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ABSTRACT 

LBL-3297 

A theory of the fundamental thermodynamic properties of the shape memory 
alloys is constructed on the basis of their stress-strain properties. The pre­
Martensitic phenomena are identified to be critical point phenomena which 
occur at zero stress and the critical temperature Tc ' .above which two phases 
may coexist under .stress, and below which only one phase, Martensite, can exist. 

The deviation of the pre-Martensitic phenomena in polycrystalline NiTl 
from the simple "ideal" form predicted by the theory is explained in detail 
in terms of the effects of internal stresses and "training';. It is argued 
that Tc = Mf· 

Several mechanisms are proposed to explain the "non ideal" behavior of 
those SMA's which transform to a twinned Martensite and polycrystalline 
specimens, It is concluded that "twinning" SMA's are intrinsically incapable 
of ideal behavior near Tc , which appears to be borne out by experiment. 

The practical possibilities of SMA heat engines are discussed and it is 
concluded that, with a proper choice of cycle and good ~nough material, there 
is no fundamental limitation upon their potential thermal efficiency beyond 
tha t imposed by the Second Law ot' Thermodynami cs. 

*Work performed under the auspi ces of the U. S. Energy Resea rch and 
Development Administration. 
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I. Introduction 

The general approach of a theoretician attempting to explain the properties 

of a complex system is to dra\'/ from the available data those facts which seem 

most significant, develop il rigorous model of these "essential" phenomena'and 

then to back up and explain in as far as possible the remaining facts in a 
manner consistent with the basic model. 

The "essential" thermodynamic properties of any material are the properties 

of an imaginary "ideal" specimen whose pr'operties are everywhere singly defined. 

In the following section we extract the stress-strain-temperature relationship 

of an ideal monocrystal of SMA under uniaxial stress from actual stress-strain 

data. In this specific application "idea"lity" requires that the str'ess at any 

given combination of strain and temperature be independent of the path by which 

that c-T point was reached. In the terminology of Tong and Wayman l , the 

"non-chemical free energy" l'IG nc involved in the transformation ft'oll1 one phase 

to the other must vanish. In the case of the few SMA's which go to an 

untwinned Ivtartensite it appears that this "ideal" state of affa"irs lIIay indeed 

be arbitrarily closely approached in the limit of ever better crystal growing 

and annealing techniques. In the 1II0re usual twinned Martensite case, however, 

the presence of the twins and associated stressed S, Martensite interface 

negates this possibility. Therefore. in this case our theory is rigorously 

applicable only to the stress-strain properties of the material on a scale 

finer than the intertwin spacing. We will discuss this matter in more detail 

in Section V. For now we merely state that the theory is applicable to 

twinning Sf"1A's with only minor elaboration at temperatures well above r\. 
In Sections III and IV we discuss the pre-Martensitic phenomena with 

particular emphasis on the well studied case of NiTi,2 and Secticn VI addresses 

the practical potentialities of SMA heat engines. A Glossary is appended at 

the end of the paper. 

I I. Jll~_}..9~~J_ Str_e52="S_!!:,? in Oi agram 
Disregarding ordinary thermal expansion, the single crystal SMA stress­

strain diagrams reported by various authors3 have the general appearance 

schematized in Figure 1. This is the case both with those alloys in which a 

single crystal of the B-phase transforms to a single untwinned M~rtensite 

crystal, and with those in which it transforms to a twinned Martensite 

structure. At the lowest temperature the internal stresses which cause 

hysteresis o~erwhelm the restoring force, and the specimen remains elongated 

when the external stress is rehloved. Usually the area of the hysteresis loops 

.. .. 

f' 
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decreases with increasing temperature. There is no question about the "ideal" 

form of the stress-strain curves at the higher temperatures: First a pure 

B-phase elastic modulus, then a perfectly flat two phase coexistence region 

at the transformation stress appropriate to the given temperature and 

finally, a pure Martensite elastic modulus. Here the transformation is of 

first thermodynamic order as the two phases are capable of coexisting at 

equilibrium. Furthermore. the pure Martensite elastic moduli all seem to 

fallon the same line. 

