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a b s t r a c t

The influence of Cu addition on the hot deformation behavior of NiTi shape memory alloys was investi-
gated using hot compression test. A series of alloys with different Cu contents of Ti50.4Ni49.6−xCux (x = 0, 3,
5, 7 at.%) were deformed under compression to a true strain of 0.7 at the temperature range of 700–1000 ◦C
with 100 ◦C intervals and constant strain rate of 0.1 s−1. The stress–strain curves showed that the addi-
eywords:
ot deformation
iTi alloy
iTiCu alloys
ynamic restoration processes

tion of Cu to NiTi alloy made the flow curves shift upward. This was confirmed by the calculated critical
stress, �c, obtained from inflections in �–� plots, which is attributed to the formation of high strength Cu
containing precipitates and solid solution hardening caused by substitution of Cu for Ni. It was also found
that the maximum softening rate, ε*, obtained from �–ε plots, was increased by increasing Cu content.
The microstrutural analysis showed the evidence of dynamic recovery by revealing the elongated and
serrated grain boundaries at 800 ◦C. However, a few dynamic recrystallized grains were found at this

r han
temperature. On the othe

. Introduction

NiTi shape memory alloys have been widely used in different
elds of aerospace and medicine because of superior shape memory
ffect and higher super-elasticity compared to other shape mem-
ry alloys [1–3]. The shape memory properties of NiTi alloys can be
odified by adding ternary elements which are chemically similar

o Ni or Ti [4]. The substitution of Cu for Ni can narrow the transfor-
ation hysteresis, reduce the chemical composition dependency of

ransformation temperatures, and improve the actuation response
nd fatigue properties. Therefore, NiTiCu alloys are actually bene-
cial for many applications such as actuators [5–8].

Since the properties of NiTi alloys are significantly affected
y thermomechanical treatments, the research studies have been
irected to investigate the thermomechanical behavior of these
lloys [9,10]. Most of the studies carried out on thermomechanical
reatment of NiTi alloys have dealt with the effects of marforming
10,11], ausforming [12,13], cold rolling and annealing [14,15], and

arious severe plastic deformation processes on the shape memory
roperties [13,16].

Primary studies on the hot deformation of NiTi based alloys have
een performed by Lin and Wu [17] in which they have investi-

∗ Corresponding author. Tel.: +98 21 77240540; fax: +98 21 77240480.
E-mail address: kheirandish@iust.ac.ir (Sh. Kheirandish).

925-8388/$ – see front matter. Crown Copyright © 2010 Published by Elsevier B.V. All ri
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d, grain growth was also seen at 1000 ◦C.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

gated the effect of hot rolling on the martensitic transformation of
an equiatomic NiTi alloy. Suzuki et al. [18] have studied the hot duc-
tility of a NiTi alloy by hot tensile test. They reported that a good
hot ductility could be obtained for NiTi alloy within the temper-
ature range of 900–1100 ◦C. In another research work, Frick et al.
[3,19] have reported the delay in the formation of Ni rich precipi-
tates and the occurrence of dynamic restoration processes during
hot rolling of 50.9 at.% Ni–49.1 at.% Ti alloy within the tempera-
ture range of 845–950 ◦C with 50% thickness reduction. In a parallel
work, McCormik [20] has shown that finished products for seismic
application can be achieved by a combination of hot rolling and
aging instead of hot rolling and cold rolling.

Recently, a number of studies have been carried out on the
hot deformation of Ni rich NiTi alloys using hot compression test.
Zhang et al. [21,22] have studied the flow behavior of 50.5 at.%
Ni–49.5 at.% Ti and 50.7 at.% Ni–49.3 at.% Ti within the tempera-
ture range of 700–1000 ◦C. They have suggested a hyperbolic Sine
equation to predict the flow stress of the alloys. In another research
work, Dehghani and Khamei [23,24] have investigated the hot
compression behavior of brittle NiTi alloy with the composition
of 60 wt% Ni–40 wt% Ti (or 55 at.% Ni–45 at.% Ti) within the tem-

perature range of 950–1050 ◦C and strain rate of 0.001–0.35 s−1.
They have reported the occurrence of Dynamic Recrystalliza-
tion, DRX. Besides, they have modeled the flow behavior of this
alloy based on Zener–Holloman parameter, Z, in a hyperbolic Sine
equation.

