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High Strain-Rate, Small Strain
Response of a NiTi Shape-
Memory Alloy
The compressive response of a NiTi shape-memory alloy is investigated at various
rates using UCSD’s modified12-in. Hopkinson pressure bar and a conventional Instr
machine. To obtain a constant strain rate during the formation of a stress-induced
tensite in a Hopkinson test, a copper tube of suitable dimensions is employed as a
shaper, since without a pulse shaper the strain rate of the sample varies significantly
microstructure changes from austenite to martensite, whereas with proper pulse sh
techniques a nearly constant strain rate can be achieved over a certain deform
range. The NiTi shape-memory alloy shows a superelastic response for small strains
considered strain rates and at room temperature, 296 K. At this temperature and be
certain strain rate, the stress–strain curves of the NiTi shape-memory alloy display tw
regimes: an elastic austenite regime and a transition (stress-induced martensite) re
The transition stress of this material and the work-hardening rate in the stress-ind
martensite regime increase with increasing strain rate, the latter reaching a steady
level and then rapidly increasing.@DOI: 10.1115/1.1839215#
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1 Introduction
Shape-memory alloys have been extensively studied as f

tional materials for a variety of applications, including medic
structural, and other advanced devices@1–8#. The understanding
of their mechanical properties and their microstructural change
various strain rates and temperatures is crucial to their proper
optimal application. The static properties of shape-memory all
have been extensively studied. Their dynamic properties, h
ever, have not been fully explored, especially their phase trans
mation at high strain-rates and their strain-rate sensitivity. T
strain rate in quasi-static tests can be controlled by controlling
rate of extension independently of the resulting phase transfor
tion @9–11#. Under quasi-static loading conditions, the appli
stress during stress-induced martensite formation may be adju
to ensure a relatively constant strain rate. However, in dyna
deformation induced by the Hopkinson pressure bar, the strain
may change as the microstructure of the material changes, b
directly related to the response of the sample. In addition,
work-hardening rate in the stress-induced martensite forma
regime increases with an increasing strain rate due to the la
heat of transformation and the heat of deformation@11,12#. Ogawa
@13,14# has investigated the mechanical response of sha
memory alloys over a range of initial temperatures~200 to 365 K!
at 1024/s and variable high strain rates~200 to 700/s!, without
seeking to control the strain rate in his high strain-rate exp
ments. He mentions that the overall stress level in his dyna
experiments was higher than that in the quasi-static case.
cently, Chen et al.@15# have used a pulse-shaping technique
control the strain rate within the stress-induced martensite for
tion regime in dynamic loading. They also point out that the str
for the stress-induced martensite formation increases with an
creasing strain rate in the range of 130/s to 750/s, and that
reverse transformation from the martensite to the austenite p
in dynamic deformation differs from that in the quasi-static on
Millett et al. @16# also observed a strain rate sensitivity for Ni
alloys, mentioning that the yield stress is increased fr

1Corresponding author: Fax:11-858-534-2727.
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;500 MPa at quasi-static loading to almost 800 MPa at sh
loading. In addition, Liu et al.@17,18# studied the tensile defor
mation behavior of the thermally-induced twinned martens
NiTi alloys at strain rates up to 300/s. They point out that t
detwinning stress of the martensite is not very sensitive to
strain rate, whereas the strain-hardening effect in the disloca
deformation regime is more strongly dependent on the strain r
These investigations all suggest the strain rate sensitivity of
stress-induced martensite formation in shape-memory alloys.
phenomenon, however, has not been fully understood due to
difficulty in controlling the corresponding strain rate.

An aim of the present work has been to examine possible pu
shaping techniques necessary for evaluating the compressive
namic response of a NiTi shape-memory alloy at relatively c
stant high strain rates, using a recovery Hopkinson pressure
system. In this paper, we report both the quasi-static and dyna
superelastic responses of this material over a broad range of s
rates, all at 296 K initial temperature.

