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SUMMARY 

An alloy based on the Cu-Al-Ni ternary system has 
been developed at the research center of Brown, Boueri & 
Co., Baden, Switzerland, which provides a fully reversible 
(two-way) shape memory effect at significantly higher tem
peratures than those afforded by commercial mRmory al
loys such as NiTi and Cu-Zn-Al. The higher temperature 
capability of this alloy could open new fields for the 
application of the shape memory effect, particularly in 
thermal switching and protection devices. After suitable 
deformation and processing, a shape change is observed 
while heating the alloy through the temperature interval 
from 175 to 19fY'C. This shape change can be completely 
reversed during subsequent cooling from 155 to 125°C. 
The magnitude of the reversible strain produced by this 
alloy is 1.5%; somewhat higher strains can be achieved if 
lower memory temperatures can be accepted, and 
conversely, better high temperature capabilities can be 
achieved by accepting smaller reversible strains. The mem
ory effects in this alloy have been found to be unaffected 
by short overheatings to temperatures as high as 300°C. 

INTRODUCTION 

Since the discovery of shape memory some 40 years 
ago,l engineers and scientists both have been searching 
for cost-effective applications of the effect.2·6 A large frac
tion of the more "successful" uses of shape memory 
have been "one-time" uses, in which the component is 
expected to perform a shape memory movement only 
once during its lifetime: couplings for joining thin-walled 
tubes, for example. If the memory effect is to be reused, 
the shape recovery obtained during heating must be fuUy 
reversible during subsequent cooling. Although such a 
"two-way" behavior can be produced in many memory 
alloys, applications which take advantage of this 
reversibility-thermal motors, control devices, thennal 
switches, etc.-have been limited, until now, by the low 
memory temperatures, the vulnerability to overheating, 
and the relatively poor thermal fatigue resistance of the 
available alloys. One example of such a reversible appli
cation is in thermal protection devices--devices designed 
to shut off a heat source whenever an overheating condi
tion exists. Clearly a person's definition of "overheating" 
depends very much on the exact application intended, 
but generally speaking, this means temperatures well over 
lOO°C-well beyond the capabilities of currently avail
able alloys. 

The purpose of this paper is to describe the develop
ment of a new shape-memory alloy offering higher memo
ry temperatures than those currently available. The al
loy is a copper-based alloy, containing 14.2 wt.% alumi
num and 3.3 wt.% nickel. While earlier publications have 
described some of the more scientific characteristics of 
the alloY,7.10 this publication contains a more general 
overview of the properties offered by this new alloy and 
the rather unique processing route used to achieve these 
properties. Before focusing on the behavior of Cu-AI-Ni 
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itself, however, it is useful to review some of the more 
basic aspects of conventional shape-memory, and to explain 
in more detail why the properties offered by conventional 
alloys may not be particularly well suited for many poten
tial ;hape-memory applications-particuarly those requir
ing a reversible thermal switching action. After doing so, 
the Cu-AI-Ni alloy system will be introduced, along with a 
processing route which was developed to overcome many of 
the problems presented by more conventional alloys. Final
ly, there will be a more detailed discussion of the properties 
of Cu-AI-Ni, as well as of the stability of these properties 
during exposures to particularly harsh conditions: overheat
ing, fatigue, and the like. 
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FIgure 1. Tensile stress-strain-temperature map for NiTI shape
memory alloy. 

CONVENTIONAL SHAPE MEMORY 

The best way to introduce. what can be described as 
the "classical" shape-memory effect, is to examine the 
behavior of NiTi-the first and, perhaps, the most widely 
recognized of the shape-memory aUoys--during tensile 
deformation. 

Two stress-strain curves are shown in Figure 1. The 
curve in the upper right of the figure corresponds to 
deformation below the aUoy's MF temperature, while the 
alloy is in a fully martensitic state. At a relatively low 
stress level, there is a stress plateau, during which strain 
can be accommodated, or stored, within the martensite 
structure (the details of this will be discussed below). 
When the load is released, one observes an elastic 
unloading, as would be observed in any other "normal" 
material. 

