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A Theoretical Comparison of Two Possible Shape Memory
Processes in Shape Memory Alloy Reinforced
Metal Matrix Composite

Jae Kon Lee*, Gi Dae Kim
School of Mechanical and Automotive Engineering, Catholic University of Daegu,
Gyeongsansi, Gyeonghuk 712-702, Korea

Two possible shape memory processes, austenite to detwinned martensite transformation and
twinned martensite to detwinned martensite transformation of a shape memory alloy have been
modeled and examined. Eshelby’s equivalent inclusion method with Mori-Tanaka’s mean field
theory is used for modeling of the shape memory processes of TiNi shape memory alloy
reinforced aluminum matrix composite. The shape memory amount of shape memory alloy,
plastic strain and residual stress in the matrix are computed and compared for the two processes.
it is shown that the shape memory amount shows differences in a small prestrain region, but the
plastic strain and the residual stress in the matrix show differences in the whole prestrain region.
The shape memory process with initially martensitic state of the shape memory alloy would be
favorable to the increase in the yield stress of the composite owing to the large compressive
residual stress and plastic strain in the matrix.

Key Words : Shape Memory Processes, Shape Memory Alloy, Fiber Reinforced Composites,
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Ag . Incremental martensite volume fraction
of the fibers

Ay : Austenite finish temperature

As . Austenite start temperature

Ca . Slope of stress and temperature curve

for martensite to austenite transforma-

tion

Cr . Stiffness matrix of the fiber

Cu . Slope of stress and temperature curve
for austenite to martensite transforma-
tion

e™ . Transformation strain in vector nota-
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f  Volume fraction of fibers
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&f . Plastic strain along fiber direction

Agf > Small increment of the plastic strain

Cmy . Yield stress of the matrix
Omyo. K, n . Constants of Ludwick equation for
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Acgmy | Increase in the yield stress of the matrix
due to the small increment of the plas-
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e’ . Plastic strain in vector notation

1. Introduction

Shape memory alloys ($MAs) have been well
known to have three dominant properties such
as shape memory effect (SME), pseudoelasticity,
and high damping capacity (Liu et al., 1999;
Furuya et al., 1993 ; Taya et al., 1995). SMA fiber
reinforced composites (SMA composites) have
been processed to use the SME of SMA, resulting
in better mechanical properties than unreinforced
matrix materials such as yield stress and fracture
toughness at high in-use temperatures {Liu et al.,
1999 ; Furuya et al, 1993; Taya et al, 1995;
Hamada et al., 1998 ; Park et al., 2002 ; Park and
Lee, 2004). Tt is well known that the compressive
tesidual stress in the matrix due to the reverse
transformation of SMA fibers from martensite to
austenite state enhances the tensile properties of

SMA composites.

To shape-memorize the SMA in the composite,
the composite has been loaded and unloaded at
certain temperatures (Furuya et al,, 1993; Taya
et al., 1995 ; Hamada et al., 1998 ; Park et al.,
2002 ; Park and Lee, 2004), which is called a
prestraining proecess. The permanent strain is then
induced in the composite during shape memory
process, which is called a prestrain. Prestrain is
known to define the shape memory amount given
to the composite, and it has been used as a key
design parameter for the SMA composite.

Two shape memory processes have been pro-
posed and utilized throughout the literatures
{Furuya et al., 1993 ; Taya et al.,, 1995 ; Hamada
et al.,, 1998 ; Park et al, 2002 ; Park and Lee,
2004). The one is a stress-induced transformation
of SMA from twinned martensite to detwinned
martensite at temperatures lower than martensite
start temperature {Furuya et al., 1993 ; Taya et
al., 1995 ; Park et al,, 2002 ; Park and Lee, 2004},
while the other is a stress-induced transformation
of SMA from austenite to detwinned martensite at
temperatures between martensite start temperature
and austenite start temperature {Hamada et al,
1998). The increases in yield stress of the compo-
site have been experimentally (Furuya et al,
1993 ; Taya et al., 1995; Hamada et al.,, 1998 ;
Park et al, 2002; Park and Lee, 2004} and
theoretically (Taya et al, 1995 ; Hamada et al.,
1998 ; Yamada et al, 1993; Cherkaoui et al,
2000 ; Lee et al, 2001 ; Auricchio et al, 2003)
observed by using the two mechanisms. Since the
prestrain in the composite is the sum of the strain
due to phase transformation of the SMA and
plastic strain in the matrix, the amount of phase
transformation of SMA and plastic strain need
to be distinguished for the prediction of tensile
properties of the composite. In addition, residual
stress in the matrix generated during shape
memory process plays a role in strengthening of
the composite. However, a detailed research on a
comparison between the two shape memory
processes has not been performed in terms of the
prestrain, shape memeory amount, plastic strain,
and residual stress, respectively.