2 Experimental Procedure

Specimen Preparation. The composition of the material use
in the present study is 50.4Ni–49.6Ti~at.%!. Af is around 296 K.
Circular cylindrical samples with 5 mm nominal diameter and
mm nominal length are cut by electro-discharge machin
~EDM!. To study the superelastic response of the material,
maximum strain must be limited to no more than 8%, abo
which permanent plastic deformation occurs.

Low and High Strain-Rate Experiments at Room Tempera-
ture. The quasi-static compression tests are performed usin
Instron hydraulic testing machine, over a range of strain ra
from 1024/s to 1/s, with the maximum strain remaining within th
superelastic range. The deformation of the specimen is meas
by an LVDT, mounted in the testing machine and is calibra
before the test.

The dynamic compression tests are carried out using UCS
recovery Hopkinson technique@19,20# at room temperature. Fig
ure 1 is a schematic diagram of the split Hopkinson pressure
showing a striker bar, a pulse-shaping material, an incident
and a transmission bar. In addition, the figure shows an appro
ately oriented copper-tube pulse-shaper. The specimen is s

004.
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wiched between the incident and transmission bars. Both end
the specimen are greased to reduce the end-friction effect on
specimen deformation during the dynamic test. A gas gun pro
the striker bar towards the incident bar, to which a pulse shap
attached, impacting the pulse shaper that transmits a compre
pulse into the incident bar. The time-variation of this transmit
pulse depends on the response of the pulse shaper and c
controlled to a certain extent by a proper choice of the pu
shaper. The elastic compressive pulse travels along the inci
bar towards the specimen. A small part of the energy of the ela
pulse is transmitted through the sample into the transmission
and the remaining energy is reflected back into the incident ba
a tensile release pulse. Strain gauges mounted on the midpo
the incident and transmission bars record the incident, reflec
and transmitted pulses as functions of time. The electrical sig
from the strain gauges are recorded and analyzed. The stres
strain in the specimen are calculated from the transmitted~the
stress! and reflected~the strain! pulses, respectively. From th
reflected pulse, the time-dependent~nominal or engineering!
strain rate,«̇S(t), of the sample is obtained,

«̇S~ t !52
2C0

LS
«R~ t !, (1)

whereC0 is the common longitudinal sound velocity of the ba
«R(t) is the time-dependent reflected strain, andLS is the original
length of the specimen. Therefore, the strain of the sample,«S , is
given by,

«S522
C0

LS
E

0

t

«R~t!dt. (2)

The transmitted compressive pulse gives the time-depen
~nominal or engineering! stress,s(t), in the sample,

s~ t !5
A0

AS
E«T~ t !, (3)

where «T(t) is the time-dependent transmitted strain,A0 is the
cross-sectional area of the transmission bar~also that of the inci-
dent bar!, AS is the initial cross-sectional area of the specime
andE is the common Young’s modulus of the bars, respective

Pulse-Shaping Technique. For a sample to deform at a con
stant strain rate in a Hopkinson test, the reflected strain mus
constant during the sample deformation, as is evident from
~1!. During the loading, the sample is subjected to the follow
forces:

F15EA0„« I~ t !1«R~ t !…, (4a)

F25EA0„«T~ t !…, (4b)

whereF1 andF2 are forces acting on the sample at its interfa
with the incident bar and transmission bar, respectively. Once
equilibrium condition, F1.F2 , is attained, then the reflecte
pulse relates to the incident and the transmitted pulses, by

« I~ t !1«R~ t !.«T~ t !. (5)

From Eqs.~1! to ~5!, it follows that

Fig. 1 Schematic diagram of the split Hopkinson bar with a
pulse shaper
84 Õ Vol. 127, JANUARY 2005
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EA0« I~ t !2Ass~ t !.
LSEA0

2C0
«̇S~ t !. (6)