At the lower temperatures at which hysteresis overwhelms the restoring 

force the situation is less clear, but we reconstruct the full T-c-o relation 

of the ideal specimen as being that schematized in Figure 2. 

The two coexistence region boundaries come together and end at the 

critical. point: which occurs at zero stress and zero strain (i .e., the 
undistorted a-geometry) and the critical temperatureTc ' 

.This reconstruction may be summed up by three statements: 

1) Only one phase (Martensite) exists below Tc' 
2) At a temperature infinites·illlally below Tc the geometry of the thermal 

Martensite is only infinitesimally different from the B geometry, and tends 

toward a low temperature "limit Martensite geometry" as the temperature is 

further lowered. .Just below Tc the rate of change of the Martensite geometry 
is most rapid and the restoring force against further stretching the 

Martensite is very small. 

3) At a temperature infinitesimally above Tc the geometry of the stress 

induced Martensite (SIM) at equilibrium with the B-phase is only infinitesimally 

different from the B geometry, and its rate of change goes to infinity as \ 

is approached from above. 
Statement 1) is an experimental fact which may be deduced f~om two 

observations. First, no such thing as a "stress induced B-phase" exists. 
* Second, it is impossible to produce a supercooled B-phase by rapid quenching 

to ~e10w Tc' (This is the case with all critical points, and thus directly 

supports our interpretation.) 

* We are aware of the few SMA's in which a supercooled a-phase is obtainable 
by splat coo1ing4. However, this mode of cooling iS,so rapid that .the 

resulting S-phase probably has some high temperature disorder froze'n into it, 

and. therefore. is different from the nonquenchab1e well ann.ea1ed "equilibrium" 

S-phase produced by less brutal methods of cooling from the melt which the 

theory assumes. 
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Statement 2) appears to have been exp~rimentally verified by the 

scattering experiments of K. Mukherjee who states: IIThese results also 

suggest a progressive cooperative shear and lattice distortion which produces 
the final Martensite geometry. ,,5* 

Statement 3) does not as yet seem to have been verified. However, it 

is easy to demonstrate that it is sufficient and necessary for the occurrence 

of the pre-Martensitic phenomena just above Tc. Likewise, statement 2) is 
7 necessary and sufficient for their occurrence just below Tc 

I I I. I~.~~!,jJ1ins~the Pre-MC!!te~ iti~Ph~I)_()mena 

Figure 2 very much resembles the P-V-T diagram of a singl·e component fluid. 

(In the fluid case the two phases coexist below Tc rather than above it. 
This is the usual case but other exceptions are known.) 

At the fluid critical point (~)T goes to zero. This is strictly 
analagous to Cll -C12 going to zero in the SMA case. The v~nishing ~f this 

elastic coefficient causes large amplitude lattice vibrations which are 
responsible for the well known diffuse diffraction phenomena,2 the maximum 
of internal friction,8 and the minimum in the speed of sound. 9 In the case 

of the fluid, the vanishing of (~~)T causes critical opalescence (which is 
strictly analagous to the diffuse diffraction) and the complete absorption 

of sound. 

NiTi exhibits yet another pre-Martensitic 

1 . 1 ... 1 . 2, 10 Th . e ectrlca reslstlvlty upon coo lng. lS 

scattering of conduction electrons by the large 

in the vicinity of the critical point. 

phenomenon - a peak in the 

peak is due to the enhanced 

amplitude lattice vibrations 

Besides the argument by analogy, there is a deeper one: A higher order 

---------
*The temperature dependence of the thermal Martensite geometry somewhat 

further below Tc is elegantly demonstrated by a simple experiment performed 
by H. Mohamed of the University of California, Berkeley6 A piece of NiTi 

in the Martensite phase is quasiplastically bent, thereby causing the growth 

of those Martensite variants whose orientation tends to relieve the applied 

stress. It is then immersed into liquid nitrogen and spontaneously bends 

further in the direction of the initial deformation. This further bend is 

caused by the further change of geometry wi th decreas i ng temperature. 
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phase transition (such as a critical point) occurs whenever a continuous 

process results in a qualitative change." In this case, cooling a specimen 

. which is under zero stress down to infinitesimally below Tc causes an 

infinitesimal but qualitative change to Martensite symmetry. 

