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Influence of Heat Treatment on the Mechanical Behaviour of aNiTi Alloy
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Measurementsof the effect of heat treatment following cold work on the yield and shape memorybehaviour in a NiTi

alloy are reported. Tensile behaviouris found to dependon test temperature and initial structure as well as annealing
temperature. Minimumvalues of stress required for stress induced martensite, martensite reorientation and parent phase
yield were found to be associated with the as-recrystallized structure. Measurementsof reversion and permanentstrains

were found to dependon applied stress.
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l . Introduction

The mechanical properties of NiTi shape memory
alloys, particularly tensile behaviour, have attracted
considerable intere~_t in recent years.1~4) Stress-strain

behaviour resulting from stress induced martensite
(SIM), martensite reorientation (MR) and the dis-

tinct stage of yielding associated with the Rphase is

well established and understood. The effects of test

temperature,5~9) alloy composition8,9) and heat treat-
ment5,9,10) on mechanical properties and shape mem-
ory behaviour have also been extensively studied.

With respect to heat treatment, manystudies have
been concerned with the ageing behaviour in alloys

containing excess Ni. The influence of heat treat-

ment temperature on pseudoelastic and shape mem-
ory behaviour has been examined, however, a full

understanding of the effer_t of heat treatment on me-
chanical behaviour is yet to be achieved.

Recent studiesn) have shown that the two way
memory(TWM)behaviour in NiTi alloys is depen-
dent on heat treatment. TheTWMhas l]een shown
to dependon transformation behaviour, with a single

stage martensitic transformation being required for

the development of a significant TWMeffect. For
alloys containing near stoichiometric compositions a
minimumheat treatment temperature is required to
avoid the two-stage parent - R phase- martensite
transformation on cooling.12) However, even in speci-

mcnsheat treated to give a single martensitic trans-
formation the TWMtraining characteristics seemto
be still affected by heat treatment. In evaluating the

TWMbehavlour it becameapparent that a systematic
study of the effect of heat treatment on mechanical
behaviour wasrequired. This study is focused on the
tensi].e behaviour of a NiTi alloy annealed at various

temperatures following cold work.
Another mechanical property of importance to

TWMtraining is the reversion behaviour during heat-
ing. A numberof investigations have been carried

out to evaluate the reversion characteristics in con-
strained specimens.7,13-15) Apart from the knowledge
that the reversion stress increases with increasing prior
strain and temperature, Iittle has been understood
about the reversion process. Avital point concerning
both TWMtraining bchaviour and practical applica-
tion is the maximumstress that can be withstood
during reversion rather than the stress that can be
achieved under a particular set of testing conditions.
This study also reports the results of initial measure-
ments of the effect of applied stress on the reversion
strain.

2. Experimental Procedure

TheNiTi alloy used in this study wasa commercial
alloy, of nominal composition Ti-50.2at(/oNi, sup-
plicd by the Shanghai lron and Steel Research In-
stitute. The as-received materia] was cold rolled to
give a 50 o/o reduction in cross-sectional area, giving
wire specimensof square cross-section 0.87 x 0.87 mm.
The specimenswere then annealed for 1.8 ks at vari-

ous temperatures between 670 and 1200 K, followed
by air cooling to room temperature. Tensile tests

were carried out on specimensof 20 mmgauge length
using an Instron testing machine. Test temperatures
were varied between 263 and 473 K using a stirred

liquid temperature bath and appropriate heat transfer
fluids. Test temperatures were controlled to within
0.5 K. The reversio_ n tests were carried out on a
constant load thermal cycling device which has been
described elsewhere.11) Transformation temperatures
at 7-ero stress were measuredusing a Perkin Elmer
DSC-4diffcrential scanning calorimeter.

3. Results andDiscussion

3, 1. Tensile Behaviour

Typical stress-strain curves obtained in this study

over the temperature range from below Mf to above
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Af are shown in Fig. 1. As reported by Miyazaki
and Otsuka4) and others,5,6,16) the stress-strain be-
haviour was critically dependent on the structure of
the alloy. To ensure an initial single phase structure,
specimens tested within the range of transformation
hysteresis were either cooled to below Mf prior to
testing at temperatures up to A* to give a fully mar-
tensitic structure, or heated to above Af for tests in
the temperature range Af>T>M~for 100 o/o R or
parent phase structure.