It is therefore seen that the sample strain rate depends on bot
incident elastic pulse and the transmitted pulse that is affected
the response of the specimen. Thus, to achieve a constant s
rate, the time-variation of the incident pulse must be similar
that of the stress transmitted by the sample into the transmis
bar. The flow stress of most metals increases monotonically w
the strain, once yielding occurs. With an accompanying ther
softening, which takes place at high loading rates, the sam
stress generally displays a small time-variation. Thus, it is of
easy to produce an incident pulse of a suitable time-profile
render the resulting sample strain rate essentially constant, s
the shape of the incident pulse can be controlled by adjusting
geometry and properties of the pulse shaper according to
length and velocity of the striker bar; see Nemat-Nasser et al.@19#
who analyze this problem in detail and provide examples.
shown by these authors, a small copper button produces a ram
incident pulse, which is adequate to ensure a constant strain
for most metals.

The stress–strain relation for shape-memory alloys within
superelastic range is partly concave down and partly concave
requiring special pulse shaping in order to ensure a constant s
rate. To achieve this, several different pulse shapers were ex
ined, and suitable copper tubes were selected, depending o
length and velocity of the striker bar. A copper tube, placed on
incident bar’s end as shown in Fig. 1, can transmit a compres
pulse into the incident bar that may have the desired profile.
transmitted pulse initially is more or less flat, but becomes c
cave up once the tube is essentially collapsed.

3 Superelastic Response of NiTi Under Constant
Strain Rate

As pointed out above, the strain rate achieved in testing a N
shape-memory alloy sample using a Hopkinson pressure ba
sensitive to the response of the sample and hence to the test
perature and sample stress. As a preliminary exploration, tests
performed at an initial temperature of 296 K without a pul
shaper within the superelastic range, starting with the auste
microstructure, which then changes to stress-induced marte
during loading, gradually returning to its original austenite stru
ture in unloading. Figure 2 is a typical strain profile as a functi
of time in the superelastic range. It is obtained using a 15.24
striker bar at about 9.7 m/s, attaining a desired 5.5% maxim
strain. The slope of the strain–time curve gives the strain rate«̇

Fig. 2 Time-variation of strain without a pulse shaper
Transactions of the ASME
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5d«/dt. As is evident from Fig. 3, the strain rate is not consta
during loading. Referring to Fig. 3, the strain rate is divided in
an elastic regime I with austenite microstructure, and a regime
during which phase transformation from austenite to stre
induced martensite takes place and where the strain rate beg
decrease at a roughly constant rate as stress-induced marte
are formed.

The Hopkinson bar without a pulse shaper produces
trapezoidal- or square-shaped incident pulse. With this type
incident pulse, one cannot obtain constant strain rates for sh
memory alloy samples as they undergo phase transformation
obtain a constant strain rate, the time-dependence of the inc
pulse must be similar to that of the transmitted pulse, as is evid
from Eq. ~6!. Figure 4 compares the result obtained withou
pulse shaper~Fig. 4~a!! with those obtained using a square copp
plate containing a central hole~Fig. 4~b!! and a copper tube~Fig.
4~c!!. The pulse shapers have produced similar transmitted pu
with the square plate being better in loading but not necessari
unloading where strain recovery takes place; this recovery
shape-memory alloys is apparently affected by the time-varia
of the incident pulse. Figure 5 illustrates the variation of the str
and the instantaneous strain rate as functions of strain for the
pulse shapers, obtained using a 7.62 cm striker bar. Arrows in
figure mark the location where the strain rate begins to decre
rapidly. For the square plate with a central hole, the strain
initially increases, and then it gradually decreases during the
tire deformation regime, while the sample is still deforming. F
the copper tube, on the other hand, a relatively constant strain
is attained over a greater part of the deformation regime. We
conclude that the copper-tube pulse shaper is preferred
though the reverse transformation is still affected by the decr
ing portion of the incident pulse. Figure 6 shows the tim
variation of the strain using a copper-tube pulse shaper. The o
all strain rate~between the arrows in Fig. 6! is about 570/s.

