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Jeom Yong Choi 1, Sia Nemat-Nasser ∗
Center of Excellence for Advanced Materials, Department of Mechanical and Aerospace Engineering,

University of California, San Diego, 9500 Gilman Drive, La Jolla, CA 92093-0416, USA

Received 11 February 2005; received in revised form 19 May 2006; accepted 19 May 2006

bstract

The effect of the annealing conditions and the initial temperature on the compressive response of a ternary Ni–Ti–Cr shape-memory alloy is
nvestigated at a strain rate of 10−3/s, using an Instron hydraulic testing machine. The annealing temperature and duration considerably influence
he forward, from austenite to the stress-induced martensite, and the reverse phase transformation. The transition stress and the yield stress of the
esulting stress-induced martensite increase with the increasing annealing temperature. The transition stress reaches its maximum value for an
nnealing temperature of 573 K, and the yield stress for 673 K. Thereafter, both stresses decrease with further increase in the annealing temperature.
he highest transition stress is attained for the smallest precipitates. In addition, the phase transformation upon cooling and heating changes from a

ingle-step to a multiple-step with the decreasing annealing temperature. The transition stress for the stress-induced martensite formation increases
ith increasing initial temperature at a rate of about 8.5 MPa/K. The optimum annealing condition that produces the highest transition and yield

tresses without an accompanying residual strain is 573 K for 60 min.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Shape-memory alloys have been extensively studied for vari-
us applications, particularly because of their superelastic prop-
rty, i.e. a dissipative hysteretic response in loading and unload-
ng without a permanent residual strain [1–5]. This superelastic
roperty is due to a martensitic phase transformation, which
an be induced by the application of an external stress at some
emperature above Ms. Recently, it has been suggested that this
uperelastic property may be used for energy absorption (e.g.
eismic protection of structures [5,6]).

The superelastic property of alloys can be improved by the

uppression of the dislocation-induced slip deformation dur-
ng the stress-induced martensite formation. This is attained by
ncreasing the critical dislocation-induced slip stress [7–12]. In
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articular, Huang and Liu [13] and Nemat-Nasser and Guo [14]
ave studied the effect of annealing temperature on the supere-
astic response of Ni–Ti shape-memory alloys. They point out
hat the transition stress for the stress-induced martensite for-

ation decreases with the increasing annealing temperature.
n particular, it is reported that the dissipated energy of the
i–Ti shape-memory alloy, given by the area within the hys-

eresis loop, attains a minimum when the annealing temperature
eaches about 600 K [14]. In addition, considerable effort has
een focused on studying the effect of compositional changes on
he mechanical and phase transformation properties of Ni–Ti–X
ernary alloy systems [15–18]. It has been observed that the
ddition of Fe or Nb to Ni–Ti alloys improves their superelastic
roperty by lowering the transformation temperature [17,19].
ecently, Cr has been found to be a promising candidate for

ailoring the superelastic property of Ni–Ti alloys. Uchil et al.
20] have studied the transformation behavior of a Ni–Ti–Cr
lloy in relation to its heat treatment conditions. They report that

he phase transformation step of the alloy depends on the heat-
reatment temperature: A ↔ R at annealing temperatures below
73 K, A ↔ R ↔ M at temperatures 673–873 K, and A ↔ M at
emperatures above 873 K. Here, A denotes the austenite phase
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dx.doi.org/10.1016/j.msea.2006.05.155
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curve of the alloy, deformed at a strain rate of 10−3/s and at
296 K initial temperature. In the case of the specimens that are
deformed to strains exceeding approximately 0.1 (solid lines),
the stress–strain curves show two transition stresses. These are
J.Y. Choi, S. Nemat-Nasser / Materials Sc

ith a CsCl structure, R denotes the phase with a rhombohedral
tructure, and M denotes the martensite phase with a mono-
linic structure. We are not aware of any study that addresses
he mechanical property of Ni–Ti–Cr shape-memory alloys at
arious initial temperatures and at various annealing conditions.

