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Abstract Effects of matrix properties on the actuation characteristics of embedded shape memory alloy wires were

studied. The coefficient of thermal expansion and the modulus of matrix have significant effect on the maximum

recovery stress. The thermal strain rate of the SM A wires upon heating is more sensitive to the matrix properties

than the stress rate does. Additional fibers embedded in the matrix have significant effect on the stress distribution

between the SM A wires and the matrix, and thus affect the interface quality significantly. Fibers with negative ther-

mal expansion coefficient are beneficial to the interface between shape memory alloy wires and the epoxy matrix. All

conclusions based on the numerical modeling can find experimental supports.
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1 INTRODUCTION

One major application field of shape memory
alloys( SMAs) is the so-called smart structures.
Numerous researches have been done on the actua
tion abilities of SM As, and the results are quite in-

?. However, the complicated behaviors

spiring'"
of SMAs are still not fully understood, which pre-
vents SMAs from being further adopted in real in-
dustrial structures. The difficulties in understand-
ing the SM As mainly come from the fact that the
transformation and thus the actuation abilities of
SMAs are affected by quite a lot factors, such as

chemical composition'”, thermo-mechanical treat-

[5]

ment history'”, deformation' and external con-

straining conditions'® "'

Our previous researches concerning the effects
of constraining conditions on the actuation behav-
iors of SMAs have shown that SMAs reinforced
composites have quite different actuation behaviors

') Analysis revealed that

with different matrices
the constraining failure (e. g. the interface failure
in SM As composites) was an important mechanism
that changes the actuation behaviors of SMAs'® ”
For smart structures with perfect constraining, the
coefficient of thermal expansion ( CTE) and the
stiffness of the constraining media were thought as
the main parameters in affecting the actuating abil-
ities of SM As. However, the obtained results are

3 10, 11 . .
controversial''” "', and there are no satisfying

numerical interpretations up to now. In this paper,

a thermodynamic model developed based on

experimental results was developed, and the
effects of external constraining conditions on the
actuation abilities of SMAs were numerically ana-

lyzed.
2 MATHEMATICAL MODELING

Although none of the models developed so far
is globally satisfying, a common understanding has
been achieved that a successful modeling should be
constructed on the basis of clearly defined physical
parameters. Therefore, phenomenological model-
ing is still receiving a great deal of attention. Anal-
ysis has shown that a satisfying model lays heavily
on the adopted kinetic equations of thermoelastic

2. A generalized ther-

martensitic transformation' '
modynamic model has been developed based on ex-
perimental results to predict the thermomechanical
behavior of SMAs'"”. The yielded equation for the

forward martensitic transformation is given by

g: - E%Tsin aum| T — %E_Mt + bMCi—
Sl an| T - Mﬁ*z—M‘ + bM@|+ Jz— (1)
The reverse martensitic transformation is giv-
en by
s A+ Ay Ci
i_ = 2]_[Sln ar| T - > ‘+ ba
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& is the martensite fraction, M., M:, A.
and A are the martensitic transformation starting

where

and finishing temperature, reverse transformation
starting and finishing temperature, respectively.
The four material constants am, bu, ar and ba are
selected as

27
an MQ_ Mf
ay
M= = G 7
- (3)
an= As_ Af
_ s
ba= Ci
where Cum and Ca are the stress-temperature coef-

ficient for M. and A ., respectively.

For SM As embedded in structures, the consti
tutive equation for the materials is selected to be
the simple equation as

o= E € (4)

Eqn. (4) has already been validated by numer-
ous experiments and thus ensures a welkFfounded
basis for our modeling. The stress of the whole
structure is expressed by the stress of SMA ( Gua)
and the constraining matrix ( %) on the bases of
the rule of mixture, as

0= RuaGua+ (1- Rma) O (5)
where ®wma is the volume fraction of SMA. Simi-
larly, the modulus of the composite, and the mod-
ulus of SMA (a combination of the modulus of
martensite and the parent phase, Ewa and E,) can
be expressed as

E= RuaEsua+ (1- Rua) En 6

Esua= &wa+ (1- §E, (6)

The boundary conditions for the model is

8va+ Swa+ Oma AT= &+ 0w AT (7)
where subscript m denotes the constraining ma-
trix; superscript tr denotes the transformation
strain; superscript el denotes the elastic strain; a
denotes the coefficient of thermal expansion.