The dynamic response of the NiTi shape-memory alloy is f
ther examined by using a copper-tube pulse shaper. Figu
shows a typical stress–strain relation for a strain rate of ab
1080/s. The response may be divided into four regimes: regim
corresponds to the elastic deformation of the sample in the au
nite phase; regime II corresponds to the material’s forward tra
formation from an austenite to a stress-induced martensite; reg
III is the reverse transformation from the stress-induced mar
site to an austenite; and regime IV is the elastic recovery of
austenite. Regimes I and II are the loading response of N
whereas regimes III and IV are its unloading response. The t
sition stress,s f r

s , which is the critical stress for austenite to stres
induced martensite transformation, is defined by the intersec
of the lines tangent to the curves in regime I and the initial port

Fig. 3 Variation of stress and strain rate as a function of strain
in a test without a pulse shaper
Journal of Engineering Materials and Technology
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of regime II. In Fig. 7,E1 denotes the area within the hysteres
loop, whereasE2 denotes the area under the unloading cur
Figure 8 shows the stress–strain curves of NiTi at several in
cated strain rates. The superelastic property is displayed in
figure, but the strains are not completely recovered at the ins

Fig. 4 A comparison of incident and transmitted pulses ob-
tained using „a… no pulse shaper; „b… a square plate with a cen-
tral hole pulse shaper; and „c… a tube pulse shaper
JANUARY 2005, Vol. 127 Õ 85
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of complete unloading. Size measurement after the samples
been recovered from the testing machine, however, shows
measurable residual strains, suggesting that an additional reco
has occurred after the tests have been completed. Moreover,
upper and lower stress plateaus, corresponding to the st
induced martensite formation and the reverse austenite trans
from martensite, are not observed in Fig. 8. Upon loading,
curves have an initially flat part~austenite phase! followed by a
plateau-like portion, which begins at the transition stress,s f r

s ,
that marks the stress-induced martensite formation regime,
continues with the stress increasing upon further deformation
is also observed by Chen et al.@15#. The material work-hardening
defined by the slope of the stress–strain curve, continues to
crease with increasing fractions of the stress-induced marten
and this hardening appears to be strain-rate dependent in the
of the considered strain rates. In unloading, the sample disp
reverse transformation into an elastic return regime, but witho
clear transition stress.

Two factors should be considered in examining the stre
induced martensite formation during deformation@11,12#. First,
the stress-induced martensite formation is an exothermic proc
leading to an increase in the temperature of the specimen. Sec
at high strain rates, the generated heat remains within the sp
men, increasing its temperature during deformation and ph
transition. These temperature variations affect the critical stres
stress-induced martensite formation, as is suggested by
Clausius–Clapeyron equation that provides a relation between

Fig. 5 Stress and strain rate as functions of strain for indi-
cated pulse shapers

Fig. 6 Time-variation of strain, obtained using a copper-tube
pulse shaper
86 Õ Vol. 127, JANUARY 2005
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deformation temperature and the critical stress of stress-indu
martensite formation@21#. Hence, both the dynamic and therm
mechanical effects may cause an increase in the stress-ind
martensite formation stress. It is well known that only a sm
portion of the deformation work is generally stored in the mate
as the elastic energy of defects; see Bever et al.@22#. At high
strain rates, the deformation is essentially adiabatic and the
crease in the temperature of the specimen due to its deforma
may be estimated using the following equation:

DTd5 R b

r C̄
sd«, (7)

wherer is the mass density (r56450 kg/m3); b denotes the frac-
tion of the deformation work actually converted to heat (b'1)
@23#; C̄ is an average heat capacity of the specimenC̄
5500 J/kgK); and the integration is taken over the hystere
loop, represented byE1 in Fig. 7. In addition, it is assumed tha
most of the dissipated energy is released into heat, even tho
the dissipated energy in the superelastic behavior of sha
memory alloys consists of two terms: heat and nonthermal ene
such as sound waves and vibrations. The area of the hyste
loop is E1 ~used in the temperature calculation!, and the area
under the loading curve isE11E2 . To obtain the actual tempera
ture increase, we must also include the latent heat, about

