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The feasibility of using SMA wires to improve the seal effectiveness has been studied experimentally and
numerically. In this article, we present only the numerical study of simulating the thermo-mechanical
behavior for an SMA enhanced lip seal, leaving the test setup and results in the experimental counterpart. A
pseudo 3D SMA model, considering 1D SMA behavior in the major loading direction and elastic response
in other directions, was used to capture the thermo-mechanical behavior of SMAwires. The model was then
implemented into ABAQUS using the user-defined material subroutine to inherit most features of the
commercial finite element package. Two-way shape memory effect was also considered since the SMA
material exhibits strong two-way effects. An axisymmetric finite element model was constructed to simulate
a seal mounting on a shaft and the sealing pressure was calculated for both the regular seal and the SMA
enhanced seal. Finally, the result was qualitatively compared with the experimental observation.
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SMA model, two-way shape memory effect, TWSME,
UMAT

1. Introduction

Lip seals are known to potentially have sealing issues due to
softening of polymer materials at high temperature. The
reducing of contact pressure as temperature increasing can be
a severe problem because it may cause the fluid leaking during
operation and impact the function of the device. One example is
the application of lip seals in the rheological fluid-based real-
time controllable damper presented in the experimental counter-
part of this article (Ref 1). As observed in the experiment
(Ref 1), the leaking of magneto-rheological (MR) fluids from
housing may cause the damper working improperly. Therefore,
seals that have capability to adapt the change of temperature are
very desirable. As smart materials, shape memory alloys
(SMAs) have the capability to change their shape correspond-
ing to the temperature in the environment, due to the phase
transformation in the material. Particularly, a large recovery
force can be produced by SMAs during the transformation
if they are restrained. Hence, if mounting SMA wires or
ribbons on a seal, it is expected that the wires or ribbons will

produce additional constraint on the seal at high temperatures
and reduce the temperature induced variation of sealing
pressure.

A numerical simulation can provide a quick evaluation of
the feasibility of using SMA wires to improve the seal
effectiveness, and also an effective tool for design and
optimization of the device. In previous study (Ref 2), a
rigorous one-dimensional shape memory alloy constitutive
model has been implemented into ABAQUS by developing a
user element subroutine, which provides a method to simulate
the thermo-mechanical behavior of structures with one-dimen-
sional SMA components. However, the one dimensionality of
the model restricts its application for this study in which the
contact between the SMA wire/ribbon and the seal needs to be
considered. Therefore, a model with the capability to capture
simple spatial responses of SMA components is necessary for
this study. Considering an SMAwire, it is reasonable to assume
that the axial stress is much higher than stresses in other
directions and the shape memory behavior is mainly exhibited
in the axial direction. Therefore, a pseudo 3D constitutive
model was developed, which uses the one-dimensional Brinson
model (Ref 3) to simulate the thermo-mechanical behavior of
an SMA in the axial direction and assumes elastic response in
other directions.

The model was implemented into ABAQUS using a user-
defined material subroutine (UMAT) so that it inherits most
features of the commercial finite element package including
support for most continuum elements, contact analysis, com-
patibility with ABAQUS CAE, etc. Two-way shape memory
effect (TWSME) was also considered in this study because the
SMA wires used in the experiment exhibit such behavior. A
simple but effective approach to simulate the TWSME is to
shift the phase diagram to the negative stress region.

An axisymmetric finite element model, as illustrated in
Fig. 1, was constructed to simulate the thermo-mechanical
behavior of the SMA enhanced seal (Ref 1). The simulation
was performed in ABAQUS Standard with the UMAT of the
pseudo 3D SMA model presented in this article. Due to
limitation of the measurement system and insufficient material
properties, the predicted results are qualitatively compared with
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the experimental results. This article focuses on the numerical
modeling of the sealing performance of the SMA enhanced seal
and comparison of the analysis results with the experimental
measurements. Readers can refer to the experimental part
(Ref 1) for the test setup and observations.