Since a mass production of the composite can
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be accomplished by using discontinuous SMA
fibers, discontinuous SMA fiber reinforced alu-
minum matrix composite has been chosen as a
model composite for the analysis. The shape
memery process based on dustenile state of SMA
has been published elsewhere (Lee ct al,, 2004}
In this study, this model has been extended to be
applicable 1o the composite with imitially mar-
tensitie state of the SMA fibers. Eshelby’s equi-
valent inclusion method {(Fshelby, 1957) with
{(Mori and
Tanaka, 1973) is used to compute the plastic de-

Mori Tanaka’s mean ficld theory
formation ol the matrix and the residual stresses
and strains in both the matrix and fiber generated
by the shape memory processes. The detailed
states of the SMA fibers and the matrix by the two
shape memory processes are presented and com-

pared.
2. Analytical Model

In the present model, a phenomenological mo-
del 1y used to describe the constitutive equations
of the SMA libers, where a cosine-type equation
is emploved for the transformation of the SMA
(Liang and Rogers, 1990). It is noted that both
stress and strain components are expressed by 1 X
6 column vectors, and all vectors are designated
in bold-face.

2.1 Shape memory processes

As schematically shown in Tig. I, the path of
the phase transformation of SMA depends on the
temperatire and stress. The temperature deter-
mines the initial state of SMA before applying
load. The SMA
martensite to detwinned martensitc below mar-
tensite start temperture (M), while the SMA is
trunsformed  from austenite o defwinned mar-

is transformed from twinned

tensite above My Although cxperimental resulls
{(Dye, 19%0) have shown thar stresses for the
initiation and termination of phase transforma-
tion of SMA slightly increase as temperature
decreases below M, it is assumed for simplicity
that the critical stress values below M is constant
and denoted by Gams and Gamys, which means the
critical stresses at the start and the finish of the
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Fig, 1 Crineal stresses for pransformation or mar-

tensile twin conversion as functions of tem-

perature and stress {Brinson, 1993)

conversion of the martensitic variants, respec-
tively (Brinson, 1993). The two shape memory
processcs are divided into the prestraining mec-
hanisms I and 11, which arc explained below.

2.1.1
Consider the SMA in full austenite at temper-

Prestraining mechanism 1 (P4 F)

atures between Mg and Ay (austeniie starl tem-
perature) . Loading the composite under (his tem-
perature range, the SMA is transformed from
austenite (o detwinned martensite by stress-in-
duced transformation. After unleading the com-
posite, the transformed state is still mamtained.
For simplifying comparisen between the shape
memory processes by neglecting temperature cf-
fect, the temperature of the composite is assum-
ed to be just higher than M, Since the SMA
is assumed to be initially 100% austenite, the
detwinned martensite volume fraction of ihe
SMA, Ea.prm, during the transformation is simply
expressed as {Brinson, 1993)

E(T, 0s) asrur

1 { /"T\_G“ffondmfiC‘.ﬁ{"\/:[‘fM?)J (l}
*7 C0s - —_— I

B s — 0 }Jrl_
dms dmf =
where T, o,, and Cy denote the temperature,
cffective siress, and the slope of siress and tem-
peraiure curve (or austenite to martensite trans-
formation of the SMA fibers, respectively.
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2.1.2 Prestraining mechanism II { P II)

Consider the SMA in fully twinned martensite
at lower temperatures than M, Increasing the
applied load to the composite, the SMA is trans-
formed from twinned martensite to detwinned
martensite. For neglecting temperature effect, the
temperature of the composite is assumed to be just
lower than M. Assuming there is no single vari-
ant martensile at initial state of SMA, the de-
twinned martensite volume fraction, Spy_prmr, 18 a
simple function of stress only and is given as
follows (Brinson, 1993},

i 70— Tamr)
Elay) aM-pT T 57 COS [ -

1
T (2
O'dms_ﬁdmf J 2 )
The phase transformation strain of the fibers,
e™ due to the SME for both mechanisms can be
expressed as

e =cAL v —vp 160 0]
ﬁETRAEVTR (3)

.
where &

and vy denote the phase transforma-
tion strain from austenite to detwinned marten-
site or from twinned martensite to detwinned
martensile and the Poisson’s ratio of the fiber,
respectively. A is the incremental martensite
volume fraction of the fibers, which is a function

of temperature and siress.

