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Introducti

In recent years, cerlain Ni-Ti and Cu-based alloys have found a wide range of applications heretofore
unattainable in conventional materials by exploiting the effect known as shape memory. Via the shape memory
effect (SME) a temperature differential or applied stress results in a martensitic transformation. The
martensitic interfacial mobility in shape memory alloys (SMA) is much greater than in non-thermoelastic
martensitic materials, the most common example being the TRIP (TRansformation-Induced Plasticity) sieels
(1). Numerous studies on thermoelastic and pseudoelastic alloys cite elastic, rather than plastic,

accommodation of the overall shape change as the reason shape memory alloys exhibit increased interfacial
mobility(2-5).

While a number of studies have focused on the mechanical behavior of SMA under lensile loading (6-9),
relatively little work has been done to characlerize properties under other siress states. As a number of
engineering applications involve combinations of loading states it is important to characlerize material
properties as a function of siress state. For example, Ni-Ti springs designed for use in thermal acluators are
subjected to torsional loading when activated. Very littlle work has been done to describe the behavior of SMA
under torsional loading conditions. Eventual development of the constitutive equations governing mechanically-
induced transformations in SMA would greally facilitate engineering design of sophisticated components. We
explore here the relationships between lensile and torsional deformation of a Ni-Ti shape memory alloy.

Material | Experimental P "

A Ni-49.2a/o0 Ti (nominal composition) alloy was prepared by electron-beam melling in a water-cooled
Cu crucible. The cast material was hot swaged at 850°C then cold worked 30% to a final diameter of 17mm.
Tensile samples (50.8mm gauge length and 6.35mm gauge diameter) and hollow torsion samples (15.7mm
gauge length, 6.1mm outer diameter and 4.0mm inner diameter, with an enlarged grip diameter=12.7mm)
were machined then stress relieved at 375°C for 30min. Differential scanning calorimetry showed the
martensite start temperature M,=-22°C, the austenite reversion temperature A, =38°C and the
transformational enthalpy AH=-208 cal/mole for the stress-relieved material.

Uniaxial tensile tests were performed to about 0.08 true strain using an MTS servo-hydraulic testing
unit with a 200kN load cell and a 1" clip-on extensometer to measure engineering strain. Measured loads and
engineering strains were converted to true stress-true strain with a correction applied to the strains due to the
temperature dependence of the electrical characteristics of the extensometer. Temperatures were achieved
using an environmental chamber and monitored at the sample surface with a type T thermocouple. Temperature
control was 1o +1°C, All testing was performed in air at a true strain rate of 1x10°3s°1.

A torsion apparalus was construcled which allowed free motion of one end of the round sample. Over the
relatively small range of strains tested (e<0.08) frictional end effects and changes in the gauge length geometry
were assumed negligible. This was verified by monitoring the change in outer diameter of a sample tested at
room temperature. The maximum diametral change corresponded to a change in gauge length of 0.6%. Angular
displacements (6) were measured using a rotational variable displacement transducer (RVDT) mounted at one
end of the torsion apBaraws. High temperalture tests (100°C-200°C) were conducted using a resistance healer
immersed in UCON® oil while room lemperature and 50°C tests were performed in ethylene glycol. Low
temperatures were established using liquid nitrogen (-196°C), ethyl alcohol cooled by liquid nitrogen
(-100°C), and ethylene glycol cooled by liquid nitrogen (-50°C). Temperatures were controlled to £1°C and
monitored at the sample surface with a type T thermocouple. The shear strain rate used for all tests was
¥=1.73x10"3s"" corresponding 1o an equivalent tensile strain rate of 1x10"3s™".

Torsional Analysis
Raw dala in the form of torque-twist (M-8) curves were converted to equivalent siress-equivalent strain
for comparison with tensile data. Shear siresses, 1g,, were determined using the equation given by Nadai (10)
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for large plastic torsional strains modified for a thick-wall hollow cylinder (11):
3M+0'dM/d0"=2x1,r 3 [1-(%,/1 ) (1;/74)?]. (1)

In this equation, 8'=6/L where L=gauge length, t; and t,=inner and ouler fiber shear stresses and, r; and
ro=inner and outer radii. Assuming the average shear stress through the wall thickness is given by
Tavo™(To*T)/2 and t =c1; with c=conslant, equation (1) may be expressed in terms of 7, and ¢ as:

Tave=l(14C)/[4nr (cr 2-1,2)])[3M+0'dM/d0"). (2)

In the absence of a tensile flow curve initial estimates of ¢ are typically given by r /r; (11) with subsequent
iterative torsion testing on differing sample geometries necessary to obtain more accurate determination of ¢. In
the present case, however, the room temperature isothermal tensile flow behavior is known, thereby, allowing
accurate estimation of ¢ by assuming thal the tensile and torsional flow curves should superpose in the
iransformation regime. Correlation of room-temperature torsion testing with tensile data was obtained using
c=1.24, well within acceptable limits for the ratio of outer to inner surface shear stresses (11).

