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Introcluc!lon 

In recent years, certain Ni·TI and Cu·based alloys have found a wide range of appllcallons heretofore 
unattainable In conventional materials by eJ(ploiting Ihe effect known as shape memory. Via the shape memory 
ellect (SME) a temperature dillerenilal or applied stress results In a martensltlc transformation. The 
martensilic Intenaclal mobility In shape memory alloys (SMA) Is much greater than In non·lhermoelastic 
martensllic materials, Ihe most common eJ(ample being Ihe TAIP (TRanslormation·lnduced Plastlcily) sleels 
(1). Numerous studies on Ihermoelastlc and pseudoelaslic alloys clle elasllc, ralher Ihan plastic, 
accommodation of the overaM shape Change as the reason shape memory alloys exhibit Increased Inlerfaclal 
moblllty{2 · 51· 

While a number 01 studies have focused on the mechanical behavior of SMA under tensile loading (6·9). 
relatively HIlle wot1l. has been done to Characterize properties under olher stress slates. As a number of 
engineering applications Involve combinations of loading slates II Is Imporlant to characterize malerial 
properties as a function of Slress slate. For example, NI·Tt springs designed for use In thermal actuators are 
subjected 10 torsional loading when activated. Very liule work. has been done 10 describe Ihe behavior of SMA 
under IOfsional loading condilions. Evenlual developmenl 01 Ihe constilutive eqlJ8tions governing mechanically· 
induced transform8lions in SMA would greatly facilitate engineering design of sophisticated components. We 
expklre here the relationships between lenslle and IOrsional deformation of a M·TI shape metnOf'Y allOy. 

Malerials and ExDerirnenlaJ procedures 

A NI·"9.2aJo TI (nominal composition) alloy was prepared by electron·beam melling in a water·cooled 
Cu crucible. The casl material was hoi swaged al 8500c then cokl worked 30% to a final diameter of 17mm. 
Tensile samples (50.8mm gauge lenglh and 6.3Smm gauge diameter) and hollow lorsion samples (15.7mm 
gauge length, 6.1mm outer diameter and 4.0mm inner diameter. wi th an enlarged grip dlameter .. 12.7mm) 
were machined then Slress relieved at 37S·C for 30mln . Differential scanning calorimetry showed the 
martensite starl temperature M._.22· C, the austenite reversion tem perature A._3S-C and the 
transformational enthalpy 4,H.·20S caVmole for the stress-relieved materia l. 

Uniaxial tensile tests were performed to about 0.08 true strain using an MTS servo·hydraulic tesling 
unit wUh a 200kN load cell and a ' " clip·on extensomeler to measure engineering slraln. Measured loads and 
engineering slralns were converted to true slress·lrue strain with a correction applied to Ihe strains due to Ihe 
temperalure dependence oj the eleclrlcal Characteristics of Ihe extensometer. Temperatures were achieved 
using an environmental chamber and monitored at the sample surface with a Iype T thermocouple. Temperature 
control was to t ' · C, An testing was performed in air al a Irue strain rale of l x l0-3s· ' . 

A lorsion apparatus was constructed which allowed Iree motion of one end of the round sample. Over the 
relatively small range 01 Slralns l ested (t~.OB) frictional end effects and changes In Ihe gauge langlh geometry 
were assumed negligible. This was verified by monitoring Ihe change In outer diameter ot a sample lested at 
room tefl1)8rature. The maximum diamatral change corresponded to a change In gauge length 01 0.6%. Angular 
displacements (el were measured using a relational variable displacemenl Iransducer (RVDT) mounted alone 
end of the torsion a~aratus. High temperature tesls (100"C.200"CI were conducted using a resistance heater 
Immersed In UCON oil white room temperature and 50· C tests were performed In ethylene glycol. Low 
temperatures were eSlablished using liquid nitrogen (.t9S· CI, ethyl atcohol cooled by liquid nitrogen 
(·100"C), and ethylene glycol cooled by liquid nitrogen (-SO-C). Temperatures were controNed to t t'"C and 
monitored 81 !he sample surface with a Iype T thermocouple. The shear strain rate used for al1 tests was 
y.1.73xtO·3 S ·\ corresponding 10 an equivalenl lensile strain rale of 1xl0·3s· ' . 