By contrast, the stress-strain curve presented in the 
lower left corner of Figure 1 corresponds to a NiTi aUoy 
deformed just above its AF temperature, while the aUoy 
is completely austenitic. In this case, the martensitic 
phase must be "stress induced" before the applied strain 
can be accommodated by the martensite structure; thus 
the same strain plateau exists, but at a higher stress 
level. More importantly, when the applied load is 
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removed, the martensitic structure is no longer stable, 
and reverts through a shear mechanism to the austenitic 
phase. During this reversion, any strain which was being 
stored by the martensite is lost, and the material reverts 
.to its original, pre·deformation, geometry. This is called a 
"pseudo-elastic" effect, and can be of use in applications 
requiring very high elastic strains, such as in certain 
types of springs. 

The third axis in Figure 1, temperature, illustrates the 
shape-memory effect itsel f. If the material is deformed in 
its nlartensit ic state and unloaded , there is, as has al· 
ready been pointed out, a perma nent st rain . If the mate
r ial is heated at some laler ti me to its A~' temperature, 
the martensite and associated strain disappears and the 
original shape is recovered. 

Thus the term "shape memory" means that the mate
rial remembers its pre-deformation shape. and reverts to 
this shape upon heating. 

What then happens to the materia l geometry during 
subsequent cooling? Martensite must form if the materi
al is cooled below its Ms tempel'ature, but what may not 
be clear is whether it is the strained or the unstrained 
martensite which forms (i.e., the martensite structure 
and shape found prior to deformation, or that found after 
deformation ). 1'0 understand this, one must examine ex
actly how the strain is being accommodated, 0 1' stored, in 
the materia l on a microscopic sca le. In the as-quenched 
structure, the martensite plates are randomly oriented, 
and each individ ual plate is internally twinned in a 
random manner. When a load is applied , certain marten
site variants and twin orientations are stabilized and be
gin to grow at the expense of others. Thus the material 
is able to store, or accommodate, strai n by a combination 
or detwin ni ng and reorientation mecha nisms. Clearly 
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there is a limi t to the amount of strain that can be 
accommodated by such a process, and when this limit is 
approached, the slope or the stress·strain curve, d(l'/df, 
must begin to increase, until, finally , true dislocation 
yielding is observed. Ir the amount of deformation found 
in a mater ial is less than that required for disloca
tion yieldi ng, all of the strain stored in the material is 
recovered during heating. and the random ly oriented and 
twinned martensite structure is again formed during 
cooling below Mr. Because there is a shape change du r
ing heati ng, but not during subsequent cooling, this is 
called a "one-way shape memory effect" Conversely, 
when the alloy is deformed by an amount sufficient to 
introduce or move dislocations, only part of the derorma
tion can be returned during heating; the resu lt is an 
imperrect one-way effect. In thi s case, however, a partial 
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Figure 2. iiiustration of aJ the one·way shape-memory eflect, 
and b) the two-way shape-memory etlect, Note In b, that the 
As and Ar temperatures during Initial heating are higher than 
those measured once full reversibility is achieved . 
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Figure 3, Comparison of cast and 
powder processed Cu·AI-Ni alloys. 
Both alloys are shown in the solu-
1!on·lreated-and·quenched condi
tion, 
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return to the deformed geometry is noted during subse
quent cooling t hrough Ms. This means, that it is the 
detwinned and reoriented martensite that is formed , and 
not the original martensite structure; the presence of 
dislocations stabilizes the strained martensitic structure. 
This is genera ll y termed a "two-way shape-memory 
effect," and is the effect wh ich is of primary interest in 
this paper. 