Eqns. (1) to (7) construct the bases of the
modeling in this paper. The equations are incorpo-
rated into a computer program and solved using the
Euler method. Important parameters used in simu-
lation are summarized in T able 1'°!.

Table 1 SMA parameters used in calculation!”

Ca/
) Dy | > -1 : )
E./GPa Ena/GPa  o/K dvua AJK A K PR e
60 13 30x 10 ° 0.03 329 337 8. 65

3 SIMULATION

3.1 Effects of matrix expansion on actuation char-
acteristics

Obviously, the matrix dilatation imposes a va-
rying constraint on the embedded SMA wires. One
can see from Fig. 1(a) that the CTE of the matrix
limits the maximum recovery stress of the embed-
ded SMA wires. As can be seen, a CTE value
- 0.0005 ( meaning the matrix contracts upon
heating) of the matrix limits the recovery stress of
SM A to about 370 MPa. For a positive CTE value
of 0.000 05, the recovery stress does not reach its
maximum value within the temperature range, in-
dicating that the reverse martensitic transformation
has not finished yet. results in
Fig. 1(a) may be regarded as a design principle of
SM A devices if the maximum output stress is con-

Theoretically,

cerned. For example, the maximum recovery
stress value of the SMA in a Kevlar/ epoxy com-
posite should be less than an equivalent SMA em-
bedded in a glass fiber/ epoxy composite, since the
Kevlar fiber/ epoxy composite has a smaller CTE

than the glass fiber/ epoxy composite.
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Fig. 1 Effects of matrix dilatation on
recovery stress(a) and recovery strain(b) of

embedded SM A wires
(Modulus of matrix is set to be fixed at 35 GPa)

In practice, however, the interface of a SMA
composite may fail before the recovery stress
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%9 " Furthermore, the

reaches its maximum value
CTE values of materials in reality usually fall into
the magnitude range of several decade millionth.
From Fig. 1(a) one can learn that such a small
CTE value will not exert significant influence on
the maximum recovery stress. Thus, the effect of
the CTE value of the constraining matrix on the
maximum recovery stress is negligible, except that
extremely large CTE value (whichever negative or
positive) is involved.

One the other hand, it can be seen from
Fig. 1(b) that the shape of the SM A composite va-
ries significantly with different matrix CTE. It
seems that the strain of the SMA elements is more
sensitive to the matrix properties than the stress
does. Our previous experimental results show that
the strain-temperature behaviors of SM A compos-
ites are more sensitive to materials properties than
the stress-temperature and stress-strain behaviors
do'", which can be regarded as an experimental
proof of Fig. 1.

Another characteristics shown in Fig. 1(a) is
that the recovery stress rate (d9 d7T) is independ-
ent on the CTE value of the matrix, which means
that the recovery stress rate (d9 dT) is a constant
no matter what the external constraint is. This is

however,
[10]

more or less out of the expectation,
some experimental results have confirmed this
Thus, the effect of the CTE value of the matrix on
the d9 dT value is completely negligible no matter
how large the matrix CTE value is.

3.2 Effects of matrix modulus on actuation charac-

teristics

M aterials in reality have finite values of elastic
modulus. SMA wires might be designed to rein-
force different matrices with different stiffness.
Fig. 2 shows the calculated results under different
matrix stiffness values. One can see from Fig. 2( a)
that for matrix materials with a very small modu-
lus (i.e. 0.1 GPa), the maximum recovery stress
of the SMA is also limited within a small value
(less than 20 M Pa as can be seen in Fig. 2). High-
er the matrix modulus is higher the maximum re-
covery stress is. For large matrix modulus, the re-
covery stress of the SMA wires keeps increase
within a moderate temperature window. One inter-
esting thing to note is that under different matrix
modulus higher than 1 GPa, the recovery stress
rate (d9 dT) of SMA elements has no significant
difference, as can be seen in Fig. 2(a). Typical
modulus values of structural materials are within
the scope from several decades of GPa to several
hundreds of GPa, thus the stress rate (d9 dT) of
the embedded SM A wires should be the same. Our
previous experiments have confirmed the conclu-
sion that different constraining modulus has no
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Fig. 2 Effects of matrix modulus on
recovery stress(a) and recovery strain(b) of

embedded SM A wires

(CTE of matrix is set to be fixed at zero)

significant effects on the recovery stress rate on
SMA elements' .