Tor:signa! AnalysIs 

Raw data In II'Ie form of torque·twist (M·GI curves were converted 10 equivalent stress· equivalent Slrain 
for comparison with tef\$ile data, Shear stresses, tez' were determined using the equation given by Nadal (10) 
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for largo plastic 10t$lonai straIns modified IOf a thick-wall hollow cytin<1or (11)= 

3M.e'dM/dS'.2I11to'o 3(1 .(t1/ t OHri/f 0)2). ( 1 I 

In thIs equation, e'·e/l whert l-oauga length, tr and 'Co .. lnner and outar IIber shear strossos and, 'I and 
fo.lnner and ouler radiI. AssumIng the average shear stross Ihrough the wall thickness Is given by 
t,v.-(to• ",)/2 and 'Co.Cft with c-oonslanl, eQUation (I) may be expressed in terms of Ta~ and cas: 

t,y._((1 +CI/(4 . ( o(eto 2. , ,2)1113 M+9'dM/dS') . 12 I 

In the absence of a tensile lIow curve initial estimates of C Bte typically given by rJ', (11) wllh SUbsequent 
itoratlve torsion testing on differing sample geomelries necessary 10 obtain mote accurate determination of c. In 
the present case, however, the room temperature isothermal tenslle l low behavior is known, thereby, allowing 
aocurate estimation of c by assuming that the tensile and torsional flow curves should superpose In the 
transformation reglme. Corretallon of room·temperatura torsion tasting with tensila data was obtained using 
c.l.24. wotl within acceptable limits for the ratio 01 outer to inner surface shear strasses (tt) . 

Average shear slralns, T,v.' were determined from T ••• r.v.elL.r. v e', with r v.-(roH,)/2. A 
correction for machine complianca was applied 10 lhe shear sltalns using a m;3ilied versfon of the metnod 
described by lee and Hart (12) for uniaxial tensile testing. This method models Ihe 10lal measured deformation 
as tha sum of a purely plastic component (sample) and an elastic componenl (sample plus machine) thuS 
ahowing calculation of an effective ·spring constant', Km. lor the elastic deformation of the torsion apparatus. 
Via the equation T aI·lral·TmM, where T,- and y. III are the elastic strains of the sample and maetline and lr-is 
the total measure'A elastic strain, the value Ior"km was determined to be 63.0GPa from a room temperature 
torsion lest on a sample of Monel lor which Ihe shear modutus (G. 65.8GPa) . is well known . Von Mises 
equivalent stresses and strains were obtained from CiJ~.~t ..... and, 'i.¥,.Tt:tJ~, respectively. Estimates of 
upper and lower bounds Jor G' ..... were given by if an a" respectively, WIth 00 and 0'1 delined In terms ofllle 
assumptions given In equallon 1 viz, t ...... (toHIlP.! and 'to.Ct,. This defines an ertOr in (j.v. 01 : t o%. 

BesuHs and PjsQlssioo 

Equivalenl sltess·straln loading curves obtained from the tension and torsion lests over the temperalure 
range 0· CsTs200·C are shown In FIgures la and lb, while those for · I96°CsTs·50· C are presented in 
Figures 2a and 2b. With Ms.·22· C, these ligures show the /low character istics of the cubic austenite (82) and 
the monoclink: (819') martens!!e for both stress slates. The overall stress tevels and trends of curve shape 
with temperature are In reasonable agreement with similar work performed by others (t3·15). 