Both the one-way and t he two-way effects are illustrat
ed in Figure 2. The one-way effect, illustrated by the 
solid line in Figure 2a, is the most widely exploited form 
of shape memory, being used primarily as tube couplings 
and electrical connectors. Th e two-way effect is illustrat
ed by the solid line in Figure 2b, and for reasons sum
marized in the introduction, is being exploited only on a 
limited laboratory scale for applications such as thermal 
switches, motors and actuators of various types. Also 
defined in Figure 2 are the magnitudes of the one-way 
and two-way effects themselves, denoted e1 and e2, and 
various temperatures key to defining a shape-memory 
movement, denoted Ms, MF, As, ami AF. 
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Figure 4. Schematic of the effect of aging on martensite 
stability. 
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Figure 5. Illustration of how the two-way effect is affected by 
applying a load resisting the one-way effect. 
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As was mentioned in the introduction , one specific 
potential application fo r the two-way effect is in thermal 
protection devices, usually designed to open an electrical 
circuit whenever an overheating condition is sensed . A 
survey of such applications has shown that a switching 
temperature during heating (defined as [As + AFJI2) above 
160°C is required if shape memory metals are to serious
ly compete in this marketplace; the temperature at which 

Table I: Targeted Shape-Memory Properties 

Switching temperature: 
(during heating) 

Two-way memory strain: 

Switching interval: 
(temperature change required to 
produce 1.2% strain during heating) 

Stability of memory effect: 
• Overheating to 300"C 
• Thermal fatigue 
• Creep (30 MPa at 220°C) 

> 160'C 

> 1.2 % 

< 40C' 

> 60 minutes 
> 1000 cycles 
> 7 days 

the shape change is reversed fMs + MF J/2) is not as 
cr itical. Moreover, this temperature must be achieved 
while maintaining a reasonably large and distinct two
way movement, even after severe overheating and repeat
ed use. Table I summarizes those properties we consider 
to be necessary in a successful candidate alloy for 
switching applications. 

THE DEVELOPMENT OF THE Cu-AI-Ni SHAPE
MEMORY ALLOY 

Several alloys exhibiting shape memory effects (Cu-

1mm 

Figura 6. The effect of "shape stabilization" on bainite 
formation, shown a) schematically, and b) In an actual cast 
eu-AI-Ni specimen. 
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Zn-AJ , Cu-AI-Ni, and Ni-Ti-X ternary a lloys) were initial
ly invest.igated to find out which alloys offered the highest 
likelihoods that a sufficiently high switching tempera
ture could be developed . Of these, the Cu-AI-Ni a lloy 
system seemed most likely to be able to develop high 
memor~' tempera t.ures at reasonable costs. After examin 
ing alloys with various aluminum and nickel contents, 
a n alloy with 14.2 wt.% AI and 3.3 wt.(~· Ni was determined 
to produce the best combination of sha pe-memory mo ve-

Table II : Comparison of Cast and Powder Properties of 
Cu-AI-Ni 

Cast Alloy Powder Alloy 

Grain Siull flm ) 1500 20 
UTS IMPII ) 440 800 

YS IMPa ) 360 400 

Ducti lity 1%1 0.6 5-7 

ment and temperature. However, as will be seen, the 
pl'operties of the alloy when processed via a normal route 
were still inadequate, and thus a rather complex process
ing route had to be developed before the desired properties 
were achieved. Before discussing the specific problems en
countered and their solutions, it is necessary to describe 
some of the fundamenta l metallurgy of the Cu-AI-Ni sys
tem. 

The Cu-AI-N i system is meta llurgically quite complex, 
particularly with compositions near that given above. The 
austenitic phase has the 003 structure, which is an ordered 
FCC superlattice structure with aluminum a toms at the 
face center and corner positions, and Cu and Ni atoms at 
the edge and interior positions. If the alloy is slowly 
cooled from the austenitic phase (stable above ~ 6.'iO"C), 
and 0: + )'2 eutectoid wil l form . If, on the other hand. 
the alloy is rapidly quenched through the Ms temperature, 
the paren t 003 phase undergoes a martensltic transfor
mation to either t he -( or t he 13; structure, depending on 
the exact composition of the alloy. X-ray tests have shown 
that bot h phases can be simu ltanC<lusly present in t he 
Cu-14.2AI-3.3Ni alloy described here. 