Fig.2(b) shows the recovery strain of SMA
elements vs temperature under different constrai-
ning conditions. Similar with the results in Fig. 1,
one can see from Fig. 2(b) that the strain is more
sensitive to external constraining conditions than
stress does. Even when the constraining modulus
is large enough to make the recovery stress rate
(d9 dT) stabilized on a fixed value, the strain rate
(dgdT) is still changing significantly with differ-
ent constraining modulus. Although there is no dir
rect experimental evidence of Fig. 2(b), the pre-
liminary experimental results'® did show that if
some additional fibers were added into a SM A/ ep-
oxy composite, which would modify the stiffness
of the matrix, and the composite showed quite dif-
ferent recovery strain behaviors upon heating. Fur
ther analysis of the experimental results of Ref. [ 6]
is necessary before it can be used as an evidence of
Fig. 2(b), which is in progress.
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3.3 Effects of matrix stress distribution on inter-
face

One can learn from the above that both the
CTE and modulus values of the matrix can define
the maximum recovery stress of the embedded
SMA elements. However, in reality, the interface
of a composite in reality always debonds before the
recovery stress of the embedded SMA elements
reaches its maximum value. Our previous experi
ments showed that additional fibers such as glass
fibers or Kevlar fibers present in the matrix might
have a significant effect on the interface'® . Results
show that TiNiCu wires reinforced Kevlar fiber/
epoxy composites have a better interface quality
than that of a TiNiCu wires reinforced glass fiber/
epoxy composites. Using the model built in section
2, the difference of normal stresses in the axial di-
rection between the SM A elements and the epoxy
matrix can be calculated. The results is shown in
Fig. 3, and one can see that the normal stress
difference between the SM A and the epoxy matrix
in SMA/Kevlar/ epoxy composite is smaller than
that in SM A/ glass/ epoxy composite.
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Fig.3 Effects of additional fibers on
stress difference in axial direction between

SM A and epoxy matrix
(CTE of Kevlar fiber and glass fiber are
set to be — 4x 107 % and 5% 10", respectively. )

Results in Fig. 3 can be regarded as the nu-
merical proof of our previous experimental re-
sults'” . Prestrained SM A wires embedded in a ma-
trix contracts upon heating, and induces large in-
ternal thermal stresses at the interface. Additional
reinforcing fibers with a negative expansion coeffi
cient such as Kevlar fibers (typically — 4 x 10™°/
K) can partly relieve the mismatch stress between
the TiNiCu wires and the matrix. Glass fibers have
a thermal expansion coefficient of about 5 x 107 °/
K, much less than that of the epoxy matrix (of
about 60 x 10" °/K). Obviously, the added glass

fiber will also impede the large thermal expansion
of the epoxy matrix, and thus can partly relieve
the mismatch stress between the TiNiCu wires and
the matrix, but to a less extent than the Kevlar fi-
bers do. Therefore, the TiNiCu wire epoxy matrix
interface of the Kevlar fiber composite can survive
up to a higher temperature than the glass fiber
composite. One can see from Fig. 3 that the model
built in section 2 qualitatively explains the above
phenomenon.

4 CONCLUSIONS

1) The CTE value of the matrix has no effect
on the recovery stress rate (d9 dT) but has a sig-
nificant effect on the recovery strain rate (d&dT')
of the SMA elements. A higher CTE value of the
matrix defines a higher maximum recovery stress
of the SM A elements.

2) Small matrix modulus has a significant
effect on the recovery stress rate (d9 d7T), but the
effect vanishes if the matrix modulus become suffi-
ciently large. However, the matrix modulus has a
significant effect on the recovery strain rate (d&
dT) of the SMA elements. A higher matrix modu-
lus value defines a higher maximum recovery stress
of the SM A elements.

3) Additional fibers have a significant effect
on the quality of the interface between the SMA
elements and the matrix. Calculations confirm that
additional fibers with a smaller CTE value are more
helpful in improving the interface quality than the
fibers with a larger CTE value do.
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