IV. Nonidealit,Lgf Thermal Cycl~nder __ Zero Applied Stress 

An ideal specimen would show no hysteresis in any of its properties under 
thermal cycling. This is not the case with any real specimen and the purpose 

of this Section is to discuss the origin of this hysteresis for the particular 

(and best'studied) case of zero externally appl ied stress. 

The transformation of an ideal specimen upon cooling under zero stress 

would be a higher order phase transition in the form of a sudden breaking of 

cubic symmetry to orthorhombic symmetry at a well defined temperature, 

followed by further distortion with decreasing temperature. No interface 
I 

plane would ever form. However, in actual specimens a small amount of 

Martensite of pronounced orthorhombic form appears at the temperature Ms ' 
and this Martensite grows at the expense of the B phaSe with well defined 

interface planes as the temperature is further lowered. The theory states 

that the transition is of higher thermodynamic order only ~nder rig~_ously 

zero stress. Any stress at all causes a transformation to SIM at a 

temperature somewhat above Tc' Thus, the internal stresses which are 
inevitable in any real material explain the apparent discrepancy. (We note 

that the role of these internal stresses is fundamentally different from 

that of 6G~~P as defined by Tong and Wayman. l Rather than impeding the 

transformation and causing it to require supercooling in order to proceed, 

they cause it to commence at a higher temperature.) 
In the case of NiTi these internal stresses are apparently "worn down" 

by repeated thermal cycl ing. This is manifested by a decrease of Ms and a 

progressively more pronounced resistivity peak on the cooling portion of the 

cycle. 2 Sandrock,et.al. 2 have correlated these phenomena with a micro­

structural change induced by repeated cycling: A large number of dislocations 

are seen to form and coalesce in apparently roughly planar tangles. The. 

appearance of these tangles seems to suffice to explain the closer approach 

to ideality. Within them there are, no doubt, very large local internal 
stresses and probably numerous Martensite nuclei of many variants even,well 

above Tc' These nuclei are able to grow or shrink and to interconvert by 

means of twin boundary migration in response to stresses applied from outside 
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the tangles. We postulate that this allows the tangles to act as "accommodatipn 

loci" which concentrate any internal stresses within them, thereby causing the 

bulk of the material outside of them to be relatively free of internal stresses. 

As the volume of the tangles is apparently much smaller than the volume of the 

material between them, this causes the bulk of the specimen to behave more 

nearly ideally. 

As previously stated, supercooling is impossible at a critical point. 

Internal stresses can and do raise the temperature at which any given region 

in the material transforms to somewhere above Tc' but they cannot p05sibly 

depress the transformation temperature to below Tc. Therefore, in a chemically 

homogeneous material, T = Mf , regardless of internal stresses. The reason . c 
that the pre-Marte~sitic phenomena peak at Ms rather than Mf is that below Ms 

the rapid decrease of the amount of B present with decreasing temperat~re 

overwhelms the increase of intensity of the pre-Martensitic phenomena in that 

portion of the material which is still in the B phase. 2,7 

The immutability of Mf is elegantly demonstrated by some as yet unpublished 

observations of S. Fishman and D. S. Lieberman concerning the behavior of the 

electrical resistivity of monocrystalline AuCd (49.0 at. % Cd) upon thermal 

cycling under zero appliedstress. 12 They observed that Ms is only a few 

degrees above Mf and that the cooling curve does not change with thermal 

cycling. However As and Af , which may be as much as 20 0 above Mf and Ms ' 

respectively (depending on how long the specimen has previously been held in 

the Martensite phase) decrease to within a few degrees of Mf and Ms after a 

number of cycles and remain there upon further uninterrupted cycling. If the 

cycling is stopped and the specimen is held below Mf for several hours and 

then resumed, As and Af are found to be at their initial values or even higher. 