Average shear slrains, y,,,, were delermined from vy,  =r,  0/L=r, 0", with r,  «(r,+r)/2. A
correction for machine compliance was applied to the shear strains using a moaified version of the method
described by Lee and Hart (12) for uniaxial tensile testing. This method models the total measured deformation
as the sum of a purely plastic component (sample) and an elastic component (sample plus machine) thus
allowing calculation of an effective "spring constant”, K, for the elastic deformation of the torsion apparatus.
Via the equation v,%=y %y, ), where v,* and v, are the elastic sirains of the sample and machine and v, is
the total measured elastic sirain, the value for K, was delermined 1o be 63.0GPa from a room temperature
lorsion test on a sample of Monel for which the shear modulus (G=65.8GPa) is well known. Von Mises
equivalent stresses and slrains were obtained from G, -\Gt“. and, €,,,=Y, , respectively. Estimates of
upper and lower bounds for G, , were given by G, and’ ?, respectively, with o, and G defined in terms of the
assumptions given in equation 1 viz, t,“-{‘:oi-ti]& and t,=ct. This defines an error in G,,, of £10%.
Besulls and Discussion

Equivalent stress-strain loading curves obtained from the tension and torsion tests over the temperalure
range 0°C<T<200°C are shown in Figures 1a and ib, while those for -196°CsTs-50°C are presented in
Figures 2a and 2b. With Mg=-22°C, these figures show the flow characteristics of the cubic austenite (B2) and

the monoclinic (B19') martensite for both stress states. The overall siress levels and trends of curve shape
with temperature are in reasonable agreement with similar work performed by others (13-15).

Over the temperalure range investigaled three different flow regimes are identifiable: for 0°C<T<100°C
yielding occurs via slress-assisted B2-B19" martensitic transformation. Examination of the resulling flow
curves shows two major factors conlrolling subsequent plastic-flow behavior: a dynamic softening effect due to
the transformation acting as a deformation mechanism at low sirains, followed at higher slrains by a slalic
hardening conlribution of the transtormation product'. These combined effects alter the true slress-sirain
curves to an upward-curving shape approximaling ideal exponential hardening behavior which imparts
maximum stability of the macroscopic flow behavior (1). Al T<-50°C, the flow curves show ‘rubber-like'
behavior (4) reminiscent of the transformation curves in Figures 1a and 1b. In this case, however, the
softening component is the resull of intervariant and twin-boundary motions, while the stalic hardening effect
is due 1o the formation of a set of preferred marlensilic variants. At T=150°C, the critical driving force for
B2-B19' stress-assisted transformation cannot be met despile the thermodynamic assistance of an applied
stress and flow is controlled by mechanical twinning and slip in the B2 structure (16). In non-thermoelaslic
alloys, My is defined as the highest temperature at which a mechanically-induced martensitic transformation
can occur. The temperature at which deformation changes from a stress-assisted to a strain-induced mechanism
is M, In non-thermoelastic alloys My is, thus, associated with the cessation of strain-induced transformation,
rather than with stress-assisted transformation. As strain-induced transformation remains a viable mode of
deformation at high temperatures in Ni-Ti alloys, it is not clear whether the cessation of martensite near
100°C in the present work denotes the temperature My or M,°. More work is necessary lo determine whether a
strain-induced martensitic transformation occurs in these alloys.

Figures 3a-c allow direct comparison of representative tensile and torsional loading and unloading flow
curves in each temperature regime. Even though the sirains achieved in the 50°C and 200°C torsion tests were
limited to =0.065, important quantitative information about the flow behavior at these temperalures may be
oblained Irom these figures. Figure 4 shows the tensile and torsional yield stresses, a,. as defined by the

The two-slage yielding phenomenon seen in the 0°C and 25°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 lemperalure and slrain ranges over which the R-phase exist are quile small and
will not be further addressed in the present work.
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True Stress, MPa

intersection of the 'plateau’ siress and the region of linear elasticity. Within the estimated error for G, , and
despite an apparent difference in the elastic moduliZ, the G, for tension and torsion are nearly identical for a
given temperature outside the transformation regime (-50‘021'2150"0}. However, within the transformation
region (0°C<T<100°C), the yield siresses in tension are nearly 24% greater than those in torsion. Stress
relaxation testing by Mukherjee et al. (14) showed the increased flow stress to be related to adiabatic heating
associaled with the exothermic B2-»B19' transformation occurring during tensile loading. Monitoring the
surface temperature of a solid tensile sample tested in air at room temperatlure showed a temperature rise of
=14°C compared lo a maximum temperature increase of =1°C for the hollow torsion bar tesled in agitated liquid.
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FIGS. 1a and 1b. Tensile true stress-lrue strain loading curves (1a), and torsional equivalent siress-
equivalent strain loading curves (1b) for 0°C<sT<200°C.
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FIGS. 2a and 2b. Tensile true stress-true strain loading curves (2a), and torsional equivalent stress-
equivalent strain loading curves (2b) for -196°C<T<-50°C.