2.2 Constitutive equations

Three-dimensional constitutive equations are
derived for computing the stress and strain ip the
SMA metal mairix composite by using Eshelby’s
equivalent inclusion method (Eshelby, [937)
with the Mori-Tanaka mean field theory (Mori
and Tanaka, 1973). The model composite is as-
sumed to be reinforced by short fibers aligned in
the direction of x3 for simplicity of analysis. The
shaded areas in Fig. 2 represent the SMA fibers,
and unshaded area does matrix material.

The matrix and fibers are initially in clastic
state. By increasing an applied load, the plastic

P

strain, e, is generated in the matrix and is

cxpressed as
"= —035 —051000]=" V" {4)

where " denote the plastic strain along xa. The

Go* 00?

ACe™y

M ¥ e

Sl
/D,:-Q(fm) -
4

By
{a) (b
Analytical model Tor calculating residual
stresses and siraing in both SMA fiber and
metal matrix, (a) original probiem, which is

Fig. 2

converted to (b) Eshelby’s equivalent inclu-
sion problem

vield stress of the matrix, omy, and the increase
in the yield stress of the matrix, Agmy, due to the
small increment of the plastic strain, Ag®, are
expressed as follows.

gw:yzdrny.U+K(5P) " (5)
Aomy=nK (") 1Ae” {6)

The original problem is shown in Fig. 2(a},
where the phase transformaticn strain is given lo
SMA fibers and the plastic strain is given to the
matrix. Superimposing —e” into the whole com-
posite domain and converting to the Eshelby’s
equivalent inclusion preblem, the phase transfor-
mation and plastic strains are given to the SMA
fibers shown in Fig. 2(b). A stress %, with com-
ponents Go[0 0 1 0 0 0] is applied in the direc-
tion of xs (along the fiber direction) for gener-
ating the prestrain.

By using Eshelby’s inclusion method with the
Mori-Tanaka mean field theory, the average
stress inside the fibers can be expressed as

G:+0=C; (e, te+e—e™+e")

=Cpu (estet+e—e*) @

where C, e, €, ¢, " represent the stiffness ma-
trix, the strain generated in the matrix without
the inhomogeneity by applied stress, the averdge
elastic strain in the matrix domain, strain dis-
turbed by the existence of the inhomogeneity, and
the equivalent eigenstrain of the equivalent in-
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clusion, respectively. Subscripts # and f repre-
sent the matrix and fiber, respectively. Young’s
modulus of the fibers, Ky, depends on the mar-
tensite volume f{raction, £, and {5 also assumed to
be linear function of &.

From the requirement that the integration of
disturbed stress over the entire composite domain
must vanish, € is given as

etfle—e*)=0 {8)

where f is the volume fraction of the fibers,
The total strain e in the fiber is related through
Eshelby’s tensor § as follows.

e=8-¢" (9)

From Eqs. (7) —(9), the average stresses in the
fiber and matrix, {0y and {G>n, can be com-
puted as

{&>s=[I+RF]-0,+RE- (e —e") (10)

<a>m={1 lffRF]a., RE- (e —¢%) (11)

f
1=f
where
RF={1—f)Cn-(8-1)

A(C,—Co) - TO1-AIS4H T4+ Cu} (12
: (Cm_Cf) 'C;l

RE={1—f)Cn (8—1)
(Cr—Cn)  [U=FIS+ /I +Cn} !+ Cs

Tt is noted that bold face RF, RE, I, and C; are
6 X6 matrices and I is identity matrix.

(13

By superimposing e” into the whole domain of
the composite, the total strains in the fiber and
matrix, ey and en, are given by

en=e,+e+e’ (14)
e;=e;t+etete’ (15)

The volume average of the strain induted in the
entire composite is computed by using Eqs. (14)
and (15), and is expressed as

e.=Cil 0,4+ fe* +ef (16)
where

e’ ={{C,—Cn) - [{1=F)SH+SFI]1+Cn}!