As has been previously shown in single crystals ,H and 
later in polycrystals,ll Cu-AI-Ni undergoes further shear 
transformation to the Cl

1 
and/or the 13; structures during 

straining. Although it would be out of place here to 
present the details of these transformations, ii should be 
pointed out that these four marte ns itic phases l13;, 13;, .y', 
and 0:;) are s imply different stackin g seq uences of the 
same ordered basal plane; this means that to t ransform 
from one struct ure to another, only a rearrangement in 
t he stacking sequence is involved. Electron microscopy 
investigations of the interna l martensi te structure have 
shown t.hat the stacking composition or the martensite is 
extensively fa ulted, and, in fact, that any given plate 
ca.n contain more t han one type of stacking sequence 
(more than one martensite structure). 

In addition t.o the austenitic, eutectoid , and martensitic 
phases, there a ppears to be an isothermal, intermediate 
phase similar to that reported in Cu-Zn-AI.12 Moreover, 
it was found that the precipitation of this intermediate 
phase could be accelerated by the application of an exter
nal stress. This phase wi ll henceforth be referred to as a 
bain itic phase, since it was found that it shares some of 
t.he properties of a martensilic phase (such as the influ
ence of an applied str ess upon its format ion), and some 
properties of a diffusion controlled process. This is a lso 
consistent with the terminology set forth earlier wit h 
respect to Cu-Zn-Al. 

With the above background, we can now examine the 
problems faced whi le attempting to develop the propel·
ties listed in Table I. Conventional procesging (casting, 
hot working, solution treating, and qu enching) was un-
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successful in developing these propertiefi in three specific 
respects, i.e. , inadequate duct ility, insu fficie ntly high 
memory temperatures, and inadequate two-way effect. 
The solutions to each of these problems will now be ind i
vidua lly discussed. 

Improving Ductility 
Cu -AI-Ni alloys are inherently qu it e brittle. For 

example, when Cu-14 .2Al-3.3Ni is cast, it has II room 
tempefliture t ensile ductility of" only 0 .6'7<. Clearly if one 
requires a 1.2% two-way effect ('J'a bl e n, one mmt be 
able to deform the material a great deal more than this. 
Examination of the fractured material showed that fail
ure was entirely intergranular. F urther, it was not possi
ble to refi ne the grain size of the cast material; hot work
ing would temporarily refine the gra in size, but recrystal
lization and rapid grain growth was unavoidable during 
subsequent solution treatment. This problem was solved by 
ma:lUfacturing the alloy through powder metallurgica l 
means. Three pre-alloyed powder compositions were blend
ed, cold compacted, sintered, and hot swaged into rods. 
Powders and sintering technique were intentionally chosen 
to introduce oxide particles into the material. Such oxides 
are chemically inert (as far as the martensitic transforma
tion is concerned). but serve to pin grain boundaries and 
thereby retard, or eli mi nate, the rapid grain growth found 
in the cast alloy. One should a lso note that t.he oxides 
are preferentially formed on the a lum in um-rich powder 
particles, and t hus the composition of t.he austenite ma
trix is not the overall composition of the conglomeration; 
there is a leaching of a lumini um from the metal matrix 
to the oxides. Figure ::I show~ a compal·ison of the cast 
and t he powder metallurgy \'ersions of the alloy. The 
white phase in Figure 3b is the oxide particles. The 
success of this refined grain size in enhancing ductility 
is shown in Table Ii. In addition to a tenfold increase in 
ductility. a sizable increase in strength is observed . 

Extending the Temperature Range 

After processing via the powder metallur gy route 
outlined above , an Ap temperature of 11O"C was meas
ured in the 14.2'kAI + 3.3'lNi alloy: this temperature can 
be easily reduced by altering t he Al or Ni content, but can
not be increased beyond 110'C without severely affecting 
the magnitude of the memory effect. Although this Ap is 
higher than that of Cu -Zn-Al anti NiTi. it is still some 50C" 
be low that shown in Table I It was found , however , 
that th e st ability of the martensit ic phase(s) could 
be .ncreased by isoth el·mal ly aging the austenitic phase 
in the 250-400"C range: an increase in martensite sta 
bi lity means, of course, that it fot'ms and reverts at higher 
temperatures. As is illustrated in rigure 4, all fo ur par 
am!!ters, As, AF, Ms. and Mr, increase during aging. 

