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ABSTRACT

In shape memory matcrials, that have been trained to have a two way shape memory elfect (TWSM), the

maricnsilic varianis arc classificd inlo lwo groups, i.c., prefercntially oricnied variants and scll-accommodating

variants. Applicd stress may promotce or constrain the transition of preferentially oriented variants and so change

transformation tcmpceraturcs but has no essential cffect on scll-accommodating variants. According to the point

of view mentioned above, some experimental phenomena during thermocycling of a TWSM device may be cx-

plained, such as the abscnce of synchronization betwceen the plot of resistance change. temperature and the plot

of memory strain vs. temperalure.

Key words: shape memory alloy  martensitic variant

transformation constraint hcating phasc interface.

1 INTRODUCTION

Shape memory alloys are [requently used as
a driving clement for various actuators and
working media [or heat cngines cxploiting low-
gradc thermal reservorrs. Since the memory clc-
ments are subjected to the actions of outer load
and tecmpcrature during operation, [rom the view
ol enginecering, it is necessary 1o understand the
cllects of constraint heating on the shape memo-
ry propcrtics such as shapce rccovery lempera-

mrc“_”, reversion stresst ™, shape dctcrioralionm,

673 nd even transformation cn Lha]pym.

hystcresis
It should be pointed out, the materials uscd
for making shapc mcemory clements usually arc

(9 1o produce

subjected 10 training proccsscs
TWME. The special [catures of these matcerials
arc prelerential martensite rcoricntation and the
development of reversible macro-shape recovery.
We deline this kind of matcrial as shapec memory
malterial to distinguish it [rom thermoclastic

martcnsile malterials which have not been sub-

(TManuscripi received Nov.S, 1992;

jected to training.

There have been only a limited number of
investigations on the transformation mechanism
ol shapc mcmory malcrials under constraint
conditions. Dunstan and kettley er al " Jstudicd
the retarding cllect of constrained stress on single
dircction shape rccovery ol nitinol wire and they
suggcsled that this bchaviour was a conscque-
nce of the constraint impeding [or the motion of
the interfaces. They also assumed that the shape
recovery temperature and thermoclastic marten-
sitic transformation temperature were identical,
but this link has not yct been proven. One of the
authors has studicd the clleet of stress on the
transformation of a shape memory spring”’m]’The
rcults show that, when applicd stress and varnant
shear (corresponding 10 macro-shape strain) have
the same sign, the stress will promolce the trans-
formation and incrcasc the transition starling
temperature. Otherwise the stress will constrain
the transformation and decrease the transilion
starting temperaturc. By using this cllect, the
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snap-acting thermoclstic martensite transforma-
tion and snap-acting TWME cflcct can be ob-
tained.

In this papcr, we prove by using mcasure-
ments of shape change (/A L) and resistance
change (A R ) together with X—ray difTraction,
there are two kinds of variants in shape memory
matcrials, i.¢., variant not concerned with macro-
shapc changes and vanant concerned with shape
changc. The diflcrent response of two kinds of
variant to the applied stress arc also studiced. The
rcsults have been explained according the trans-
formation thermodynamic of a shape mcmory
matcrial under constraint heating.

2 EXPERIMENTAL PROCEDURES

Cu—Zn—Al alloy springs coiled [rom a 66.5
Cu—24.5 Zn—9.0 Al (at.—%) alloy wirc were used
as spccimens lor this study. The springs’ speeifi-
cations were: spring 1, diamcter ol alloy wirc
d=2 mm, internal diamcter ¢ = 10 mm, c[lective
number of turns #=7 and initial length L;=20
mm; spring 2, d=3 mm, ¢ =5 mm, #=35, and
L,=15 mm. Both spring werc subjccted to con-
straincd thcrmocyclic training belore the experi-
menl. The spring specimens showed stable
TWSM at a temperaturc range [rom 283 K to
333 K, 1.c., the spring extended with increasing
temperaturc and shortened with decreasing tem-
peraturec. The maximum TWSM cxtensions (A
L) were 20 mm and 8 mm [or spring 1 and
spring 2 respectively.

The length change (A L), and clectrical re-
sistance change (A R) of the spring were meas-
ured simultancously as a function ol tecmperature
(T ) undcr a compression load. A L was mcas-
ured by an extensometer, A R by a digital micro-
ohmmeter and 7" by a copper-constantan ther-
mocouple welded onto the specimen. The signals
were input into a high-precision X—Y recorder
for generating the hysteresis loops. The tempera-
ture changc, at a ratc of about 5 degrees Kelvin
per minute, was achicved by a water bath with

heating and cooling clements.

X-ray diffraction was carricd out using a
Kigaku D/ MAX IINA diffractometer. Cu K,
radiation was uscd, and the 20 scanning rate was
sct at 2(° )/ min, Temperature varialion was
provided by blowing hot air over the sample,
which could be restrained mechanically by a jig.