Subsequent continuous cycling again lowers them to within a few degrees of 

Mf and Ms· 
Apparently, in the case of AuCd the internal stresses which raise Ms in 

NiTi above Tc are not very important, but those which raise As above Tc are, 

and are "worn down"by repeated cycling. However, if the cycling is stopped 

with the specimen completely in the Martensite phase, there is apparently a 

microstructural relaxation process which further stabilizes that particular 

Martensite microstructure. When the specimen is again heated, the thermally 

induced Martensite is retained as SIM until a certain level of superheating 

is attained. (In this case the concept of a ~G~~p appears to be perfectly valid. 

We note that the possibility of superheating under zero stress in no way 

. ~ 
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contradicts our basic model. Superheating is possible due to the possibility 

of SIM just as·supercooling is impossible due to the impossibility of a stress 

induced B-phase.) 

The change of As and Af of NiTi under thermal cycling is the opposite of 

that observed in AuCd: As Ms decreases, As and Af tend toincrease. 13 

Apparently, in the case of NiTi the microstructural relaxation processes 

which tend to stabilize the Martensite micfostructure are irreversible and 

not subject to "being worn down". Therefore, the heating portion of the 

thermal cycle becomes less ideal after a few cycles. Combined with the more 

nearly ideal behavior on the cooling portion of the cycle this results in a 

larger area hysteresis loop in the resistivity. 

It seems very likely that the same relaxation mechanisms which stabilize a 

particular Martensite microstructure and thereby increase As and Af upon 
thermal cycling under zero stress are also responsible for the development 
of the IItwo way memory" effect under SMA engine-like cycling which involves 

straining. 14 The difference between the two cases is that the Martensite 

microstructure which is formed and stabilized under zero stress cycling is 
determined by essentially random and accidental internal stresses. while that 

which is formed and stabilized in the course of SMA engine cycling is deter­

mined by the externally applied stresses involved in the engine cycle. The 
development of the "second memory" in polycrystalline NiTi appears to be 
irreversible, asa piece of wire which has been "trained" to one engine cycle 

by several hundred repetitions cannot be retrained to another. 15 This supports 

our postulate of the essential similarity of the two phenomena. 

V. ~onijeaE.!1.in TwLnllJ.~ and Pollc~y_s_talLL'l~ __ Matet:'iaL~ 
The main purpose of this Section is to define the limits of validity of 

our theory when it is applied to SMA's which normally transform to a twinned 

r~artensite and polycrystalline SI~A's. As we shall see in the following and 

final Section, these limitations have important practical implications. The 

discussion will be framed mostly in terms of the hypothetical SMA heat engine 

cycles sketched in Figure 3. 
For our present purposes, we define ideality as meaning that the micro­

structure of the specimen at a given I:-T point ~ust be independent of the 
path by which that point is reached. Consider the two paths from point Q. to 

point a in Figure 3: ~_ -+ ~ (critical point) -+9 ---)-~ involves a higher order 

phase transition (at the critical point) which does not involve the formation 

\ 
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of an interface plane (in an ideal specimen) and. thereby, results in an 

untwinned Martensite at ·d. Upon heating up to !. this Martensite partially 

reverts to B and, since the remaining Martensite is untwinned a very highly 

stress'ed interface plane results. ~ -+ !, however. is simply a partial stress 

transformation to twinned SIM and results in an interface plane which is only 

mildly stressed. Therefore. we are forced ,to conclude that the assumption 

of ideal behavior in the twinning Martensite case is logically inconsistent 
with itself. as it leads to a prediction of a nonsingly defined T-s-o 

relationship.* Although the precise mechanism invoked here is unlikely to 

occur in a real specimen. the thought experiment suffices to establ ish the 

principle. A similar argument applies to the cycle !. ~,~. i:_. 
We now turn to the hypothetical engine cycle ~. i. ~.h and consider the 

two alternate paths between i and ~, i -+ ~ and i -+ ~ -+h -~~. Here both 
.f -+ ~ and 3.. -+ h result in a two phase structure involving a twinned Martensite 
and an interface plane. Heating (and slightly stretching) to get from h to ~ 

results in nothing more than a slight additional elastic distortion of both 

phases. If the elastic moduli of the two phases are roughly the same (which 

generally appears to be the case). this slight additional elastic deformati~n 

clearly transforms the strain accommodation dictated structure which is optimal 

at h to that which is optimal at~. Thus we see that SMA engine cycles which 

are completely well above Tc may selfconsistently be im~gined to progress in 

an ideal manner as long as detwtnning does not occur. 