Enhanceme nt of the Two.Way Effect 

Although the above treatment was successful in pl1). 
ducing an alloy with the appropl'iate memory temperatures, 
the material exhibited on ly u negligible reverse shape 
memory effect. To under~tand why, one needs only com
pare the stress-strain behavior of Cu -AI-Ni with that of 
NiTi. While the slope of a Ni Ti st ress-strain curve flut
te ns ou t in itia lly then becomes steeper aga in (Figure 1), 

Cu-AI-Ni fractures while the stress-strain slope is stil l 
posit ive. When the strain exceeds tha t which ca n be 
absorbed by the martensitic sU'ucture of Ni'fi, dislocation 
motion begins and deformation continues; Cu-AI-Ni, on the 
ot her hand fractures before the onset of dislocalion motion. 
Wh~reas in NiTi, it is t his non-recoverable strain clue to 
dislocation motion which gives rise to the reverse effect, 
all the strain is recoverable in Cu-AI-Ni . The one-way ef
fect is a lways perfect, and consequently there is egsentially 
no two-way effect. 
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How can the one-way effect in Cu·Al ·Ni bt! hindered. 
or he made imperfect. and a two-way effect introduced'? 
Or expressed in another manner; how can one force the 
reoriented, or deformed , marlensitic structure to form 
during cooling, instead of the original, ra ndomly oriented 
and fa ulted marensite? One solution is to "stress-direct" 
the austenite-to-martensite t l·unsformation. If the cooling 
is done in conjunction with a n extel'llally applied stl·ess. 
and if the stress is in the same dire<:tion as the original 
deformation, then t he same martensite structures will be 
formed as were formed during the original deformation, 
and thus the deformation strain will be produced. To 
demonsuate this concept, strip!> of Cu -A l-Ni wcre bent 
around a semicircu lar die. After deformatirm , one end of 
the strips was held fast in a rigid moun ting, while the 
other end was left free, with a thin wire attached. The 
wire was then drawn over a pully, to a counterweight. 
The angular position of the pully, and th us the position 
of the free end of the shape-memory strip, was measured 
by means of an angular transducer. The element was 
then immerged into an oil bath , which could be heated 
and cooled in a controlled manner. In thi~ manner the 
deflection of the strip could be continuously measured as 
a function of' temperature a nd counlerfOrcc. The results 
of such an expe ri ment are shown in Figure 5. A~ the 
stress in the direction of the original deformation was 
increased, so was the two·way effect. Note that the coun
terwei ght works against t he one· way effect. and thus 
inhibits it. At very high loads, the ont!-way effect is 
inhibited to such a large degree that i t becomes limit ing 
to t he two-way effect (the reverse clTecl can never be 
larger than the lor ward effect). Thus there is an ideal 
load for a rti fi cia lly induci ng a two·way effect. 

This concept of using a counterforce to artificia lly in
duce a two-way effect is, in many applications. practical. 
One could, in principle. design a device so that t he shape
memory actuator acts against a conventional spring. 
There are many applications, in fact, wher!! a constant 
load working against t he one·way shape-memory move
ment is inhe rently present , such as in thel'mal motor or 
pumping applicaLions, for example. '1'0 develop an 'alloy 
usable for a wide range of swi tching a pp lications, 
however , one cannot assume that a constant fm'ce work
ing against t he desired heating movement is available; 
one must develop a two-way effect withi n the materi a l. 
not r e ly upon t he outside assistance or com pone n t 
designers. 

In the case of a bending element, or any othe!' shape 
giving rise to deformat.ion inhomogeneities, there is one 
rather interesting solution to the problem, incorpora t ing 
the stress-induced bainitic phase described earlier. Fig. 

ure 6a illustrates the stress distribu tion t hrough the 
thickness of a sirip subjected to a bending stress. Stresses 
are maximum a t e ither face, and t here is a neut ral ax is 
in the middle. If one were to age a strip subje<:ted to 
such as stress, one wou ld expect an acceleration of the 
baini tic reaction at t he two faces, where the stresses are 
maximum. The bai nitic reaction is a di ffusionally con
trolled process, and thus one would expect, and, in fact. 
one observes, a deter ioration of the sha pe-memory pro
cess in bainitica l\y transformed microstructures. 
Consequently, one ca n create a strip with three distinct 
regions-two inactive ?Ones, each on e ither side of a 
central, bainite-free, active zone which still exhibits a 
shape-memory effect . Pigure 6b shows a cross-section of 
a bent and aged strip. The white plate- like phase ai the 
t wo surfaces is t he baini te (verified by hot sLage 
microsco py), and t he brightly colore d p lates are 
martensite. 