Deibrmation of the martensite structure initially

occurred by reorientatio_ n ol'the martensite plates. As
shownin Fig. I (a), this process was characterised by
an initial yield plateau on the stress-strain curve.
The horizontaj yield plateau is indicative of localisa-

tion of the martensite reorientation process into a
narrow Luders-type bandwhich propagates along the

gaugc length of the specimen. Such behaviour was
observed in all specirnens tested at temperatures up to
A, which, were initially cooled to below !~lf' On
completion of the localised reorientation process, fur-

ther deformation occurred by elastic/plastic deforma-
tion of the oriented martensite variants.

Specimensheat treated at temperatures below 850
K exhibited the Rphase (i.e., T!t>M.). Specimens
tested in the temperature range TJi> T>M.exhibited

two stage yielding as shownin Fig. I ~b). The initial

yielding stage is associated with stress directed re-
orientation of the R-phasel7-19) via the movementof
twinning boundariesl8,19) and the second stage with
the formation ofstress induced martensite.16) As dis-

cussed above, the yield plateau indicates transforrna-
tion localisation into a discrete band. Such localisa-

tion of the SIMtransformation has been reported by

Miyazaki et al.20)

Thedeformation behaviour of the parent phasewas
dependent on test temperature and heat treatment.
In specimensheat treated such that T1~>M,two stage
yielding associated with stress induced Rand marten-
site respectively occurred over a lirnited temperature
range above TI~' Thestress-strain curve was similar

to Fig, I (b), with stress required for stress-induced R
phase increasing rapidly with increasing tempera-
ture.4,16) At higher temperatures only a single yield

plateau associated with SIMoccurred whenthe stress

required for stress induced Rphase exceeded that fbr

SIM (Fig. 1(c)). Similar yield behaviour has been
previously reported by Miyazaki and Otsuka.21)

In specimens heat treated such that M*>TB,the
yield behaviour of the parent phase also dependedon
the test temperature. At temperatures near M., a
horizontal yield plateau wasnot observed, but rather
the formation of SIMrequired an increasing stress as
shown in Fig. I (d). At higher temperatures a dis-

tinct horizontal yield plateau was observed similar to
Fig, I (c). For all heat treatments testing above a
critical temperature, T,1' which dependedon anneal-
ing temperature, resulted in plastic deformation of
the parent phaseand the initial stage of yielding asso-
ciated with SIMwasno longer observed (Fig. I (e)).

The effect of test temperature on the yield stress of
specimensheat treated at 881 and 975 K is shown in

Fig. 2. For both heat treatments separate curves for

the martensitic and parent phase structures are given.

As discussed previously, initial yielding of the mar-
tensite structure proceeds by reorientation of marten-
site variants and is characterised by a small, negative

temperature dependenceof the yield stress (region I).
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Fig. 2. Yield stress as a function of test temperature.

The yield stress-temperature curves for the parent
phase exhibit two distinct regions (II and 111) asso-
ciated with SIM and plastic yielding of the parent
phase, respectively. The transition from region 11 to

III occurs whenthe stress required for SIMexceeds
the stress required for slip in the parent phase. The
small negative temperature dependenceof the yield

stress in regions l_ and 111 is expected ofyielding proc-
esses involving twinning and slip, while the tempera-
ture dependencein region 11 follows the Clausius-

Clapeyron type relation inherent with SH~L22,23) Val-

ues of M, obtained from extrapolation of the curve in

region ll to zero stress were found to be in excellent

agreement with values obtained from DSCmeasure-
ments.

Theprocesses ofmartensite reorientation and stress

induced martensite are distinctly different, each char-

acterised by a critical stress. Therefore, there is no
reason for the curves of regions I and 11 to join con-
tinuously as is of'ten assumed.5,8,9) Rather, as shown
in Fig. 2, an abrupt increase in yield stress should

occur at M* in specimens cooled from T>A Simi-f'

larly, an abrupt change. in yield stress should occur at

Af mspecimens initially cooled to below M, if the

stress required for SIMat Af Cliffers from that required
for martensite reorientation.

At a given temperature in the range between Mf
and Af thc microstructure and hence mechanical be-

haviour of a shape memoryalloy will not be unique
because of the transformation hysteresis between the

O 2 4 6 8 Ia
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I: Specimencooled from 363K
II: Specimcnhcated from 223K

Fig. 3. Strcss-strain curves.

fonvard and reverse transformations. For example,

suppose an alloy has values of M, and A, such that

A.>M,. Oncooling from a temperature T>Af' the

parent phasewill be present in the temperature range
between A, and M,, while the martensite phase will

be present in the sametemperature range ifthe speci-

menis heate.cl from a temperature T In Fig. 3
stress-strain curves of two specimens heat treated at

1025 K and. tested at the sametemperature within

the M.-A, temperature interval are shown. Speci-

menI was cooled down to the test temperature of

309Kfrom T>Af' This specimenyielded at a stress

of 39 MPaby the formation of stress induced mar-
tensite. Specimen11 was initially cooled to 220K
(T and then heated to the test temperature.
This specimen yielded bv, martensite reorientation at

a stress of 96 MPa. It is ofinterest to note that even
though the yield stresses and modesof yielding of the

two structures are different, the resulting strains asso-
ciated with SIM and martensite reorientation are
virtually the same.