Over the temperature range Investigated three different flow regimes are Identifiable: lor 0·CsTS10~C 
yielding occurs via stress·asslsted 82 ..... 819' martensllic transformation. Examination of the resulting flow 
curves shows two major factors controUing subsequent plastic-now behavior: a dynamic sollening effect due 10 
the Itanslormation acting as a deformation m~hanism at low strains, followed at higher strains by a static 
hardening contribution 01 the transformation product1. These combined ellects alter the true stress·strain 
curves to an upward·CUl\ling shape approximating ideal exponential hardening behavior which Imparts 
maximum stabi1ity of the macroscopic now behavior (1). At Ts·SO"C, the lIow cUl\les show 'rubber·l ike' 
behavior (4) reminiscent 01 the Iransformation curves in Figures la and lb. In this case, however, the 
soltoning component Is the result of Intel\laoant and twin·boundary motions, whi le the Sialic hardening ellect 
Is due to the formation of a set of preferred martensitic variants. At T~150·C, the critical driving force for 
82 ..... 819' stress·assisted transformation cannot be met despite the thermooynamk: assistance 01 an applied 
&tress and lIow Is controlled by mectlanlcal twinning and slip In the 82 struclUre (H;). In non·thermoelastic 
alloys, Mel Is delined as the highest temperature at which a mechanically-induced martensitic transformation 
can occur. The temperature at whICh cleformation etlangos from a stress·assisted to a strain·induced mechanIsm 
Is M,II. In non·thermoelastlc alloys Mel Is, thus, associated wllh the cessation of strain·induced transformation, 
rather than with stress·asslsted lfansIQrmation. As strain·lnduced transformation remains a viable mooe of 
deformation at high temperatures in Ni·Ti alloys, it Is not clear whether the cessalion 01 martensite near 
IWC in the ptesent work denotes the temperal1Jre Mel or M,o. More work Is necessary 10 determine whether a 
straln·lnduced manensitic transformation occurs in these alloys. 

Figures 3a·c allow direct comparison 01 reptesentative tensHe and torsionat loading and unloading flow 
cUl\les In each temperature regime. Even though the strains achieved in the S~C and 200· C torsion tests were 
limited to .. 0.065, Imporlant quantitative Informalion about the flow behavior al these temperaturos may be 
obtained Irom these ligures. Figure 4 shOws the lensile and lorslonal yield stresses, ify' as defined by the 

1The two·stage yielding phenomenon seen in the O'C and 2S· C flow curves has been described by Miyazaki 
and Otsuka (15) as due to either B2 ..... R (commensurate) transformation or to rearrangement of R·phase 
variants. In either case, the temperature and strain ra()Qas over whICh the R·phase exist are quite small and 
will nOl be further addressed In the present work. 
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Interseclion 01 the 'plateau' stress and the rsolon of linear elasticily. Within Ihe estimated enor for o.'l. and 
despite an apparent ditrerence in the elastic moduti2• the (i /or tension and torsion are nearly identical lor a 
given temperature outside the transformation regime (.50"Ci!:Ti!:150-C). However. within the transformation 
region (O·CSTS100"C). the yield stresses in tension are nearly 24% greatar than those In torsion. Stress 
relaxation testing by Mukherjee et al. (1 4) showed the increased flow Slress to be related to adiabatic heating 
associated with the exothermic 82 ..... 819· transformation oct:urring during tensile loading. Monitoring the 
surface temperature of a solid tensile sample tesled in air al room temperature showed a temperature rIse of 
_14-C compared to a maximum temperature increase of - I ·C lor the I'Iollow torsion bar lested in agitated liquid. 
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FIGS. l a and lb. Tensile true s!tess·true strain loading curves (Ia). and torsional equivalent stress· 
equivalent strain loading curves (1t1) for O·Cs:Ts200°C. 
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FIGS. 2a and 2b. Tensile true stress·true stra in loading curves (2a). and torsional equivalent stress· 
equivalent strain loading curves (2b) for ·196°CsTs·50°C. 