[{Cn—Cy) <G+ O+ Cy- (€™ —e")} 17)
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The strain along x3 direction induced in the
composite after unloading is the third component
of Eq. (16}, which is the prestrain.

2.2 Computation procedures

Based on the derived equations in section 2.1
and 2.2, the numerical analysis has been con-
ducted by changing applied load incrementally.
The entire processes for computation are ex-
plained below in detail for the PM I and those for
the PM Il are omitted because it is the same
process.

The load to the composite is increased until the
matrix starts to yield. Without the plastic strain,
e’ the amount of phase transformation of SMA,
e’® is computed by using Eqs. (1), (3), (10) and
(11). Further increasing the applied load, ™
and e” are computed with Egs. {1}, {3), {5}, (6},
(10), and {I1). The fiber stress and matrix stress
are converted into the effective stresses for de-
termining the transformation of the fiber and the
plastic strain in the matrix. After reaching a target
applied stress, the composite is fully unloaded,
during which further stress-induced martensitic
transformation does not occur. The total strain in
the composite remained after loading and un-
loading processes is computed by using Eq. (16},
which is defined as the prestrain given to the
composite.

3. Results and Discussions

The material properties of the model composite
are tabulated in Table |, which are used for the
present computation. The matrix material behaves
as strain-hardening of the power-law type, and
the fibers deform super-elastically.

The shape memory amount is defined as the
twinned martensite volume fraction, transformed
from detwinned martensite or austenite during a
prestraining process. Predicted results are plotted
as a function of the prestrain and are shown in
Fig. 3. Increasing the applied load, the phase
transformation of SMA takes place with the
elastic deformation of the matrix. During this
period, the prestrain mostly comes from the phase
transformation of SMA. As shown in Fig. 3(a),
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the shape memory amounts induced by P 1 and
Il increase rapidly as the prestrain goes up to the
points of 2.3 107 and 107", respectively. These
prestraing represent the onset point of the matrix
vielding. Since the fibers under P 1] are softer
than those under P 1| as shown in Table 1, the
matrix material by PM 1l reaches yield stress at
lower prestrain compared with P 1

After reaching the matrix yield point, the phase
transformation of SMA and the plastic deforma-
tion of the matrix occur simultaneously. Since the
prestrain is the sum of the transformation strain of
the fibers and the plastic strain in the matrix, the
amount of shape memory gradually increases as
the prestrain increases. At the prestrain of 0.073,
the SMA is transformed from twinned martensite

Table 1 Material Propertics {Hamadza et al,, 1998 ; Brinson et al., 1993}
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or austenite to 100% detwinned martensite. In a
small prestrain region, the shape memory amount
induced by P 1 is slightly higher than that by
FM 1. Howcever, in a few pereent prestrain re-
gion, which has been vsed for examining the effect
of the prestrain on the strengthening mechanism
of the composite in the literatures (Furuya et al.,
1993 ; Taya ct al., 1995; FHamada et al., 1995 ;
Park et al,, 2002 ; Park and Lce, 2004), the shape
memory amounts induced by both P 1 and i1
show almost the same level. That is, the shapc
memory amount in this range is not greatly
influenced by the prestraining mechanisms.

The plastic strains built in the matrix after
the prestraining processes arc predicted and are
shown in Fig. 4 as a [unction of the prestrain. As

' |
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shown in Fig. 4{a), the plastic strain by PM 11 is
first generated and its magnitude is higher than
that by PM 1. The fibers by PM I are stiffer than
those by PHM E, so the fibers by P [ carry more
load than those by FPM Il The (ibers by M 1
reach the onset peint of phase transformation
with relatively low applied stress. The fibers by
PM 1 are first phase-translormed to generate the
prestrain without the plastic deformation of the
matrix. The fibers by P 11, however, are much
softer than the matrix material, so the mawrix
carries more load than the fibers do. Thus, when
load is applied, the mawrix of PM 1l delorms
plastically earlier compared with PM 1, as shown
in Fig. 4{a).