Fig. 7 A typical dynamic stress–strain relation for NiTi shape-
memory alloy loaded at an average strain rate of about 1080 Õs

Fig. 8 Dynamic stress–strain relations for NiTi shape-memory
alloy at indicated strain rates
Transactions of the ASME
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3107 J/m3 @24#, which accompanies the transformation of an a
tenite to a stress-induced martensite. If we assume that the a
nite sample has transformed into the 100% martensite at the m
mum strain, the increase of the temperature,DTL , would be
approximately 13 K due to the latent heat of phase transformat
Figure 9 shows the temperature rise in the specimen as a fun
of the strain rate calculated using both Eq.~7! and the latent hea
of transformation;DT5DTd1DTL . The calculated temperatur
rise under adiabatic conditions is slightly greater than that
served by McCormick et al.,;13 K @25#.

We have also estimated a Clausius–Clapeyron slope for
material using a 1023/s strain rate and various initial temper
tures, arriving at,

Ds f r
s

DT
56 MPa/K. (8)

The temperature variation calculated using Eq.~8! is also included
in Fig. 9. showing a rapid increase inDT with increasing strain
rate, in contrast with that obtained directly from the experimen
results. It has been reported in the literature@10,26# that the
Clausius–Clapeyron slope at low strain rates is smaller than
at a high strain rates. Therefore, calculating the temperature
using the same Clausis–Clapeyron slope at strain rates
change by many orders of magnitude may lead to serious er
The curves in Fig. 8 show that a higher transition stress,s f r

s , and
a higher stress level occur at higher strain rates, resulting
greater deformation work and hence temperature increase.

4 Room Temperature Response at Low Strain Rates
Experiments are also performed at room temperature ov

range of strain rates from 1024/s to 1/s, using an Instron hydrauli
testing machine. The maximum strain was limited to within t
superelastic range in these tests. The resulting stress–strain
tions are shown in Fig. 10. The transition stress and the wo
hardening rate of the material in the stress-induced marten
formation regime appear to be strain-rate dependent in this ra
of strain rates. As the strain rate increases, the transition stre
the stress-induced martensite formation and the work-harde
rate within the stress-induced martensite formation regime
crease. Moreover, the residual strain of each test decreases w
increase of the strain rate. We did not obtain the exact unload
curve at a strain rate of 1/s, due to the dynamic response o
testing machine. An examination of this figure reveals the su

Fig. 9 Estimated temperature change as a function of strain
rate; specimens denoted as a ‘‘Single Test’’ are loaded only
once, whereas those denoted as a ‘‘Repeated Test’’ have been
deformed several times
Journal of Engineering Materials and Technology
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elastic property even though the stress–strain curves show
sidual strains at zero stress. For instance, the residual stra
about 3% at a strain rate of 1024/s. A size measurement after th
sample has been recovered from the testing machine shows
the residual strain has disappeared after a short time at room
perature, indicating that additional recovery has occurred after
tests have been completed, as has also been observed by
et al.@15#. To study the residual strain recovery, we have carefu
and accurately measured the change in the residual strain at
stress, using an accurate extensometer, in addition to the LVDT
the testing machine. The residual strain measured by the ex
someter, continues to decrease and eventually disappear, a
that is not revealed by the LVDT due to the effect of the mach
stiffness and other inaccuracies.