Single crystals of a few SMA's have actually been observed to behave 
- 3 

nearly ideally well above Tc' In agreement with the present theory, the 

areas of the isothermal stress-strain hysteresis loops tend to increase as, 

the temperature is lowered. 

We now turn our attention to the most interesting case of all - that of a 

polycrystalline specimen of a twinning SMA. (We will continue to refer to 

Figure 3 although we recognize that the T-E-a relationship of a near-ideal. 
polycrystalline material would be somewhat different. This difference is not 

great enough to invalidate the succeeding arguments.) 
As in the monocrystalline case, the only fundamental nonideality intrinsic 

in the cycle ~. f, ~, ~ is the possibility of detwinning. Actually. it appears 

*Although it is possible to imagine relaxation processes which "close the 

cycle". these processes appear likely to be so slow that their possible 

occurrence is irrelevant to all but the most rarified theoretical speculation. 

. ~ 

• '0 
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that detwinning is not a very serious problem in polycrystalline materials. 

This is because the deformation of polycrystalline Martensite seems to occur 

via Martensite plate tapering rather than by massive twin plane migration. 14 

While the portion of a given Martensite plate in the interior of a subgrain 

tapers in response to applied stress, the edges of its boundary planes remain 

firmly fixed at the subgrain boundaries. 

We now turn to the cycle ~, ~, f., ~ in the polycrystalline case. The 
nonideality mechanism which we postulated above for the monocrystalline twinned 

Martensite case is actually unlikely to be very important if the material 

possesses a good "second memory" as it must after having been carried through 

the cycle a number of times. If it possesses a good second memory, the 

Martensite microstructure attained by cooling from Q to i must strongly 

resemble that which is optimal at ~ and, thereby, convert to that at ~ upon 
heating. Therefore, the initially postulated source of nonideality is 

, , 

unl ikely to be very important. However, by the very nature of the "second 

memory" thi s Martensi te microstructurei s inordi nate'ly stabi 1 i zed by "non­

chemical free energy". Therefore, the partial reversion to the B-phase which 

is necessary to obtain the microstructure which is optimal at ~ can be 
achieved only with some degree of superheating. Thus, we see that the 
nonideality removed by "double training" is replaced by another sort which 

is implicit in the dual memory phenomenon. Again, a similar argument appli.es 

to the cyc 1 e ~, Q, ~,~. If the second memory is ac tua 11 y imperfect, yet a 

third source of nonideality arises: Upon cooling through the critical point, 

some regions of the material transform to twinned "supervariants" which are 

not those optimal at~. Therefore, stretchiog from f. to ~ requires the 
application of stress which, ideally, it should not. Also, if some regions 

of "inappropriate supervariant" are retained at ~. and, hence, at ~, they will 

not exert the optimal reversion stress on the "power stroke" ~ -+ Q. The first 

and third of these postulated nonideality mechanisms seem sufficient to 

account for the large discrepancy between the flow (Q -+~) and reversion 

stresses typica~ of "virgin" NiTi. 
We have not at all discussed the pronounced stress-strain hysteresis of 

polycrystalline SMA's even well above T which are, no doubt, due to the c ", 
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effects of the grain boundaries. All we can say at this time is that we have 

been unable to find any fundamental reason that this hysteresis should be 

inevitable, 'and hope that improved metallurgical technique will succeed in 
mi nimi zi ng it. 