3.2. L.~',ffiect of Annealing Temperature

The effect of annealing temperature on the stress

required for martcnsite reorientation, o~~, and yielding

of the parent phase, 0~! '
is shownin Fig. 4. In view

of the small temperature dependencies of O~ and a;

in regions I and 111, the values shownin Fig. 4 are

average values. The effect of annealing temperature

on the stress required 'for SIM is shown in Fig, 5.

For all three stresses minimumvalues were observed
after heat treating in the temperature rang:e of 870 to

1OOOK.
Thetemperature of the stress minimumcorresponds

we]1 with the recrystallization temperature of this alloy

as determined metallographically. At lower anneal-

ing temperatures the dislocation structure introduced

by cold working is only rearranged by heat treatment,
resulting in higher values of internal stress which must
be overcome by the applied stress. The degree of

recovery decreases with decreasing temperature and
therefore the stresses required f'or slip in the parent
phase, reorientation of martensite variants and stress

induced martensite all increase with decreasing an-
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nealing temperature. The stress required for parent
phase slip is increased relative to the stress for SIM,
as evidenced by the improvement in pseudoelasticity
in alloys annealed at temperatures below 900 K. The
M, temperature also decreased with decreasing an-
nealing temperature, resulting in Rphase formation
in samples annealcd below 850 K.

The increase in (J~",
fJs[~_1 and o~ whhincreasing an-

nealing temperatures above - I OOOK is unusual.
Apart from the measurementsof Saburi et al.,5) which
show increases in (T~ and (Tsllrl on increasing the an-
nealing temperature from 973 to 1273 Kand 873 to

l 273 K, respectively, there appears to be no system-
atic studies of the effect of annealing temperature in

the range 900 to 1300 K on mechanical properties.

Most annealing studies have been concerned with the
ageing behaviour of alloys containing excess Ni
(> 50.7 atc/c')' Thesestudies have sllown that ageing
ofthese alloys at 773 K results in th_e precipitation of

a Ni rich phase, resulting in. an increase in M* tem-
perature due to increased Ti in the matrix. The
alloy used in this study contained 50.2 at~/o Ni and
the M~wasfound to increase with increasing anneal-
ing temperature for temperatures below that required
for recryst.allization (T-850 K) and was constant at
higher annealing te.mperatures. Tietze et al.24) have
reported changes in texture and microstructure in

NiTi alloys after annealing at temperatures up to
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l 320 K, however, the relation between such changes
and mechanical behaviour was not examined. Mi-
crostructural studies are currently being carried out
and will be reported elsewhere.25)

3. 3. Reversion Behaviour

Theeffect ofstress and heat treatment on the rever-
sion and permanentstrains wasstudied using constant
load thermal cycling tests. A typical thermal cycling
test is shownin Fig. 6. A specimenwas flrst heated
to the starting temperature (above Af) under zero
stress. A Ioad was applied and the specimen was
cooled to below Mf' resulting in the formation of

SIM. Thenthe specimenwasreheated to above Af'
causing the reverse transformation to occur. As
shown in Fig. 6 the reversion strain, e., was deter-

mined directly from the heating curve. The perma-
nent strain at the end of the cycle, aF, was obtained
after removing the load. The ratio of the reversion
strain to the total recoverable strain (et=ef~el"f) may
be taken as a measure of reversibility or reversion
efiiciency. In Fig. 7 the ratio e./e~ is plotted as a
function of applied stress for specimens heat treated

at 976 and I 189 K, respectively. It is seen that the
reversion eftilciency decreases almost linearly with in-

creasing stress from a value of I at cr=0. The speci-

mensheat treated at I 189 Kshoweda slightly higher
reversion efiiciency than those heat treated at 976 K.