A theorelical estimate of the increase in transformation stress, &,, due to sample heating under adiabatic
conditions is provided by the Clausius-Clapeyron relation, dG,/dT=-AH/Te,. With AH=-208 cal/mole, ¢, the
macroscopic transformational shape strain =0.075, and T=M., this relation predicts dg,/dT=~ 5.9 MPar8 for
the B2-B19' transformation. This prediction is_10% lower than the experimental determination of dg /dT=
6.5 MPa/°C shown in Figure 4. Work by others (7) shows good agreement with the current experimental value.
Using the experimental value for dG,/dT, the measured increase in surface temperature of the tensile bar
provides an upper limit estimate of stress increase of =90MPa due to sample heating compared to =7MPa for the
torsion sample. As indicated in Figure 4, the average difference between the tensile and torsional yield strengths
in the transformation temperature range is =82MPa. Therefore, the experimentally determined value for

2The torsion tests described herein were not designed to accurately determine shear moduli.
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dT accurately predicts the observed difference in yield stresses between tension and torsion in the
temperauture region of transformation.

Although the value of d5,/dT predicted by the Clausius-Clapeyron relation is close to that found in the
current set of experiments, the inherent uncertainties in AH, T, and e, render it prone to substantial
inaccuracies. In addition, the Clausius-Clapeyron relation does not fnclude transformational kinetic
considerations and neglects stored elastic strain energy important in thermoelastic transformations.
Development of the constitutive relations governing deformation-induced B2—B19" transformation would
incorporate the effects of both transformation kinetics and stored elastic strain energy and, therefore, allow
more accurate prediction of both G, and dG,/dT as a function of strain, strain rate, composition and temperature.
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FIGS. 3a, 3b and 3c. Comparison of tension and torsion FIG. 4. Tensile (open squares) and torsional (filled
equivalent stress-strain loading and unloading curves circles) yield stresses for -196°C<T<200°C. For
at -100°C (T<M,, fig. 3a), 50°C (M,<T<M,, fig. 3b), -22°C<T<100°C i.e., in the temperature region of
and 200°C (T>M,, fig. 3c). transformation, (d3,/dT)ignsion = (45,/dT)iorsion =

6.5 MPar,C. See text for definition of yield stress.

Patel and Cohen (17) modeled the thermodynamic contribution of applied stress to the kinetics of stress-
assisted martensitic transformation in a polycrystalline material as the sum of the resolved normal (o) and
shear (ty) work components acting through a given crystallographic variant. Since the overall shape change for
the B2-B19' transformation consists primarily of shear strains, ¢ =0 for this transformation and, therefore,
the work done in transforming a volume of cubic austenite is the same for both stress states. Theoretically,
then, both the stress for transformation, G,, and the temperalure dependence of this stress, dG,/dT, should be
the same in tension and torsion for the BZ—»B19' transformation. Figure 4 shows the slopes of best fit lines
through the experimentally determined G, to be quite similar for both tension and torsion in the temperature
region of transformation, consistent with theoretical prediction.
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Based on the measured temperature increase in the tensile and torsional samples, the experimental value
for d3,/dT of =6.5 MPa/°C accurately predicls the observed difference in yield strengths between tension and
lorsaon However, lwo assumptions are implicit in this predlcllon that adiabatic heating occurs and that the
maximum sample temperature is reached prior to macroscopic yielding. While these assumplions may, thus,
allow calculation of an upper limit approximation of the increase in siress due to B2—B19' transformation,
they do not accurately reflect experimental heat flow condilions in a transforming tensile or torsional sample.
Recent siress relaxation experiments show the maximum decrease in tensile flow stress at a fixed level of
sirain is similar for near adiabatic or near isothermal conditions contrary to the findings of Mukherjee et al.
(14). It is thought the inherent strain rate sensitivity of the B2—B19' martensitic transformation may play a
more important role in determining the flow characteristics of this material than previously considered.
Further experiments are planned to explore these phenomena in greater detail.
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