
lloys by the partial substitution of one of the alloy’s elements.

eplacing a part of nickel atoms by copper, the transformation
ehavior is changed, bringing a lot of advantages in practical use.

t was reported that copper substitution narrows the transforma-
ion hysteresis, improves the transformational cyclic behavior and
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reduces the sensitivity of characteristic transformation tempera-
tures to the alloy composition [1,2]. In addition Ti–Ni–Cu alloys,
with Cu concentration between 7.5 and 15%at show a two-stage
transformation, B2–B19 (orthorhombic structure)–B19′, while for
Cu content higher than 15% the second transformation (B19–B19′)
may be either suppressed or pushed down to lower tempera-
tures [1,3]. Although the SME of B2–B19 transformation is smaller
than that of B2–B19′ transformation, the faster response due to
the narrow transformation hysteresis, makes Ti50Ni50–xCux (with
15 > x > 25) a very attractive actuator material.

Conventionally, these alloys are prepared by melting tech-
niques, in arc or induction furnace, followed by specific
thermo-mechanical treatments for homogenization and aging and
additional mechanical machining to get the needed shape. All these
processes are done under vacuum or inert atmosphere because
oxidation damages drastically the properties. Recently there has
been significant interest in adopting new non-conventional tech-
niques such as powder metallurgy (PM) based on a high-energy
ball-milling process [4] or rapid solidification [5] for manufactur-
ing the NiTi based alloys, especially those with Cu content higher

than 15% which are brittle and the plastic working is not easy to be
done. It is worth to mention that the shape recovery performances
evaluated by tensile strain versus temperature on NiTi or NiTiCu
alloys prepared by PM are only little diminished compared with
whose prepared be classical melting route [6]. However by these
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bic (B19) and monoclinic (B19′) and to a cubic phase attributed
to Ti2(NiCu). Starting from the above mentioned X-ray diffraction
profiles, the relative phase content in the analyzed samples was
estimated by Rietveld refinement (Fig. 3), obtained with the MAUD
ig. 1. DSC curves of Ti50Ni30Cu20 alloys mechanical milled 10 (S10), 15 (S15) and
0 (S20) hours.

on-conventional methods the classical thermo-mechanical treat-
ents can be avoided and ribbons or pieces of complex shape may

e directly obtained, besides low-cost and a good composition con-
rol. On the other hand, powder processing includes easy oxidation
nd high porosity of the final products. In this regard, in the last
ears there are studies concerning the influence of sintering tem-
erature and time [7], and of the rotating speed during ball milling
4,8], on the alloys homogeneity and porosity. In addition to the

entioned results, this study reports on the influence of mechani-
al milling time on phase transformation behavior of Ti50Ni30Cu20
repared by PM.

. Experimental procedures

Metallic powders with over 99.95% purity were weighed stoichiometrically to
btain the Ti50Ni30Cu20 (at %) system. The elemental powders were mechanical
illed for 10 (sample S10), 15 (sample S15) and 20 (sample S20) hours respectively,

n petroleum ether media. The ball/powder ratio was of 5:1 and the revolution speed
as of 350 rpm. The as-milled powders were compacted by uni-axial cold pressing
ith 400 MPa and then sintered at 950 ◦C in argon atmosphere for 1 h. Finally, on all

he samples was applied an aging treatment at 450C for 4 h.
The samples were investigated by X-ray diffraction using a D-8 Advance Bruker

iffractometer with Cu Ka radiation. The phase transformation temperatures were
eterminate by differential scanning calorimetry (DSC) via a Netsch Differential
canning Calorimeter – model 204 F1 Phoenix under a scanning rate of 10 K/min.
wo samples have been also examined by transmission electron microscopy (TEM)
sing a JEOL 200CX microscope operating at 200 kV. The TEM specimens have been
repared by mechanical polishing followed by ion milling on a Gatan Duo Mill

nstallation.

. Results and discussions

.1. Martensitic transformation

The thermal scans presented in Fig. 1 prove of the martensitic
ransformation in the prepared specimens (S10, S15 and S20). The
ransformation temperatures determined by the tangential line

ethod as well as the heat of transformation calculated using the
etsch software, are presented in Table 1. In the case of samples
echanical milled for 10 and 15 h, S10 and S15, two peaks are

bserved. They may be attributed to two independent transforma-
ions or to a two-step transformation. By increasing the milling time

he first transformation peak (by cooling) is diminishing so that
or alloy S20 only one transformation, proved by one sharp peak,
s evidenced. The thermal hysteresis, i.e. the difference between
ustenite finish (Af) and martensite start (Ms) temperatures is no
igher than 12 K; such a narrow thermal hysteresis is character-
2θ

Fig. 2. Room temperature X-ray diffraction patterns of Ti50Ni30Cu20 alloys pre-
pared after different milling time.

istic for copper substituted NiTi alloys and is generally associated
with martensitic transformation toward orthorhombic type struc-
ture. The range of martensitic transformation (Af–Mf) is rather wide
(>30 K) like in the cubic to monoclinic transformation.