The plastic strains by PM 11 are higher over the
whole prestrain range than those by PM 1. Con-
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sider the composite with the prestrain of 5%. As
shown in Fig. 3(b), the strains due (o the phase
transformation by both PM I and Il are almost
the same (~0.68}, at this prestrain. [n addition to
the phase transformation strain and the plasric
strain. the prestrain is known 1o be a function of
the material constants from Eqs. (14} and (17).
The softer fibers by FPM I have smaller e,
resulting in smaller e of the composite. The
plastic strain in the matrix by P 11 has larger
magnitude, comparing with P 1. At the same
prestrain value, therefore, the prestraining process
with the softer fibers, PM 11, (s more favorable 1o
strengthen the composite due to higher plastic
strain than P T

The relationship between the prestrain and ap-
plied stress is shown in Fig. 5. The prestrain by
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Fig. 4 Plastic strain in the matrix as a function of prestrain
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PM 1 starts to be built up when the applied stress
is around 105 MPu, whilc the prestrain by P 1)
starts to build up around the applied stress of 238
MPa. The fibers by P 1 are stiffer than those by
FM 11, so the fibers by PM I carry more load to
be transformed at smaller applied lead. The mag-
nitude of the applied stress 1o generate the same
prestrain of a lew percentage is almost the same
for both PM I and 1]

The resicdual stresses in the matrix are comput-
ed in terms of effective stress, <UPms— <0 m,, and
plotted as a functien of the prestrain. As shown in
Fig. 6, the residual stress in the matrix by P II
s compressive over all the prestrain region and
becomes more compressive ss the prestrain in-
creases. However, the residual stress in the matrix
by PM I is tensile up io the presirain of 0.06,
beyond which it becomes compressive. Whenever
the same prestrain is given to the composite by
both £ 1 and 1, the residual stress in the matrix
by PM Il is more compressive. Thus, the yield
stress of the composite by £ 11 would be higher
than that by PM L

The residual stress in the mairix by PM I is
tensile in a small prestrain region after the pre-
straining process, while those by PM 1T arc near-
ly zero. As shown in Fig. 3, martensiic volume
fraction by PM 1 increases faster at the same
prestrain than that by P L Since fiber stress is
relaxed due to the stress~induced transformation
of the fibers, the matrix stress becomes more
tensile after loading. The matrix stress by PM I

20
—

o N
2
& .20
£
w
= e

40 4 —
E o
@ - - =PMII
D
¥ g ' ‘

\
-804 T P t v T -
0.00 0.62 0.04 0.06 0.08 0.10

Prestrain
Fig. 6 Residual stress in the matrix as a function of

presirain
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becomes more tensile than P L after fully
unloading.

As the prestrain increases further, the residual
stresses in the matrix by PM I and (! become
smaller. During this peried, both the phase
transfermation of the [iber and plastic deforma-
tien of the matrix take place simultaneously. The
relaxation of the matrix stress by the plastic de-
formation is larger than that by the phase trans-
formation, so the matrix stress becomes more
compressive with the increase of the prestrain,
Wlhen the prestrain reaches 0.073, the transior-
matien of the fiber is completed, as shown in
Fig. 3. Beyond this point, the fibers are in [ully
detwinned martensitc state, and the matrix de-
forms plastically. As further prestraining the com-
posite beyond this point, the residual stress in the
matrix becomes more compressive.

The strengthening of the SMA composite is
known to be mainly dependent on the residual
stress gencrated in the matrix during prestraining
process as well as the stress in the matrix due to
the shape recovery of SMA. For the composites
with the same prestrain of a few percentage by
PM T and 11, the yield stress of the composite by
PM II would be higher than that hy PM I owing
to the compressive residual stress in the matrix.

4. Conclusions

The twe shape memory processes, austenite 1o
detwinned martensite transformation (Prestrain
Mechanism I} and twinned martensite to de-
twinned maistensite transformation (PM 1T} of the
shape memory alloy, for discontinuous TiNi
shape memory alloy reinforced aluminum matrix
composite have been modeled and theoreticzl-
ly investigated. Tt is shown thal the twao shape
memory processes do not crucially affect the
shape memary amount in the composite with the
same prestrain except [or very small prestrain
region. In this region, the {ibers by A | are more
phasc-transformed. The magnitude of the applied
stress to gencrate the same presirain is almost the
same for the two shape memory processes, while
phase transformation of fibers initiates at smalter
appliad load by PM I than by PM IT. Larger
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plastic strain and higher compressive stress in the
matrix have been predicted by the PM I1. Based
on the results through this study, it can be
concluded that the PM II would be helpful to
increase further the yield stress of the composite
owing to the compressive residual stress and large
plastic strain in the matrix as well as the intrinsic
shape memory effect of the shape memory alloy.
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