The ba initic layers prov ide a mecha nism for stress 
relaxation , and thereby establish a new equilibrium shape 
for t he mate rial. Duri ng subseque n t heating, the 
undisturbed core material tries t.o produce a perfect one
way shape memory effect, but. is h indered by these inac
tive surface layers, effectively acting as two ~prings op
posing the one-way movement. During cooling, these 
"springs" provide a force similar to that of the counter
weight in Figm-e 5, and thereby induce a two-way effect. 
Because this treatment has the effect or ~tabilizing the 
deformed shape, 'VI' have chosen to call it a "shape 
stabilization" treatment. Clearly t he thickness of the 
two inactive zones in compari son wi th the active core is 
critical in maxim izing t he two-way effect, and t he aging 
oonditions required to a chieve t he optimum relationsh ip 
are complex, depending upon both component geometry 
and the magn itude of the original deformation. 

PROPERTIES OF 'rHE MEMORY ALLOY 

To properly characterize the properties of Cu-AI.Ni , one 
must first describe both the conventional, bulk properties. 
and t he shape-memory characteristics of the alloy. and 
then descri be the stability of these properties during 
elevated temperature exposu re, repeated cycling, a nd 
creep. 

Physical Properties and S h ape Memory 
Characteristics 

Some of the key mecha nical and physical properties of 
the alloy itself are shown in Tabl e ilL Of these . the 
electrical resistivity is of particular importance in most 
sh ape· memory applications since the heating of the mem-

Table III: Properties of Selected Shape-Memory Alloys 
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Yield strength (r-.IPa) 

Ultimate tens.ile strength {MPa> 
Ductility. ?< 

Jo'atigue strength, MPa, 106 cycles 

Specifi c heat, J/K·m3 

Thermal conductivity. J/K'm'~ 

Electrical CQnductivity. lIn'm 

Om'-way effect, .'" 
Two-way effect, OJ 

Mi nimum temperature interval 10 
produce 1.2 % strain on heating 

NiTi-X 

580 

830 

350 
2.980 x 1[JG 

10 
2 x l()fi 

-100 .. -70 

8 
5 

Cu-14AI-3.3Ni 

400 
800 
5 - 7 
270 

3.52 x 10' 
75 
9 , 10' 
175 
191 
156 
123 
1 

16 

15 

Cu-Zn-AI 

80 . 200 

500 - 600 

IS 

3.06 x IOfi 
120 

14.2 x 10' 
·200 . . -100 

4.5 

I 
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ory material is often done by direct electrical means, by 
designing the Cu-Al-Ni element as an integral part of an 
electrical power circuit. 

Table III also shows some of the more important shape
memory characteristics of t he alloy, averaged fl'om over 
100 bending elements manufactured accor'di ng to the 
above described process. In thermal switching or protec
tion applications, the most important characteristic is 
usually the temperature at which switching takes place 
during heating, taken to be an average between A, and 
AF. Although the mean value for this "switching 
temperature" (Ts) is 180"C, T. can be lowered by chang
ing the alloy composition slightly, or can be increased to 
as high as 200"C through small modifications in the 
processing route (with some small sacrifice in the magn i
tude of the two-way effectl. The two-way efi'ect of 1.6% is 
far in excess of the values shown in Table I, as is the 
"steepness" of the switching characteristics: c2/(AF As) . 