In the present study, we report some recent experimental
esults on the mechanical response, especially the superelastic
roperty of a Ni–Ti–Cr alloy that is annealed at various tem-
eratures and durations. After determining the optimum anneal-
ng condition, the superelastic response of the corresponding
nnealed Ni–Ti–Cr is investigated at a strain rate of 10−3/s for
range of initial temperatures.

. Experimental procedure

A hot-rolled 52.62 at.% Ni–47.09 at.% Ti–0.29 at.% Cr
hape-memory alloy rod of 6.35 mm diameter is secured from
pecial Metals Corporation. Circular cylindrical samples of
mm nominal diameter and 5 mm nominal length are cut
y electro-discharge machining (EDM). The specimens are
nnealed at temperatures between 473 and 1123 K for various
urations in air, followed by water quench to a temperature of
92 K (see Table 1).

Quasi-static compression tests are performed at a strain rate
f 10−3/s and at various initial temperatures, to maximum strains
ithin or exceeding the superelastic range, using an Instron
ydraulic testing machine. A high-intensity quartz lamp is used
o attain elevated temperatures. For low initial temperatures, a
pecially designed bath is used to control the temperature to
ithin ±2 K. The temperature is measured by a thermocouple,

ttached to the sample surface. The specimen deformation is
easured by an LVDT, mounted in the testing machine and cal-

brated before each test. To reduce the end friction, the sample
nds are lightly polished and greased prior to each test.

The transformation temperatures for the annealed alloy are
etermined using a differential scanning calorimeter (DSC Q10).
easurements are carried out at temperatures from 123 to 333 K

nder a controlled heating and cooling rate of 10 K/min. In addi-
ion, the specimen is held for 5 min at both the maximum and

he minimum temperature.

The microstructure of some of the samples is examined by
Philips CM200, operated at 200 kV, using a side entry type

ouble-tilt specimen holder. Samples for TEM observations are

able 1
nnealing treatment conditions

emperature (K) 10 min 30 min 60 min 120 min 240 min

s-hot-rolled – – – – –
73

√
– –

√ √
23

√
– – – –

43 –
√ √

– –
73

√ √ √
– –

73
√ √ √

– –
73

√ √ √
– –

73
√ √ √

– –
123a √

– – – –

a 15 min.

F
a
b
a
t
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ut with a low-speed diamond saw, parallel to the compres-
ion axis. Thin foils are prepared by grinding the cut sheets to
bout 150–100 �m, and then they are thinned by twin-jet electro-
olishing with an electrolyte of acetic acid and perchloric acid,
:1 volume, at 296 K.

. Experimental results and discussion

.1. Annealing temperature effect

To investigate the overall mechanical properties of this
i–Ti–Cr alloy, specimens are annealed at various temperatures

or 10 min, and then quenched in water at 292 K. Fig. 1(a) and (b)
hows the effect of annealing temperature on the stress–strain
ig. 1. Comparison of the stress–strain curves for a Ni–Ti–Cr alloy that is
nnealed under the indicated conditions and deformed within (dotted line) and
eyond the superelastic regime (solid line) at 296 K initial temperature and at
10−3/s strain rate: (a) annealing temperature below 573 K and (b) annealing

emperature above 573 K.
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stress shows an almost constant level at annealing temperatures
below 573 K and then decreases with an increase in the anneal-
ing temperature until reaching 773 K. After that, it is almost
constant while the annealing temperature is increased. The tran-
ig. 2. TEM micrographs of a superelastically deformed Ni–Ti–Cr alloy that
artensites.

efined by the intersection of the lines tangent to the ascending
nd the flat sections of the stress–strain curve. The lower tran-
ition stress corresponds to the forward transformation stress
or the stress-induced martensite formation, σs

fr. The upper
ata correspond to the yield stress of the resulting martensite,
SIM
ys . These results are typical for shape-memory alloys that are
eformed at a temperature in the range of Ms to Md, where the
esponse consists of an initial elastic deformation of the austen-
te, followed by the formation of the stress-induced marten-
ite, and finally the elastic-plastic deformation of the resulting
artensite. Here, Ms denotes the martensite transformation-start

emperature on cooling, and Md denotes the maximum temper-
ture for the stress-induced martensite formation.