3 RESULTS

3.1 Fully Constrained and Unconstrained Trans-
formation

Fig.1 shows thc AL—T and A R—T plots of
spring 1. The solid lincs represent the results un-
der zcro-stress (unconstrained) and the dashed
lincs show the rcsult under zero-displacement
(Tully constrained) conditions. Under [ully con-
straincd conditions, the shape memory strain is
completely suppressed and the A L—T plot is a
horizontal linc. Under unconstrained conditions,
the transformation proccss is characterized by
the corresponding AL—T or AR—T plots.

Following the same dclinitions of the trans-
formation temperaturcs as described in the paper
by Li et al [6], the transformation tecmperaturcs
under unconstraincd conditions detcrmined by
clectrical resistivity measurements: M= 304.8 K,
M=2946K, 4,=3048K and 4,=310.8 K. On
the other hand, the transformation tcmpceraturcs
determined by length change measurcments
were: M, =306 K, M;=2982 K, 4,=3072 K
and A’f=311.4 K. The transformation tempera-
turcs determined by the latter mcthod are higher
than those determined by the former method.

Fig.1 also shows that the responsce of the
shapc mcmory dclormation Lo the ¢xternal re-
straining stress is significantly diflerent [rom that
of the clectrical resistivity during transformation.
Under fully constrainzd conditions, the shape
memory delormation is complelely suppressed
whercas significant chaages in clectrical resistivily
still occur during temperaturc cycling. In the lat-
ter casc, the cllects of the restraining stress arc
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shght reductions in the transformation tcmpera-

tures and a narrower hystercsis loop.

In order to gain further insight into the ex-
perimental results mentioned above, we designed
the thermomechanical trecatment schedule shown
in Fig.2 on the spring spccimen. The thermome-
chanical trcatment schedule is outlined in the [ol-
lowing:

STEP 1 A—B (A L=0, L=Ly), hecating from
room temperature to 330 K under full
constraint;

STEP 2 B=C (A =0, T=330 K), rcmoval of
the constraint at constanl tempcerature
above A;;

STEP3C—~D (A L=0, L=L_,), cooling [rom
330 K to room tempcerature under {ull
constraint,

20t
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Fig.1 The AL—T and /A R—T curves of spring 1
under unconstraint and full constraint.

Solid linc—unconstrained dashed line—Fuli constrained

Fig.3 shows the X-ray dillractomcter traces
of the spring spccimen at [our conditions (A, B,
C and D), which correspond 1o the four condi-
tions indicated in Fig.2. At the beginning, with
no constraint and at room temperature, the spee-
imen was [ound to contain almost 100% mar-
tensite (Fig.3(A)). When the temperature was
raised to 330 K (above A’r) under (ull constraint,

only a partial phase transformation to the parent
phase (P ) occurred (Fig.3(B)). This was not due
to the phcnomenon of martensile stabilization,
because 100% parent phase could be obtained
after the removal of the consiraint (Fig.3(C)). In
later discussion, it is proposcd that the martensite
rclained m (B) 1s dircctly related to shape recov-
cry, /A L. When the temperature was reduced o
room tempcraturc undcr constraint, it was found
that only partial parent phasc transformation to
martensite occured (Fig.3(D)). Completc P-=M
transformation was not obtained.
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Fig.2 The experimental program for in-situ

X-—ray diffraction under constraint.

We can infler [rom these results that there is
a part of the parent / martensite transformation
which is responsible [or the shape memory strain
in TWSM. Undcr [ull constraint, the shapc
memory strain and the corresponding” memory
strain transformation” arc suppressed. However,
there 1s another part of the transformation which
can still occur under (ull constraint, This part of
the transformation docs not result in a macro-
scopic change in shapc and 1s termed a sell ac-
commodating transformation.

Assuming that the clectrical resistivily chan-
ge, AR, is proportional to the transition volume
fraction, the relative proportions ol the two types
ol transformations may bc cstimated [rom the
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transformation on cooling, thc loop becomes

magnitudes of A\ R. Referring to Fig.1, the vol-
more asymmectric as thc compression load is in-

ume [raction, V_, connected with thec memory
strain transformation can be cstimated from ¥V,
~ 1—(h / H), which givcs a value of about 65%.
(Where H and h are the total magnitude of AR
during M—P transformation on hcating undcr

crecased.
The eilcet of shear stress in the surface of an

alloy wire, 7, on the transformation temperaturcs
is given in Fig. 5.7 is calculated by[“]:

Fig.3 The X—ray diffraction patterns of spring 1

under differential constrained conditions.