A theoretical estimate or the Increase in transformation stress. 0; . due to sample heating under adiabatic 
conditions is provided by the Clauslus·Clapeyron relation, d(j"dT .·4R/Teo' With 4H .. - 208 caVmole. e the 
macroscopic transformationat shape strain .. 0.075. and T .. M,. th is relation predicts da't/dT. 5.9 MPaI"e for 
the 82 ..... 819· transformation. This predicl ion Is 10% lower Inan the eMperimentat determination of d(J\/dT .. 
6.5 MPare shown in Figure 4. Work by others (7) shows good agreement with the current experimental vatue. 
Using the experimentat value ror do/dT, the measured increase in sut face temperature of the tensile bar 
provides an upper limit estimate of stress increase or t 90MPa due to sample heating compared to .. 7MPa lor the 
torsion sample. As indicated in Figure 4. the average difference between the tenSile and torsional yield strengths 
in the Itansformation temperature range Is · S2MPa. Therefore. the experimentally determined value for 

2The torsion tests described herein were nOI designed to accurately determine shear modulI. 
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~/dT accurately predICts the observed dilrerence in yield stresses between lenslon and torsion in the 
temperaulure region of transformation . 

AhhOugh the value 01 rSii~dT predicted by the Clausius-Clapeyron relation Is close 10 thaI found in the 
current set 01 experiments, the Inherent uncertainties In b H, T. and t.o render II prone to substantial 
inaccuracies . In addillon , the Clausius-Clapeyron rela tion does nOI Include transformational kinetic 
conslderallons and neglects stored elastic strain energy important In thermoelastic transformations. 
Development of the constitutive relations governing deformation-Induced 82 ..... 819· transformation would 
Incorporate the effects of both transformation kinetics and stored elasUc strain energy and, therefOfe, allow 
more accorat8 prediction 01 both at and cliit/dT as a function 01 Slrain, strain rate, composition and temperatura. 
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FIGS. 3a, 3b and 3c. Comparison of tension and lorsion 
equivalent stress-Slraln loading and unloading curves 
al ·100"'C (T<M., lig. 3a), SO"'C (M. <l<Md, fig. 3b), 
and 200· C (T)oMd, fig. 3c). 
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FIG. 4. Tensile (open squares) and torsional (fiffed 
circles) yietd stresses for ·196·C<T<200"'C. For 
·22"C<T~I00"'C I.e., In the temperature region 01 
transformal ion, (da\/dT)ten. ICln " (dat/dT)tolilon .. 
6.5 MParC. See text for definition of yield stress. 

Patel and Cohen (17) modeled the thermodynamic contribulion of applied stress to the kinetics of stress· 
assisted manensllic transformation In a polycrystalline material as the sum 01 the resolved normal (O'ntn) and 
shear (t II worK components acting throu9h a given crystallographiC variant. Since the overall shape Change tor 
Ihe B2-+ B19' ItansformaUon conSIsts primarily of shear strains, En-O for this transformalion and, therefore, 
the work done In transforming a volume of ctbiC austenite is the same lor both stress slales. TheoreUcany, 
then, bolh the stress for transformation, 0' , and the temperature dependence of this stress. <6i dT, should be 
the same In tension and torsion lor the B1-+ B1 9' transformation, Agure 4 shows the Slopes of best fit lines 
through the experlmental1y determined 01 to be quite similar for both tension and torsion in the temperature 
region of Iranslormation, consistent with heorelical prediction. 
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Based on the measured temperature Increase in the tensile and torsional samples, the experimental valua 
for dG,/dT of .. 6.5 MParC accurately predicts tha observed difference in yield strengths between tension and 
torsion. However. !wo assumptions are Implicit in th is prediction; Ihal adiabatic healing occurs and that the 
maximum sample temperature is reached prior 10 macroscopic yielding. Whife these 8s.sumptions may, thus, 
allow calculation of an upper limit aPPfoximalion of the increase in slress due to B2-+B19' transformation, 
they do not accurately reflect experimental heat now conditions In a transforming tensile or torsional sample. 
Recent stress relaxetion experiments show the maximum decrease In tensile flow stress at a fixed level of 
slrain is similar tor near adiabatic or near isothermal conditions contrary to the findings of Mukherjee el al. 
(14). It Is thought the Inherent strain rate sensitivity 01 th e 82-+ 819' martensitic transformation may playa 
more important role In determining the flow characteristics of this material than previousty considered. 
Further experiments are planned to explore these phenomena in greater detail. 
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