These data are strange and in disaccord with the expected
results. For an alloy with the same composition (Ti50Ni30Cu20) but
prepared by casting method, it is reported [1] only one transforma-
tion in the ambient temperature range, from the cubic austenite
to orthorhombic martensite; the second transformation, from
orthorhombic martensite to monoclinic one (B19–B19′), is pushed
down to lower temperatures (<150 K) and due to its small enthalpy
variation, may not be observed experimentally. In this framework,
the two peaks observed in the thermal scans on samples S10 and
S15 are so far in disagreement with results reported in [1].

3.2. Structural analysis

In order to assign the peaks evidenced by DSC to a given type of
structural transformation, additional information is required and
XRD tests were conducted at room temperature (RT-XRD).

X-ray diffraction profiles, shown in Fig. 2, reveal a multi-phase
structure for all the three samples. Besides the peaks belonging
to the austenite B2 structure, there are evidenced the reflections
corresponding to the both type of martensite, namely orthorhom-
Fig. 3. Rietveld refinements for sample S15.
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Table 1
Martensitic characteristic temperatures – Martensite start (Ms) and finish (Mf), austenite start (As) and finish, (Af) –, heat of transformation (�QA–M and �QM–A), range of
martensitic transformation (Af–Mf) and thermal hysteresis (Af–Ms).

NiTiCu specimen Ms [K] Mf [K] �QA–M [J/g] As [K] Af [K] Af–Ms [K] Af–Mf [K] �QM-A [J/g]

S10 345 307 11.6 321
S15 346 307 12.3 321
S20 328 311 6.571 325

Table 2
Reliability parameters of the fit (GOF, Rp, Rwp) the phase’s percentage for the sample
obtained by mechanical milling taken from Rietveld refinements.

Sample Parameters of fit Percentage of phases

Monoclinic
B19′

SG 11

Orthorhombic
B19
SG 51

Ti2(NiCu)
SG 227

Ti(NiCu)
SG 221

S10 GOF = 2.36 27 ± 3 59 ± 4 11 ± 2 3 ± 0.5
Rp = 1.88%
Rwp = 2.47%

S15 GOF = 1.95 41 ± 3 43 ± 3 15 ± 2 1 ± 0.5
Rp = 1.64%
Rwp = 2.13%
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Van Humbeeck [7] evidenced, by temperature dependent X-ray
diffractions, the transformation B2–B19 in TiNi30Cu20 alloy pre-
pared by powder metallurgy after an adequate thermal treatment.
It is to note that, the milling conditions are not clearly reported.
However “rotating mixer” may suppose a low energy milling but
S20 GOF = 1.98 60 ± 4 16 ± 2 21 ± 3 3 ± 1
Rp = 1.54%
Rwp = 2.05%

oftware [9]. Table 2 presents the reliability parameters of the
t and the phase’s percentage for the samples obtained at differ-
nt milling times. After 10 h mechanical milling, the orthorhombic
hase is the majority one and by increasing the milling time,
he content of monoclinic and non-transforming Ti2(NiCu) phases
ncreases. This last phase was generally reported in Ti rich NiTi
ased alloys prepared by classical routes but also in thin films or
elt spun ribbons, being always induced after a thermal treatment

10,11]. For under discussion samples, the Ti2Ni phase is most prob-
bly formed by a eutectic reaction at 942C during the sintering
rocess (at 950C). Hence, the sintering process, performed identi-
ally on all samples, should not lead to the formation of a different
mount of non-transforming phase, unless a different initial acti-
ation would be induced by the milling process. A longer time of
illing causes evidently a higher amount of structural and compo-

itional defects which seems to be related to the increasing content
f the non-transforming phase. It is worth to mention at this point
hat according to Bertheville [12] the solid solubility of oxygen in
iTi is very small and when oxygen overpasses this level it sta-
ilizes mainly the Ti4Ni2Ox oxides. The oxide has the same f.c.c.
tructure like Ti2Ni and the two compounds are not discernable
y X-ray diffraction. So, the non-transforming phase observed by
RD could be equally attributed to Ti2Ni but also to Ti4Ni2Ox which
xpectedly has to be formed by dissolving the oxygen in the metal-
ic matrix during the sintering process, especially in longer milled
owders with a high amount of defects.