The superelastic response of the annealed specimens is
lso investigated at 296 K initial temperature. The samples are
eformed to about 0.05 strain, estimated from the stress–strain
urves, and then unloaded to zero stress. Here, the maximum
train is restricted to a certain level to ensure superelastic-
ty, avoiding the dislocation-induced plastic slip. The result-
ng stress–strain curves (dotted lines) exhibit another lower
ransitional plateau regime, corresponding to the reverse trans-
ormation from the stress-induced martensite to the austenite.
he finish stress for the reverse transformation from the stress-

nduced martensite to the austenite, σf
re, is also shown in Fig. 1.

ven though annealed specimens are deformed within the (esti-
ated) superelastic regime, the stress–strain curves show resid-

al strains. These residual strains decrease with the increase
n the annealing temperature. It is also observed that a plateau
egion appears in the reverse transformation on the unloading
ortion of the stress–strain curve, as the annealing temperature
ncreases. For annealing temperatures below 573 K, the start
nd finish stresses for the reverse transformation are not clearly
resent, but they are clearly observed for annealing temperatures
bove 573 K.
Fig. 2 shows the TEM micrograph of the sample that has
een annealed at 573 K for 10 min, and then deformed within
he superelastic regime. Residual martensites (arrow) and exten-
ive residual dislocations are clearly observed in this figure even

F
m
t
a

nnealed at 573 K for 10 min. The arrows indicate the residual stress-induced

hough the material has been deformed within the superelastic
egime. This micrograph shows the presence of residual marten-
ites that are left over through their interaction with the pre-
xisting dislocations. These residual martensites in the austenite
atrix are stabilized by the residual dislocations [21] that had

een produced in the hot-rolling process. Here, the defect struc-
ure is only rearranged by the low-temperature annealing process
f a short duration, as has been pointed out by Lin and Wu [8].
his imperfect reverse transformation leaves a residual inelastic
train upon total unloading.

Fig. 3 represents the variation with annealing temperature of
he transition stress for the stress-induced martensite formation
nd the yield stress of the resulting martensite. The transition
ig. 3. Variation of the transition stress for the stress-induced martensite for-
ation and the yield stress of the resulting martensite for various annealing

emperatures and 10 min duration. The 1123 K case (marked by dotted circle) is
nnealed for 15 min, and triangle symbols are for those annealed for 60 min.
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alloy annealed at temperatures below 573 K, increases with the
increasing annealing duration (solid arrow), whereas at anneal-
ing temperatures above 573 K, the transition stress decreases
ig. 4. Variation of the stress–strain curves for a Ni–Ti–Cr alloy annealed at
73 K for the indicated durations.

ition stress deceases from 600 MPa at the as-hot-rolled state to
bout 470 MPa at an annealing temperature of 1123 K. However,
he yield stress of the resulting martensite increases gradually
ith the increasing annealing temperature, reaching a maxi-
um value of about 1450 MPa at 673 K, due to the precipitation

ardening of the alloy. After reaching the maximum level, the
ield stress decreases continuously with a further increase in
he annealing temperature, because of the recrystallization. Pro-
onging the annealing at 573 K from 10 to 60 min shows that the
ield stress of the resulting martensite increases substantially,
rom 1300 to 1700 MPa (open triangles marked by an arrow), as
he resistance to the dislocation motion is increased due to pre-
ipitation hardening [22]. At an annealing temperature of 973 K,
here is little change in the yield stress of the resulting martensite
open triangles).