5 Discussion and Conclusions
It has been known that the response of NiTi shape-mem

alloys is sensitive to the strain rate. At an initial room temperat
and for small strain, the material displays superelasticity ove
broad range of strain rates from 1024/s to 2000/s. The transition
stress, which is the stress for stress-induced martensite forma
monotonically increases with an increasing strain rate; abov
strain rate of around 1000/s, there is a marked increase in
stress, showing the strain rate sensitivity behavior which is sim
to the flow-stress response of most ordinary metals; see Fig
According to the nucleation and growth model of a martens
@27#, the interface of martensite consists of coherency dislocati
or misfit dislocations. The interfacial motion is of fundamen
importance to the nucleation and growth of a martensite. On
basis of the dislocation model of the interfacial structure, the m
tion of the martensite interface is expected to be similar to tha
slip dislocations. Grujicic et al.@28,29# have studied the kinetics
of interface motion in a Cu–Al–Ni alloy. They suggest
thermally-activated interfacial motion model. They also menti
that the mobility of a twinned martensite is greater than that o
dislocation martensite due to the weak interaction of the interf
with various obstacles. This thermally-activated interfacial mot
model can explain the dependence of stress on the strain ra
strain rates below around 1000/s. However, it does not addres
rapid increase of stress at a strain rate of around 1000/s. At s
rates above 1000/s, there may exist an interfacial drag effect, s
lar to that of dislocation slip at high strain rates. We are curren
studying this strain-rate sensitivity of the flow stress, seeking
relate the interfacial motion of the stress-induced martensite to
transition stress for a stress-induced martensite.

At a very low strain-rate, however, the stress–strain curve
plays a clear plateau, corresponding to the stress of stress-ind

Fig. 10 Quasi-static stress–strain curves at room temperature
JANUARY 2005, Vol. 127 Õ 87
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martensite formation; see Fig. 10. As the strain rate increases
plateau slowly disappears. The stress–strain relations at mo
ately high strain rates are quite different when compared w
those at lower strain-rates; compare Figs. 8 and 10.

The NiTi shape-memory alloy has two work-hardening rat
depending on the strain range: the stress-induced martensite
mation regime and the plastic deformation regime of the resul
martensite. Figure 12 illustrates the work-hardening rate as a f
tion of the strain rate in the stress-induced martensite forma
regime. The work-hardening rate linearly increases with an
crease in the strain rate until a strain rate of about 1/s is reac
Then, it remains essentially constant up to a strain rate of ab
1000/s, after which it again increases with the increasing st
rate in the considered range above 1000/s. The increase in
work-hardening rate in the range of strain rates from 1024/s to 1/s
during the stress-induced martensite formation, may be due to
latent heat of transformation and the heat of deformation@11,12#.
However, the constant work-hardening rate in the range of st
rates from 1/s to 1000/s, and its increase for strain rates excee
1000/s, cannot be explained by this concept. This rapid increas
the work-hardening rate may be related to the dislocation d
effect on the interfacial motion of the stress-induced martensi

In summary, compressive tests are performed on cylindr
samples to investigate the mechanical response of a NiTi sh

Fig. 11 Transition stress of stress-induced martensite forma-
tion as a function of strain rate

Fig. 12 Variation of the work-hardening rate with the strain
rate in the stress-induced martensite formation regime
88 Õ Vol. 127, JANUARY 2005
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memory alloy at various strain rates and at an initial tempera
of 296 K, using UCSD’s modified1

2-in. Hopkinson bar and an
Instron hydraulic testing machine. Several noteworthy conc
sions are as follows:

1. A constant strain rate is attained during the formation o
stress-induced martensite, using the Hopkinson bar with a suit
pulse-shaping technique.

2. The NiTi shape-memory alloy shows a superelastic respo
for small strains at considered strain rates and at room temp
ture. The stress–stain curves include two regimes: an initial a
tenite deformation regime, and a stress-induced martensite fo
tion regime.

3. The transition stress from the austenite to the marten
phase shows a sudden increase at around 1000/s, appearing
strain-rate dependent in the considered strain-rate ranges. It
be related to the dislocation interfacial motion of a martens
suggesting that at strain rates below 1000/s, the interfacial mo
of a martensite is dominated by the thermally-activated motion
dislocations, and above 1000/s, by an interfacial drag effect.

4. The work-hardening rate of the stress-induced marten
formation regime linearly increases with an increase in the st
rate up to a strain rate of 1/s, and then, it remains essent
constant up to 1000/s. Beyond 1000/s, the work-hardening
rapidly increases with the increasing strain rate.
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