3.2 The Influence of Stress on Memory Strain

Trans- formation

A scrics ol A L—T loops under different
compression loads were determined using spring
2 and three typical loops arc shown in Fig4d. As
expected, the overall memory strain dccreascs
with incrcasing compression load. The A L—7
loop is shifted towards higher temperatures upon
compression loading. Since the compression sup-
presses transformation on heating but promotcs

unconsirained and fully conditions constrained
respectively).
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A 42 4146 48 B 840 428 4 48 Fig. 4 'The influence of compression on the
'§ 8 '§ LT loop of spring 2.
o’ m o
3 = $FD
. T=k—F7 (1)
oo - nd
gl s
Nt o where  F i1s the compression load (9.8066 N);
=S k=[C/(C- D[/ (2C ), C=Dd; D is the av-
crage diameter ol the spring and dis the diameter
38 40 4244 4648 38 40 42 44 46 48 of the alloy wire.
20 20 The transformation temperaturcs vary lin-

carly with 7 and havc almost the same slope in
Fig.5. Taking thc width ol the loop at half
height, AT, as a mcasurc of hysteresis, it can be
scen from Fig. 4 that the ellcct of shear stress o1

hysteresis 1s small.
4 DISCUSSION

In polycrystalline samples, 100% preleren-
tial rc-oricntation is not likely to occur cven aller
training. Thus, the vanants arc likcly to consist
ol two types. Variant 1 is highly oricnted and is
responsible for TWME during transformation;
Variant 2 is scll-accommodating and docs not
contribute to macroscopic shape change. The



« T4 .

TRANSACTIONS OF NFsoc June 1993

relative proportions of these two variants depend
on a numbecr of [actors, ¢.g., alloy spccics, grain
siz¢ and training process. The experimental re-
sults oblained in this investigation provide sup-
porting cvidence of the cxistence ol thesc two
types of variants.

Since the transformation of variant 1 is rc-
sponsible for the macroscopic shape change, it is
particularly scnsitive to the applied stress. When
the shapc memory alloy is [orced by an applicd
stress 1o such an cxtent that the memory strain is
complclely suppressed, the corrcsponding trans-
formation ol variant 1 is also suppressed. How-
cver, the translormation of variant 2 can occur,

150+
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283 293

313 323 333 343

T/K
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Fig. 5 The effeet of shear stress on the

transformation temperatures of oriented variant

Thermoclastic martensitic transformation is
a frst-order transformation, and the process of
varianl growth can be considered to be the mo-
ion of phasc interfaces. Following Olson and
Cohcn“z], the thermoclastic balance is given by

_A. Gch+2A Gcl = _A Gl'r

on cooling (2)
JANCRS VYANCREVANEM
on heating (3)

where  G’s arc in absolute values. 2 G, is the

dilference in Gibbs free encrgy. A G, is the:
stored clastic strain cnergy. The clastic strain en-
crgy stored in the forward transformation will be
rcicased in the reverse transformation and will
assist the reversion back to the parent. Hence, it
has a major clTect on the transformation ¢quilib-
rium temperaturcs. A Gy, is an irreversible ener-
gy dissipation lcading to transformation hyslcre-
SiS[l3'14].

From the above discussion, A G, should
consist of two parts:

AGy=AGy+AG] {4)
where  AGL and AGY are the clastic strain en-
crgics ol the oriented and the accommodating
varianl respectively. The interfacial arca of the
oricnicd variant is likely to be smaller than that
ol the accommodating variant duc to ori¢cntation
and prelcrential growth. Thus, A G is likly to
be less then A GEY! From the thermodynamic
rclationships given in cquations (2) and (3), the
transformation tempcraturcs of the oriented va-
riant arc expecled to be higher than those of the
accommodating variant. This is conlirmed by the
cxperimental resuits which show that the A L-T
loop is shifled to the high tempcralure side com-
parcd with the AR—T loop (Fig.1.).

In the present expreiment, the comperssive
{orce, F, promolcs the P—=AM translormation and
inhibits the reverse transformation, The interface
cquilibrium cquations (2) and (3), can be written

as
NG~ FALY2NAG,=—AGy,
on cooling (5)
NG~ FALA2AG,=—AGy,
on heating (6)

The clleet of the term FA L increascs the
transformation tempcraturcs. Conscquently the
A L—T loops are shifted towards higher tempcera-
turcs as the compressive lorce increases (Fig.4).
On the other hand, the hysteresis, represented by
AT, in the A\ L=T loops, is not signilicantly
change, suggesting that the {rictional work done,
a dynamic property of the interfacial motion, is
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unallccted by F.
5 CONCLUSIONS

(1) The martensitic variants in two way
shapc mcmory alloys may bc classilicd into a pre-
ferred orientation variant and a sclf-accommoda-
ting variant. Macroscopic shapc change in the
TWSM is attributed to the transformation of the
oricnted variant. The scll accomodating variant
docs not contributc to the overall macroscopic
memory strain;

(2) Thc oriented variant is sensitive to ¢x-
ticrnal stress. Externally applied stress may pro-
motc or inhibit the transformation of the ori-
ented variant, thereby alfecting the transforma-
tion temperatures, but has no cssential cflect on
the transformation of the accommodating vari-
ant;

(3) The interfacial arca ol the oriented vari-
ant is likely to be smaller than that ol the ac-
commodating varianl duc to oricntation and pre-
fcrential growth. Thus, the transformation tem-
peraturcs ol the oriented variant arc cxpected 1o
be higher than those of the accommodaling vari-
ant. This is confirmed by the experimental results
which show that the length change vs tecmpcra-

turc is shilted 1o the high temperature side com-
parcd with the clectrical resistivity vs iemperaturc
loop.
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