Property Stability 

The next issue which must be addressed concerns the 
stability of the alloy when exposed to particularly harsh 
operating conditions. In order to define stability, one 
m ust first determine at what point the material ceases 
to perform its intended duty, and then define this as a 
"failure." Clearly if a structural materia l were to break, 
it would represent a failure. In the case of shape-mem
ory alloys, however, there are many other ways an ele
ment can fai l, based, for the most part, on the loss of, or 
changes in, the shape-memory characteristics of the 
material. For example, if the switching temperatur e were 
to change during service, this could represent a failu re. 
In our case, it was estimated that only a 10% increase 
or decrease in switching temperature could be tolerated 
before the element was defined to have failed . Similarly, 
a 30% relative loss in the magnitude of the two-way 
effect could be tolerated, Also if the element were to 
change its shape during service by more than 7% due to 
stress relaxat ion, it would be considered to have failed. 
With these criteria in mind, we can now look at the 
ability of the material to survive temperature overheats, 
thermal cycling, and creep environments. 
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Figure 7. The effect of overheating on the shape-memory 
properties of Cu-AI-Ni. The envelope curve Itself represents 
length of time a test element was able to survive at tempera
ture (without a superimposed load). The individual symbols 
indicate which memory parameter gave rise to failure: circles 
indicate an overall shape change, triangles indicate a migra
tion in memory temperature, and squares Indicate a loss In 
two-way effect. 
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In most thermal protection applications, the tempera
ture of a shape-memory switching element should in
crease only unt il its switching temperature is reached; at 
this point, the heat source is generally removed. In an 
ideal system, t hen, a shape-memory element should not 
be exposed t o temperatures above its AF temperature: 
there is a lag time, or delay between the removal of the 
heat source and the time at which the max imum tempera
t ure is reached . 'l'his delay is normally electrical in 
nature, and not due to a mechanical delay in the shape
memory efi'e ct itself. Thus one must look at the stabi lity 
of the element during exposures to relat ively high 
temperatures, well above the AF temperature of the alloy. 
The resu lts of tests condw.:ted to meaSUl'e the ability of 
Cu-Al-Ni to retain its shape-memory properties during 
high-temperature exposures are summarized in Figure 7 . 
Only the most cr itical shape-memory parameter is shown, 
i.e., the first parameter to exceed the limits set forth 
above. The initia l materia l goal, that the a lloy survive 
300'C temperatures for 1 hour. is easi ly exceeded. 

The second stipulation set forth in Tab le [ was thai 
the material survive 1,000 thermal switching cycles with
out fai lure , again using the criteria described above to 
define fa ilu re. The deterioration of all three failure criter
ia are plotted as a function of the number of cycles in 
Figure 8. The conclusion is that an element can survive 
at least 7,000 cycles (between 50° and 200°C) without 
failure . Although this may not be sufficient for thermal 
motors and the l ike, it is certainly sufficient for overload 
protection application s. 

Finally, there is a requirement that the material sur
vive reasonable loads at high temperatures for extended 
t ime periods. Only one test was done to verify this. A 
bending specimen was loaded so that the maximum load 
anywhere on the spec imen was 30 MPa, and then left at 
220"C for two weeks with no detectable deterioration in 
the alloy's performance. Although the temperatures to 
which an element can be exposed might be quite a bit 
higher than t his, it is extremely unlikely that these high
temperature excursions would be experienced while still 
under load, since t here is generally very l ittle delay in 
the time needed to remove the physical load from the 
element in comparison with the time needed to remove 
the heat source. 

The above stability properties exceed those presented 
in Table I, which were based on a thermal protection 
type of application. For applications whose normal func -
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Figure 8. Loss of memory due to thermal fatigue in Cu-AI-Ni. 
The decays of three memory parameters are shown as a 
percentage of their original value and as a function of the 
number of cycles between 50"C and 200°C: drift in overall 
shape (measured at 50"C) migration (increase) in switching 
temperature, and magnitude of two-way effect. The bold X's 
illustrate the point at which a shape-memory property is esti
mated to have failed. 
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tion is to switch, such as the rmal motur applications, the 
above st ability goals may not be satisfactory , It would be 
possible, in such cases, to extend the fatig ue lire or ihe 
exposure survival time by adjusting allny com position 
and heat treatment s lightly. In such a case, it may be, 
howevel', t ha i the other memory properties would suncr 
to a slight degree. 
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