ghts reserved.
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Fig. 1. Flow curves obtained for NiTi alloys with different Cu contents, at strain rat

In spite of various studies conducted on the hot deformation of
i rich NiTi alloys, to the best of authors

′
knowledge, few research

ork has been published on the hot compression behavior of near
quiatomic binary NiTi and ternary NiTiCu alloys. Thus, the present
ork has been undertaken to investigate the hot deformation

ehavior of NiTi and NiTiCu alloys.

. Materials and methods

The samples used in this study were made from ingots prepared by Vacuum
nduction Melting (VIM) method with nominal composition of Ti50.4Ni49.6−xCux

x = 0, 3, 5, 7 at.%). High purity pellets (Ni > 99.9 wt%), Ti plates (Ti > 99.7 wt%) and
u wires (Cu > 99.98 wt%) were used as raw materials. The furnace was evacu-
ted to 10−4 mbar and melting experiments were carried out on 250 g scale in a
igh-density graphite crucible. Homogenization heat treatment was conducted at
000 ◦C for 1 h. Cylindrical compression samples of 10 mm diameter and 15 mm
eight were prepared from the homogenized ingots. Compression tests were con-
ucted over the temperature range of 700–1000 ◦C at 100 ◦C intervals and a constant
train rate of 0.1 s−1 by an Instron 8502 testing machine. The specimens were
eformed under compression to a true strain of 0.7 and water cooled after deforma-
ion. The compressed specimens were sectioned parallel to the compression axis
or microstructural examination and X-ray diffraction, XRD, analysis. The speci-

ens were polished and etched in 2HF–3HNO3–1H2O. Microstructures of specimens
fter the compression test were characterized by optical microscopy and Scanning
lectron Microscopy, SEM. XRD analysis was carried out using Cu K� radiation at
0 kV/100 mA on samples deformed at 800 ◦C. SEM equipped with micro analysis
nit for Energy Dispersive Spectroscopy, EDS, was used to study the composition of
hases.

. Results and discussion

Flow curves of NiTi and NiTiCu alloys at various temperatures
re shown in Fig. 1(a)–(d). The flow curves typically exhibit a grad-

al strain hardening at strains less than 0.1. The samples tested at

ower temperatures show a peak stress followed by softening to an
xtensive steady state. While, above 800 ◦C the softening behavior
f flow curves is not represented clearly and steady state behavior
an be seen.
.1 s−1 and different temperatures: (a) 700 ◦C, (b) 800 ◦C, (c) 900 ◦C, and (d) 1000 ◦C.

This figure also shows that by increasing temperature, the
peak stress falls. In addition, the shape of the flow curves
vary by addition of Cu. It can be seen that the flow curves of
NiTiCu alloys are obviously above that of NiTi alloy. Xujun et
al. [25] have also stated in their research work that by addi-
tion of Cu to NiTi, the high temperature strength of this alloy
increases.

Although the peak stress observed in flow curve is indicative of
the occurrence of DRX, the onset of dynamic restoration processes
cannot be identified from peak stress represented in flow curves.
Ryan et al. [26] and Ploiak et al. [27] suggested that the onset of DRX
entitled critical stress, �c, brings an inflection in the work hardening
rate, �, versus stress, �, curve; wherein � is the derivative of stress
with respect to strain (i.e. � = ∂�/∂ε).

Fig. 2(a) shows the variations of � versus � for samples deformed
at 800 ◦C. As can be seen in this figure, in each curve � decreases
rapidly by increasing flow stress probably due to the onset of
dynamic recovery. Afterwards, the slope of the curves gradually
decreases which shows the inflection point of the curves repre-
senting �c. Then the curves drop to � = 0 at peak stress. It should be
noted that analysis of flow curves at 700, 900, and 1000 ◦C shows
the same behavior, meaning that by increasing Cu content, �c shifts
to higher amounts.