In order to prove the effect of milling on microstructure of the
intered samples, TEM observations were carried out. Besides a uni-
orm dispersion of precipitates with sizes of 10–40 nm exhibited by
he both investigated samples, a higher density of dislocations are
videnced on sample S20 comparatively to S10 (Fig. 4). Sample S20
resents also a higher density of nanotwin bands (noted by NT in
ig. 4b)

.3. Discussion
The phases composition of the mechanical milled samples, as
btained by Rietveld refinement, can be finally correlated to the
SC results. The peak at higher temperature, which decreases and
ven disappears by increasing the milling time, may be attributed to
355 10 48 -10.0
354 8 47 -10.71
340 12. 29 -6.426

the B2–B19 transformation in accord with the reduction content of
orthorhombic phase revealed by the Rietveld refinement but also
with the expected behavior for alloys with 20% at Cu. It is worth
to mention that the above reasoning considers implicitly that the
B2–B19 transformation is relatively enhanced for a relative higher
amount of B19 phase in the sample at room temperature (where the
X-ray diffraction data were obtained). Concerning the second trans-
formation some consideration may be done. It is worth to notice
that, for the alloy with the same composition prepared by pow-
der metallurgy, it was reported a two step transformation [13] or a
broad peak [8] in the DSC result; the transformation was ascribed to
B2–B19–B19′ sequence, although the RT-XRD patterns evidenced
peaks belonging to the both type of martensite, B19 and B19′. This
pronounced increase of the temperature at which B19–B19′ trans-
formation take place, in sample prepared by powder metallurgy,
was attributed to the strain energy induced during milling; as effect
of strain, the stability of the B19 martensite is decreased and the
B19–B19′ transformation is induced [8]. However Goryczka and
Fig. 4. TEM observation results on samples S10 and S20.
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ven in this conditions, the DSC peak is much larger (∼40 K) com-
ared with those observed in the alloy obtained by casting method
∼8 K) [3] suggesting a different behavior in the alloys prepared by
M.

Returning to the second transformation in samples S10 and
15, although the X-ray diffraction patterns contain reflections cor-
esponding to the monoclinic B19′ structure, recalling at a first
iew a two step transformation of type B2–B19–B19′, there are
trong reasons to refute such behavior. If the second transition
ould be B19–B19′, then the majority phase at room temper-

ture, should be of monoclinic structure (B19′), result which is
ot supported by the Rietveld refinement, especially for shorter
ime milled samples. Therefore, in accord with RT–XRD, the sec-
nd transformation evidenced on these two samples, has to be
ssigned to B2–B19′. A supplemental reason for this assignment is
iven by the enthalpy of transformation. In DSC measurements, the
eak area, representing the heat of transformation, is given by the
hemical enthalpy variation (latent heat) as the main contribution,
o which are added secondary terms for the stored elastic strain
nergy and the dissipated energy due to the interfacial friction.
ccurate experimental investigations and thermodynamic calcu-

ations on Ti50Ni50–xCux alloy [14] show the following relation
etween the chemical enthalpies for the transformations under dis-
ussion: �HB2→B19′ > �HB2→B19 > �HB19→B19′ . In this context, the
arger area of the second peak may be attributed to a transformation

ith larger enthalpy variation like B2–B19′ rather than to B19–B19′.
For the sample S20, the only one transformation evidenced

y DSC had to be B2–B19′ in concordance with the high content
f monoclinic structure given from Rietveld refinement and with
ts thermal location (similar to those observed in S10 and S15).
owever, the heat of transformation is less than that observed in

he other samples for which the content of monoclinic structure
as lower. Moreover, although X–ray diffraction evidenced also

he orthorhombic phase of 16% relative content, the DSC did not
videnced the B2–B19 transformation. This may be due to the pro-
onged milling process with high rotating speed which damages the

icrostructure, induces dislocations, nanotwin bands (Fig. 4) and
trains, increasing the probability of oxygen or carbon contami-
ation; all these processes may alter the lattice elastic properties
nd change the transformation sequence. Hence, for a strained
ustenite structure, the transformation to an orthorhombic struc-
ure seems to be not energetically advantageously.
. Conclusions

Starting from elemental powders, Ti50Ni30Cu20 shape mem-
ry alloys have been elaborated by mechanical milling for 10, 15

[

[
[
[

ompounds 509 (2011) 4495–4498

and 20 h. The crystalline structure and the characteristics of the
martensitic transformation were investigated on samples obtained
form powders after sintering and aging treatments. All the samples
present martensitic transformation demonstrating the shape mem-
ory effect above room temperature with the transformation range
(Af–Mf) of less than 50◦.

By corroborating the X-ray diffraction data and the DSC results
with thermodynamic considerations it was concluded that the
martensitic transformation sequence B2–B19–B19′ observed in
Ti50Ni30Cu20 alloys prepared by melting route is no more valid
for the alloys prepared by mixing powders in high-energy mills.
Instead, a two independent martensitic transformations namely
B2–B19 and B2–B19′ take place. A longer milling process promote
the formation of a non-transforming phase, Ti2(NiCu), and also
reduces the heat of both type of transformations so that B2–B19
is not more evidenced by DSC.

Better results, concerning a good value for the heat of trans-
formation, a narrow thermal hysteresis and a small quantity of
impurity phase may be obtained from powders after a shorter
mechanical milling process.

In Ti50Ni30Cu20 shape memory alloy prepared by powder met-
allurgy the martensitic transformation sequence is different than
that evidenced in the alloy prepared by melting route. After a longer
mechanical milling process the cubic (B2) to orthorhombic (B19)
transformation is not more evidenced.
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