.2. Annealing duration effect

To maximize the transition stress for the stress-induced
artensite formation, samples are heat treated at several selected

emperatures for various time periods, as summarized in Table 1.
ig. 4 shows the superelastic behavior of the alloy annealed at
73 K for 10, 120, and 240 min, respectively. The stress–strain
urves are almost the same, but the transition stress for the stress-
nduced martensite formation increases slightly with the increase
n the annealing duration. In addition, the annealed alloy shows a
ermanent residual strain, indicating an imperfect superelastic-
ty. Fig. 5 exhibits the superelastic behavior of the alloy annealed
t 573 K for the indicated durations. As the annealing duration
ncreases, the forward and the reverse transformation stresses
ncrease, whereas the residual strain decreases. In particular, a
everse transformation plateau emerges as the annealing dura-
ion increases. However, the superelastic response of the samples
hat were annealed at 773 K is quite different from that of the

amples, which had been annealed at 573 K.

Fig. 6 displays the superelastic behavior of samples that
ere annealed at 773 K for 10, 30, and 60 min, respectively.
nlike those that were annealed at temperatures below 573 K,

F
7

ig. 5. Variation of the stress–strain curves for a Ni–Ti–Cr alloy annealed at
73 K for the indicated durations.

t a 773 K annealing temperature the transition stresses for the
tress-induced martensite formation and the reverse transfor-
ation decrease with the increasing annealing duration. The
easured residual strain of all specimens, however, is negligi-

ly small.
The variation of the transition stress for the stress-induced

artensite formation with the annealing temperature and anneal-
ng duration is summarized in Fig. 7. As shown in Fig. 7,
he transition stress for the stress-induced martensite formation
ecreases with an increase in the annealing temperature from
43 to 773 K. After that, it reaches an almost constant level;
ut a slight increase is seen for annealing at 973 K. The high-
st transition stress is obtained at an annealing temperature of
pproximately 573 K. Of particular interest is that, the transi-
ion stress for the stress-induced martensite formation for the
ig. 6. Variation of the stress–strain curves for a Ni–Ti–Cr alloy annealed at
73 K for the indicated durations.
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ig. 7. Variation of the transition stress for the stress-induced martensite forma-
ion as a function of annealing temperature for the indicated durations.

dotted arrow). These variations are related to the precipitation

ehavior of the Ni–Ti–Cr alloy.

Fig. 8 exhibits the precipitates of undeformed samples that
ere annealed at 573, 673, and 773 K for 60 min, respectively.
ccording to the study of the precipitation behavior in Ni–Ti

a
r
M
s

Fig. 8. TEM micrographs of a Ni–Ti–Cr alloy annealed
and Engineering A 432 (2006) 100–107

lloy [23,24], the Ti3Ni4 precipitates strongly affect the mechan-
cal property of Ni-rich Ni–Ti alloys. Therefore, the complex
recipitate, Ti3(Ni, Cr)4, some of whose Ni is replaced by
r, is expected to be formed in the Ni–Ti–Cr alloy, with the
recipitate size varying appreciably with the annealing temper-
ture and duration. The precipitates are nanometer-sized clus-
ers in Fig. 8(a) and micrometer-sized platelets in Fig. 8(c).
he nanometer-sized clusters produce a maximum transition
tress for the stress-induced martensite formation, as shown in
ig. 7. Furthermore, it is also observed that the transition stress
ecreases with the increasing precipitate size. This is due to the
ariation of the material’s stability and the resistance to disloca-
ion motion with the precipitate size. According to the study of
i–50.9 at.% Ni by Gall et al. [21,25] the transformation tem-
erature, Ms, increases with the increasing precipitate size up to
00 nm precipitate, and then it decreases as the precipitate size
ncreases.

DSC results of a Ni–Ti–Cr alloy that was annealed at dif-
erent temperatures for 60 min, are shown in Fig. 9. The curve
btained from a sample which was annealed at 973 K, exhibits

single transformation sequence (austenite to martensite and

everse) of this alloy, A ↔ M, as shown in Fig. 9(a). The obtained
s and Af temperatures are 257 and 280 K, respectively. As is

een in Fig. 9(b), as the annealing temperature decreases from

for 60 min at: (a) 573 K, (b) 673 K, and (c) 773 K.
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ig. 9. Transformation curves of Ni–Ti–Cr alloy annealed at: (a) 973 K, (b)
73 K, and (c) 573 K.