In order to determine an exact value of critical stress, Poliak
and Jonas [27] proposed that a null value of the derivative of
work hardening rate with respect to stress, (−∂�/∂�) is obtained
at the critical stress. The critical stresses determined from plot-
ting (−∂�/∂�) versus � for NiTi and NiTiCu alloys deformed at
800 ◦C are shown in Fig. 2(b). As can be seen, these minimum

points illustrate a good estimation of critical stresses which is
confirmed by the results presented in Fig. 1 showing the incre-
ment of critical stress by increasing Cu content. This can be
attributed to the formation of Cu containing phases caused by
the substitution of Cu for Ni as shown in the XRD patterns of
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ig. 2. (a) Work hardening rate versus flow stress and (b) factor of (−∂�/∂�) as a
unction of � at 800 ◦C for NiTi base alloys with different Cu contents.

inary NiTi and ternary NiTi5Cu samples deformed at 800 ◦C
Fig. 3).

However, because of oxygen contamination the oxide phases
uch as Ti4Ni2O, Ti4Cu2O or Ti4(Ni,Cu)2O could also be formed.
ince the crystallographic structure and lattice parameters of these
xides are almost the same as the relevant intermetallics, it is diffi-
ult to differentiate these phases and represent them in this work.
his matter has also been reported by other researchers [28–32].

It is also believed that [28,33,34] Cu containing precipitates
ake the plasticity decrease but contribute to higher yield strength

han achieved by Ti2Ni precipitates. Thus, the presence of Cu con-
aining precipitates would be effective in increasing the strength
nd decreasing the workability of NiTi alloy. Moreover, the XRD
attern of NiTiCu alloy reveals the solid solution of Cu in NiTi inter-
ediate phase as it appeared in the form of TiNi0.8Cu0.2 for the
atrix.
SEM micrographs and EDS analysis of binary NiTi and NiTi5Cu

lloys deformed at 800 ◦C obtained from the longitudinal section
f samples are shown in Fig. 4. By comparing the micrographs
resented in this figure one can see a eutectic kind of structure
ontaining Ti2Ni in binary NiTi alloy (marked A), while a typical pre-
ipitate containing Ti, Ni and Cu in ternary NiTi5Cu alloy (marked
) which is a complex compound of Ti2Cu and Ti2Ni, i.e. Ti2(Ni,Cu)

s present as well. The formation of this phase in NiTiCu alloys is
lso reported by Schuster et al. [35].

As can be seen in Fig. 4(e), the matrix of NiTi5Cu alloy contains
.72 at.% Cu. The rest of Cu content is balanced with the precipi-
ates containing 10.45 at.% Cu with approximate volume fraction of
.5%. Therefore, a combination of precipitation and solid solution

trengthening mechanisms causes the critical stress of the ternary
lloys to increase.

Fig. 5 shows the variation of � versus ε for NiTi and NiTiCu
lloys deformed at 800 ◦C. The maximum softening rate, ε*, can
Fig. 3. XRD pattern of (a) NiTi and (b) NiTiCu alloys deformed at 800 ◦C.

be determined from the minima in �–ε curves. As can be seen
by increasing Cu content, ε* shifts to higher values. This indicates
that the addition of Cu can affect dynamic restoration processes.
As mentioned above, solid solution hardening can be operative in
NiTiCu alloys. By increasing Cu content, the effect of solute drag
becomes more severe. Hence, the driving force for dynamic restora-
tion processes will be increased by increasing of Cu content leading
to the enhancement of the maximum softening rate.

The cross section of the samples deformed at 800 ◦C was stud-
ied by optical microscopy to analyze the microstructures shown in
Fig. 6. The elongated and serrated grains (marked by arrows) can be
readily observed in this figure. However, a few recrystallized grains
are observed in the vicinity of grain boundaries. This implies that
despite the applied strain of 0.7, the volume fraction of DRX grains is
low in NiTi and NiTiCu alloys. Hence, Dynamic Recovery, DRV, is the
dominant mechanism in these alloys and much higher strains are
required for obtaining a nearly DRX microstructure. This behavior
may also be attributed to high value of Z; i.e. that the deformation
temperature of 800 ◦C may be low for progression of DRX in these
alloys.