VI. Potential SMA Engine Effic.i~~~ and.-.iLl!t~ 
The fundamental thermodynamic prerequisite for a heat engine to be (at 

least theore~ically) capable of attaining the Carnot effici~ncy is that its 

working material be thermodynamically ideal. If the working material is 

nonideal, the potential .. thermal efficiency of an engine can only decrease for, 

if it were to increase, it would be possible to construct a device which 

would violate the .Second Law of Thermodynamics. 

Therefore, it behooves the engine designer to use as nearly ideal of a 

working material as possible, and to confine the engine cycle to that portion 

of the material 's T~E-a diagram in which the deviations from ideality are as 

small as possible. As we have seen, those engine cycles of twinning SMA's 

which go below or come close to Tc are fundamentally incapable of approaching 
ideal behavior. However, as long as detwinning does not occur, these 
difficulties do not arise with engine cycles which are completely well above 

Tc .. Hence, this latter category of cycles is thermodynamically more desirable. 
Another, purely practical, reason for staying away from the critical point is 

that the large heat capacity peak there would make a thermodynamically 

efficient ~ngine difficult to design. 

The SMA engine community seems to have been fixiated upon engine cycles 

which go below,Tc and utilize the shape memory effect simply because the SME 

is the most spectacular property of these materials. However, the SME is not 

necessary for heat engine operation; all that is really necessary is that the 

stress-strain curves be strongly dependent on temperature, and this require­

ment is amply fulfilled by the strong parallel temperature dependence of the 

flow and reversion stresses. 
Reversion and irreversible plastic flow stress data for polycrystalline 

NiTi recently presented by Perkins, et.al. 13 indicates. that work outputs of 

up to about 1.0 -1.5 jig/cycle should be attainable with existing or 

slightly improved fliTi. At 60 rpm (which is typical of existing prototypes) 

this is equivalent to a respectable 1.0 - 1.5 kw/kg. The potential work 
output per cycle is ultimately limited only by irreversible damage under the 

most extreme conditions of temperature and stress encountered during the cycle. 

/. 
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This and nonideality seem to be the prime metallurgical problems which must 

be addressed. 

Many thanks for numerous spirited and stimulating discussions to Professor 

David S. Lieberman who largely inspired the painstaking analysis of Sections 

IV and V. Also. thanks to Ridgway Banks for first bringing Nitinol into the Lab 

and. thereby. to my attention. May his engin~ live to see its l08th cycle (which 

it probably will) .. I would also like to thank Mr. Jack Williams for assistance 

in the preparationuf the manuscript. and Rob Ritchie and Noel Kennon for their 

valuable comments. 

Thi s work was supported in full by the U. S. Energy Resea rch and Development 
Admini s trat ion. 

Glossary 

Where possible. we have adhered to the standard terminology of the shape 
memory alloy literature (in as far as it is defined) and the standard terminology 
of classical thermodynamics. Neologisms are indicated by an asterisk(*) and 

non-standard definitions by a dagger (t). ~Je have included this admittedly 

lengthy glossary because this paper is intended for two distinct groups of 

readers with markedly different backgrounds and scientific vocabularies. 

As' Af · Two empirically defined temperatures. L~hen a specinien which is 

initially in the Martensite phase is heated uP. the first visible traces of 

Austenite (or B-phase) appear at A , and the last visible traces of Martensit~ s . 
transform at Af~ When stress is not specified. zero str~ss is usually assumed. 

Af 2 As ~ Mf ~ Tc·Also, Af ~ Ms· 

Austenite. 

i3-phase or .§.. 
zero stress. 

In this context, synonymous with .§.-pha~~. 

That SMA phase which is thermodynamically stable at T > T and c 
In most cases, CsCl struct~re. 

C11 -C12 . Standard notation for that elastic constant of the B phase which decreases 
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with decreasing temperature and finally vanishes at Tc (i.e .• at the critical 

point). 

Critica.1 Qb.~nomena. Various physical phenomena caused by the divergence of 

compliance coefficients in, the vicinity of a critical point. Typically. large 

fluctuations of various sorts and a large heat capacity maximum. 

Critical point. A ~oint in thermodynamic variable space at which two coexisting 

phases become identical. (See Ref. 16 or the discussion in any equivalent text.) 