73 to 673 K, a single forward transformation, A → M, evolves

nto a two-step transformation, A → R → M (austenite to rhom-
oidal to martensite). Moreover, the reverse transformation upon
eating, M → A, also shows a two-step transformation behavior,
→ R → A. As the annealing temperature further decreases to

o
t
a
a

ig. 10. Transformation temperatures of Ni–Ti–Cr alloy annealed at different
emperatures for 60 min.

73 K, a two-step transformation behavior evolves into a three-
tep transformation, as shown in Fig. 9(c). These results are
ifferent from the results of Uchil et al. [20] who suggest that
he A ↔ R transformation in Ni–Ti–Cr alloy is only observed
t annealing temperatures below 673 K. A similar three-step
ransformation in Ni–Ti alloys has also been observed when
nnealing the material at low temperatures. According to Kim
t al. [26], these phase transformation steps in 50.9 at.% Ni–Ti
lloy can be A → R1, A → R2, and R2 → M2, during the cooling
rocess, and M2 → R2, R2 → A, and R1 → A, during the heating
rocess. Here, R1 denotes the R-phase formed around the precip-
tates, R2 denotes the R-phase formed in the regions away from
recipitates, and M2 denotes the martensite formed from the R2-
hase. This multiple-step transformation is explained in terms of
he inhomogeneity of the composition [11], internal stress field
27], and both composition and internal stress [12], associated
ith the precipitates, Ti3Ni4. The transformation and the corre-

ponding annealing temperatures for this alloy are summarized
n Fig. 10. The Ms temperature increases with the increasing
nnealing temperature, indicating that the relative stability of
he austenite, i.e. the temperature difference between Ms and the
nitial sample temperature, 296 K, decreases. A similar result is
lso obtained by Gall et al. [21,25]. Moreover, this result agrees
ell with the mechanical properties shown in Fig. 7.
In addition, the yield stress of the resulting martensite in

ig. 3 depends on the precipitate size. Small precipitates lead to a
igher yield stress. These trends are the same as those reported
y Treppmann et al. [28] and Ishida and Miyazaki [29], who
oint out that the critical resolved shear stress for the disloca-
ion motion reaches a maximum level at approximately 10 nm
recipitates. After this, the stress decreases towards its satura-
ion value, as the precipitate size increases further, up to about
00 nm. In the present work, we have sought to determine an

ptimum annealing condition that results in an excellent transi-
ion and yield stresses for the stress-induced martensite, without
residual strain. We have concluded that this can be attained by
nnealing at a 573 K for 60 min.
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.3. Initial temperature effect

To study the effect of initial temperature on the supere-
astic response of our Ni–Ti–Cr alloy, compression tests are
erformed at a strain rate of 10−3/s over the temperature range
f 230–400 K. Before testing, a Ni–Ti–Cr alloy is annealed at
73 K for 60 min. According to the DSC result in Fig. 9(c),
he specimen has a fully austenite state at temperatures above
06 K, but upon cooling, it has a mixture of rhomboidal and
ustenite phases in the 306–277 K temperature range. A sin-

le martensite phase exists at temperatures below 239 K, and,
pon heating, a mixture of rhomboidal and austenite phases
rom 239 to 309 K, and a full austenite phase at temperatures
bove 309 K. Fig. 11 shows the effect of initial temperature on

ig. 11. Stress–strain curves for a Ni–Ti–Cr alloy annealed at 573 K, deformed
t the indicated initial sample temperatures and a 10−3/s strain rate: (a) initial
emperature below 263 K, (b) initial temperature from 263 to 323 K and (c) initial
emperature above 323 K.
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ig. 12. Variation of the transition stress as a function of initial temperature.