In a similar work, Zhang et al. [21,22] obtained the same results.
Moreover, the studies [36,37] carried out on the flow behavior of
intermetallics with crystal structure similar to NiTi at high temper-
ature (B2 structure), such as FeAl or Fe3Al showed almost the same
behavior. It means that flow softening type of curve was seen at
low temperatures, while a steady state one was observed at high
temperatures.

Comparison of the microstructure of alloys with different Cu
content shows that the increase in Cu content results in the increase
of volume fraction of Cu containing precipitates as well as the Cu

content of solid solution. As mentioned before, this makes the criti-
cal stress of ternary alloys increase significantly as such increase in
Cu content from 3 to 7 at.% causes the critical stress improvement
by 30%.
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ig. 4. SEM micrographs of alloys after hot deformation at 800 ◦C: (a) NiTi, (b) EDS a
econdary phase marked B, and (e) of the matrix shown in (c).

Moreover, this figure also shows that the stringers of the second
hases were elongated in the direction perpendicular to the com-
ression axis and the new DRX grains were not formed on these
econd phases. As can be seen in this figure, regardless of DRV
echanism, another mechanism followed by DRV, so called geo-
etric dynamic recrystallization, GDRX, can be assumed to occur

robably during hot deformation of these alloys. GDRX is a pro-
ess by which a new grain structure is formed as a result of a

hange in grain geometry coupled with deformation. One prereq-
isite of complete GDRX is that the boundaries become serrated
s a consequence of the interaction of subgrain boundaries with
he existing grain boundaries. When the grains have thinned down
is of the secondary phase marked A shown in (a), (c) NiTiCu, (d) EDS analysis of the

by deformation to the degree that the grain thickness reaches the
grain boundary roughness, which is equal to twice the serration
amplitude the serrations cause grain perforations. In this case,
interpenetration of the serrated boundaries occurs, resulting in a
microstructure of small equiaxed grains of a size comparable with
the subgrain size [38–40]. According to Fig. 6, partial GDRX is found
from pinching off of protrusion from few boundaries.

Typical microstructure of NiTi5Cu alloy deformed at higher

temperature (1000 ◦C) is also shown in Fig. 7. One can see that
by increasing temperature from 800 to 1000 ◦C, the grain size
increases markedly, showing that the operative mechanism at
1000 ◦C is grain growth.
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Fig. 7. Microstructure of NiTi5Cu deformed at 1000 ◦C.
ig. 5. Work hardening rate versus strain at 800 ◦C for NiTi based alloys with differ-
nt Cu contents.

It is noticed that it is hard to predict the softening mechanism
uring hot deformation of NiTi alloys from the shape of the flow
urves alone. This suggests that microstructural observation and
ther processing analyses are also necessary for determining the
xact mechanism of dynamic restoration processes occurring in
iTi and NiTiCu alloys tested in this work.

. Conclusions
. The increase in Cu content resulted in the increment of critical
stress, �c, and the maximum softening rate, ε*, determined based
on the flow curves.

Fig. 6. Microstructures obtained under 800 ◦C for (a)
2. A combination of precipitation and solid solution hardening
played an effective role in the enhancement of flow stress in
NiTiCu alloys.

3. The microstructure of samples deformed at 800 ◦C, consisted of
serrated and elongated boundaries showing that DRV may be
operative in NiTi and NiTiCu alloys. However, a few recrystallized
grains found in the vicinity of those grain boundaries can be the
evidence of DRX.
4. Microstructural analysis showed that grain growth was observed
in NiTi5Cu alloy deformed at 1000 ◦C.

NiTi, (b) NiTi3Cu, (c) NiTi5Cu, and (d) NiTi7Cu.
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