Critical temperature or Tc. The temperature at which a critical point occurs. 

(In the SHA case. stronglY dependent on chemical composition.) 

Detwinning. The mutual annihilation of parallel twin planes which have been 

forced together by externally applied stresses. 

* Double train~. The process by means of which a ~econd memory is imprinted 

on a specimen of SMA. (Typically. many repetitions of a heat engine cycle.) 

* 19..uilibriun~~ires~ .. In reference to an ideal specimen at a given T > T: The c 
value of tensile stress at which Martensite and B can coexist in equilibrium. 

£jrst order phase tra~~jJion. A type of phase transition at which all thermo­
dynamic functions except the free energy are discontinuous .. In the present 

context. stress transformation. 

Flow stress. In reference to isothermal tensile test: Stress required to stretch 

specimen an infinitesimal bit more. Function of temperature and strain. In the 

case of 'ideal specimen at T > Tc' same as egu..:iJJ.brium_~~!"~_~. (~!....:... Ref. 13) 

Higher order phase transition. A phase transition at which the energy and entropy 

are continuous. However, their higher derivatives are generally discontinuous and 

often diverge. In the present context. a cr_i(!ca.l.20i!!:t.. (Often called second 

order phase transition. but this term is archaic and. in most cases. incorrect.) 

v' 

." 
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* Ideal. Capable of transversing any thermodynamic path completely reversibly 

in the limit of an infinitesimally slow (quasi-static) process. Classical 

thermodynamics is directly applicable only to hypothetical ideal materials. 

Interface plan~. The plane separating the Martensite and B~phases when they 

coexist at equilibrium within a single crystal. See also r.n~nocr1.sta_U_"Lne_ and 

strain accomodation. 

* L im! .. :L~~tens ite .9...eometIY. Refers to the 1 imit T = 0 under zero stress. 

Ms ' Mf . Two empirically defined temperatures. When a specimen of SMA which 

is" initially completely in the B-phase is cooled, the first visible traces 

of Martensite appear at M
s

' and the last visible traces of S-phase transform 

at Mf . Af > M > Mf. ~ T . - s - c 

Martensite. SMA phase which is thermodynamically stable at T < Tc ' regardless 

of stress. May also be made at T > Tc by applying stress to B-phase. Non­

simple orthorhombic structure in most or all cases. 

Martensite microstructuret . The detailed microstructure (definition including 

the distribution of variants and twin planes) of a specimen in the Martensite 

phase. Also applied to B~phase or mixed phase specimens in the sense of the 

detailed microstructures they would have if completely transformed to Martensite 

by cooling. Occasionally used by us in specific reference to those micro­

structural details which determine the second memory shape. See also two 

w~y" memory. 

Monocrystalline t and .single crystali". In our usage, any specimen of SMA which 

may be converted to a single crystal of B-phase by heating to T > Af · 

Non-chemical free en~or ~Gnc or 6G~~P. That portion of the free energy 

change involved in the transformation from one SMA phase to the other which is 

due to the effects on nonidealities such as the presence of a stressed interface. 

plane and dislocations. Superscript r~4-p indicates that the Martensite to B 

transformation is meant. (c.f. Ref. 1) 

~orl:'::twinningt. ' In our usage, any Srv1A which transforms from the B.,.phase to an 

untwi nned Ma rtensi te u·pon coo 1 i ng . 
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Orthorhombic-r. In our usage. any structure of orthorhombic symmetry; i.e .• 

not necessarily simpl~ or face-centered orthorhombic. 

p_re:_t-1_~~t_~_t:!.?-.itic ___ £~_~!1_Q!l]en_~. Various critical phenomena observed near the Sr~A 

critical point. Generally in reference to T > M . 
s 

Qua.st.:21as!1c:: ___ ~eformation. Deformation of twinned Martensite structure by the 
mechanism of h-Jin boundary migration. "Quasi" because heating the specimen to 

T > Af transforms the specimen to the B-phase in which the twin planes become 

mirror planes and. therefore. the deformation is undone. See also sh.9..R~ 

~!~1!12T-Y ~~.f~s:!· 

* g~_?j:9I_inJLl.Q!'ce. In reference to tensile test. Force with which a specimen 

pulls on the grips when the specimen is allowed to slowly contract. Same as 

equilibrium stress in the case of an ideal specimen at T > Tc. 