he stress–strain response of the annealed alloy. As is seen, the
tress–strain curves strongly depend on the initial temperature.
he curves in Fig. 11(a), obtained at initial temperatures below
63 K, show large residual strains, which however are not perma-
ent. They are recovered at a temperature of 296 K, showing the
hape-memory effect. At initial temperatures above 263 K, the
tress–strain curves display a superelastic effect, i.e. a hysteresis
oop, until the sample temperature reaches 310 K, after which,
he residual strain increases with the increasing sample temper-
ture; see Fig. 11(b) and (c). An interesting point is the reverse
ransformation behavior in the superelastic temperature range.
he occurrence of the reverse transformation at temperatures
bove 323 K is unclear even though the unloading curve shows a
mall amount of recovered strain. The unloading curve obtained
or 310 K, has an inflection point, indicating the reverse trans-
ormation of the stress-induced martensite to the austenite. At
n initial temperature below 296 K, the unloading stress–strain
urve clearly shows a plateau regime that corresponds to the
everse transformation.

Fig. 12 exhibits the temperature dependence of the transition
tresses for the stress-induced martensite and the reverse trans-
ormation, and the yield stress of the austenite, at a strain rate
f 10−3/s. The transition stress for the stress-induced marten-
ite formation increases with the increasing initial temperature.
his is in line with the Clausius-Clapeyron equation that gives a

elation between the initial temperature and the critical stress for
he stress-induced martensite formation [30]. The yield stress of
he austenite, however, decreases with the increase in the tem-
erature. The dσs

fr/dT at a strain rate of 10−3/s is approximately
.5 MPa/K. This value is greater than 7.3 MPa/K in polycrys-
alline Ni–Ti alloys that which is obtained under quasi-static
tates [31–33]. The Md temperature, i.e. the maximum temper-
ture for the stress-induced martensite formation, is determined
y the intersection of the slope of the transition stress and the
islocation-induced slip stress versus temperature lines. The M
d
emperature at a 10−3/s strain rate is about 325 K, in agree-

ent with the residual strain behavior. The finishing stress
or the reverse transformation, σf

re, is measured and plotted in
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ig. 12. The Clausius-Clapeyron slope for the reverse transfor-
ation is about 9.5 MPa/K, which is greater than that of the

ransition stress for the stress-induced martensite formation, i.e.
.5 MPa/K.

. Conclusions

Compressive tests are performed on cylindrical samples to
nvestigate the effect of the annealing conditions and the initial
emperature on the mechanical response of a Ni–Ti–Cr shape-

emory alloy, deformed at a 10−3/s strain rate, using an Instron
ydraulic testing machine. Several noteworthy conclusions are
s follows:

1) For a duration time of 10 min, the transition stress for the
stress-induced martensite formation remains almost con-
stant for annealing temperatures below 573 K. After that,
it decreases with an increase in the annealing temperature,
and finally remains almost constant. The yield stress of
the resulting martensite, however, attains a maximum value
when the annealing temperature reaches about 673 K.

2) The transition stress for the stress-induced martensite for-
mation increases with the increasing annealing duration at
annealing temperatures below 573 K, whereas it decreases
for annealing temperatures above 573 K. A transition stress
in the reverse transformation is clearly retained while the
annealing duration is increased, except for the annealing
temperature of 473 K.

3) The variation of the transition stress with the annealing dura-
tion and temperature is closely related to the size of the
precipitates. The smallest precipitates that occur in anneal-
ing at 573 K for 60 min, produce the maximum stress. This
stress decreases as the size of the precipitates increases.

4) The phase transformation step in the cooling and heating
processes depends on the annealing temperature. A sin-
gle step transformation at a 973 K annealing temperature
changes into a multiple-step transformation with decreas-
ing annealing temperature. A three-step transformation is
clearly observed upon heating and cooling, for a specimen
that was annealed at 573 K.

5) The transition stress of the stress-induced martensite
increases at a 8.5 MPa/K rate with an increase in initial tem-
perature. The Md is approximately 325 K at a 10−3/s strain
rate.

6) Considering all annealing conditions, the optimum anneal-
ing condition producing the highest transition and yield

stresses without a residual strain, is determined to be 573 K
for 60 min. The attained transition stress is about 700 MPa
and the yield stress of the resulting martensite is about
1700 MPa.

[

[
[
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