The permanent strain occurring during the for-

ward transformation on cooling, e~f' wasobtained by
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removing the load at the end of the cooling cycle and
heating undcr zero load. It was assumed that no
permanent strain accompaniedthe reversion process
under zero stress. In Fig. 8measurementsof epf are
p]otted as a function of annealing ternperature for

three values of applied stress. As would be. cxpected

el'f mcreased with increasing stress.the values of'

8pf occurred for specimens an-Maximumvalues of
nealed at 976 K) and for annealing temperatures less

than, 720K =0, el'f '

The permanent strain occurring during reversion

to the parent phase, epr' wasdetermined by subtract-

ing the forward strain, el"/' from the total permanent
strain at the end of the full cycle, el" In_ these tests

the specimens were cooled under the samestress to

provide a constant starting condition for the reversion

half cycle, and the stress waschang_ed to its newvalue

at the start of heating. The cffe.ct ol' stress on ev" for

specimens heat treated at 976 and I 189 K is shown
in I~'ig. 9. In agreementwith Fig. 7specimens heat
treated at 1189 Kshoweda slightly higher resistivity

to permanent deformation than those heat treated at

976 K. Also shownin Fig. 9 are the corresponding
values of the parent phase yield stress for the three
annealing temperatures. Comparisonof Figs. 8 and
9showsthat for the sameapplied stress and annealing

temperature the permanent strain occurring during
reversion substantially exceeds the permanent strain
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occurring during the forward transformation. Se-
lected valucs ofE,,f and ~ .I" as well as reversion strain,

e., are given in Table 1.

The distribution of permanent strain through the
cycle was determined by applying a load through to
various stages of the cycle, removing the load and
completing the cycle under zero stress. In Fig. 10
the fraction of the total permanent cycle strain is

plotted as a function of the fraction of cycle com-
plctcd. It is evident from Fig. 10 that epf rs uni-
formly spread over the cooling hali' cycle. However,
the distribution of ap. appears to be somewhatmore
concentrated near the beginning of the reversion than

near the end.

FromFig. 8 it is c]ear that low annealing tempera-
tures are required to eliminate or minimize the per-
manent strain accompanyingthe formation of SIM.
For annealing temperatures greater than 770 K sig-

nificant permanent strains were obtained for applied
stress well less than the parent phase yield strength.

In these specimens, as shown in Figs. 7and 9, ze_ro

permanent strains were only ob. tained in the limit of

zero applied stress. The development of significant

permanent strains at stresses below o~' is indicative of
the generation of high local stresses at the martensite/

parent phase interface during thc translbrmation. It

is apparent that local vielding also occurs in unstressed
specimens, but does not. result in a net permanent
overall strain due to the self accommodatingnature
of the martensitic transformation. With increasing

stress the degree ofselfaccommodation ol'the marten-
site plates decreases, and as a consequenceel' increases.

Theobservation that the permanentstrain developed
dur'ing reversion exceeds the permanent strain asso-
ciated with the forward reaction (epf>ep.) implies an
additional effect associated with the direction of the
transfbrmation. Such behaviour indicates that the
local stresses generated during reversion (when the
transformation is doing work against the applied

Table l. values of reversion and permanent strains.
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stress) exceed the local stresses generated during the
forward transformation.

Theeffect ofannealing temperature on the perma-
nent cycle strains is in general agreement with the
effect of heat treatment on the parent phase yield
stress as discussed in Sec. 3.2. Maxirnurn permanent
strains were observed in specimensannealed near the
recrystallization temperature. In addition to the
measurementsreported here, the annealing tempera-
ture has 'also been found to have a significant effect

on the TWMdeveloped from constant load thermal
cycling.*

4. Conclusions

(1) The yield behaviour of NiTi is dependent on
initial structure. In the region of transformation
hysteresis (Mf~Af) the structure, and hence prop-
erties, are not unique to a particular temperature
but dependon the prior thermal history of the speci-

men.
(2) Measurementsof the effect of annealing fol-

Iowing cold work show that minimumvalues of the
stresses for SIM, martensite reorientation and yielding
of the parent phase are exhibited at annealing tem'-

peratures near that required for recrystallization. The
increase in the characteristic stresses at lower anneal-
ing temperatures maybe associated with higher in-

ternal stresses. The reason for the small increase in
the stresses ibr higher annealing temperatures is yet
to be solved.

(3) The recoverable strain accompanyingthe re-
version of martensite to the parent phase decreases
approximately linearly with increasing applied stress.

(4) Measurementsofpermanent strains associated
with the formation and reversion of stress induced
martensite show that a greater permanent strain ac-
companies the reversion of rnartensite to the parent
phase rather than v.v. Substantial permanent strains

were observed for applied stresses well less than the
yield stress of the parent phase.
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