Rev~!:~ion stress. Res tori ng force in an experiment in which a specililen ini t-ici lly 

in the Martensite phase is quasiplastical1y deformed. clamped. and heated up to 

T > As at constant strain. (c.f. Ref. 13) Same as equilibrium stress in the case 

of an ideal specimen. 

?hape~emor"y'.~ffect. or ~v11. A specimen of SMA in the Martensite phase is 

quasiplastical1y deformed at T < Tc' When heated up to T > Af • it returns the 

shape that was originally imprinted on it by high temperature annealing and 

exerts considerable force in doing so. 

Strain accomodation. In reference to the coexistence of Martensite and B-phase 

within a single macroscopic crystal. The two lattices fit together coherently 

on the macroscopic scale. thereby lilinimizing the interfacial strain energy. In 

.. 
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most cases, this fit is rendered possible in part or in whole by the presence 

of numerous parallel twin planes in the Martensite phase. {c.f. Ref~ 17) In 

many cases, periodic stacking faults also figure in the strain accomodation 
mechanism. 

~tress in9uced Martensite or SIM. 
made by stressing 6-phase at T > Tc 

Name arbitrarily given to Martensite ph~se 

See a 1 so therma.l Ma rtens i te. 

~.V~~~_tra nsfC!rma t ion_ orstr~2?,_j.!!.duce.<L,_~~_Ylsformat i..9..Q" The transforma ti on of 
6-phase to SIM. 

* .~~_!'.'var~l'lt. In the case of most SMA's, a single crystal of B-phase may 
transform to anyone of 24 crystallographically equivalent twinned Martensite 

structures, each consisting of alternating domains of two Martensite variants 

separated by parallel twin planes. (See Ref. 17.) We refer to these 24 

possible twinned structures as supervariants. 

* Tc' Critical temperature, temperature at the critical point . 

• 1. 

To'. In reference to an-ideal specimen at T > Tc' Fora given externally 

applied stress) the temperature at which the two phases coexist at equilibrium. 

Often used to indicate the equilibrium temperature under zer'o applied stress, 

in which case Tc is actually meant. 

Thermal Martensite. Name arbitrarily given to Martensite phase formed by cooling 

B-phase to T < T under zero applied stress. In case of ideal specimen and c 
probably also in most actual cases, thermal r~artensite bears the same thermo-

dynamic relation to SIM as supercritical steam bears to subcritical steam; i.e., 
they are the same phase under different conditions of temperature and stress . 

. " Jran~f9-.!:!f1ation_stress_. At a given T > Af , the stress at which B-phase transforms 

to SIM. In the case of an ideal specimen, same as ~gui.1ibrium ,?.!ress. 

:rwin ~~~. A type of lattice defect. 'In the simplest case, the lattice on 
one side of a twin plane is an exact mirror image of the lattice on the other side. 

In reference to those SMA's whose Martensite phase is ordinarily twinned. 



-"16-

Two way memory. After an SMA specimen has been put through a large number of 

heat engine cycles, it typically develops a _se~ond memory; i.e., when it is 

cooled to below Tc under zero applied stress, it spontaneously deforms to that 

shape to which the engine has been deforming it in the course of cycling. 

Variant. In the case of a hypothetical homogeneous transformation, a cubic 

lattice could deform to anyone of six equivalent orthorhombic lattices which 

are referred to as the six Martensite variants. 
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Figure Captions 

Figure 1. Schematized stress-strain curves of a single crystal of SMA under 

tensile stress. (Ordinary thermal expansion has been disregarded.). 

Figure 2. The stress-strain properties of an ideal single crystal of SMA. 

(Based on Figure 1.). 

Figure 3. Hypothetical SMA heat engine cycles discussed in text. 
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