This article is organized as follows. Section 2 describes the
mathematical expression of the pseudo 3D SMA model,
followed by the implementation into ABAQUS via a user-
defined material subroutine and how the two-way shape
memory effects are considered. The finite element simulation
of SMA enhanced seal is described in section 4. Finally,
section 5 presents the conclusions of this study.

2. SMA Constitutive Law and Transformation
Kinetics

Since SMAwires and ribbons in smart structure applications
are usually subjected to a variety of thermal and mechanical
load profiles, including cyclic loading, partial forward and
reverse transformation, and simultaneous changes in load and
temperature, the constitutive law and kinetics chosen to be
implemented must be robust and able to capture complex
thermo-mechanical cycles. In this section, we first briefly
review the constitutive law developed by Brinson (Ref 3).
Then, we present the extension of the 1D model to a pseudo 3D
which is capable of satisfying the basic usage in 3D structures.

2.1 1D Brinson Model

One important feature of the 1D Brinson model is to
distinguish between the self-accommodated (twinned) and
oriented (detwinned) martensite in the material. Self accommo-
dated martensite, nt, is temperature-induced with no associated
macroscopic strain, while oriented martensite, no, has a crystal
structure that has been preferentially oriented by the applied load
and is accompanied by a macroscopic strain. The total martensite
volume fraction is composed of these two components:

n ¼ nt þ no ðEq 1Þ

The use of these two martensite internal variables allows this
model to capture the full range of SMA behavior, including
shape memory effect and pseudoelasticity.

The constitutive law of one-dimensional shape memory
alloys can be written as (Ref 3, 4):

r ¼ EðnÞðe� eLnoÞ þHðT � T0Þ ðEq 2Þ

where E and H are the modulus and thermal coefficient of
expansion of the material, respectively. eL is the maximum
residual strain for the given SMA material. T0 is the reference
temperature at which thermal strain is defined to be zero.
Here, E(n) is taken to be a function of the martensite fraction
of the material:

EðnÞ ¼ nEm þ ð1� nÞEa ðEq 3Þ

where Em is the modulus value for the SMA as 100% mar-
tensite and Ea is the modulus value for the SMA as 100%
austenite. The rule of mixtures is commonly used to approxi-
mate the material property of martensite and austenite mix-
tures. If the approximation is done on the elastic constant like
Eq 3, it assumes an iso-strain condition. However, if it is
used on the compliance constant, then it assumes an iso-stress
condition (Ref 5). In 1D case, the iso-strain approximation
behaves like a parallel model, and the iso-stress approxima-
tion assumes a series model. They will yield the same result
when the material is either pure martensite or austenite. They
will yield different results otherwise but the maximum differ-
ence is only about 15% (Ref 6). Since the real mixture of
martensite and austenite is neither parallel nor series, the
choice is by the author and convenience of formulation.

If the thermal strain component is neglected (since it is
orders of magnitude smaller than the transformation strain
under moderate temperature changes), the constitutive law is
simplified further to

r ¼ ðnEm þ ð1� nÞEaÞðe� eLnoÞ ðEq 4Þ

It is worth noting that the stress in Eq 14 in a later section
refers to the second Piola-Kirchhoff stress. However, for our
application (small deformation and no rigid body motion), the
difference between the Cauchy stress and the second Piola-
Kirchhoff stress is negligible. Therefore, for consistency and
simplicity, all stress refers to the Cauchy stress in the rest of this
article.

2.2 Pseudo-3D Extension

For many applications of one-dimensional SMA compo-
nents, such as SMA wires and ribbons, the SMA elements are
primarily loaded axially and the axial stress can be several
orders of magnitude higher than the stresses in other directions.
Moreover, the axial deformation is much more significant in
comparison with the radial change in those applications.
Therefore, it is reasonable to consider the shape memory
behavior only in the axial direction and assume elasticity in
other directions.

Assuming the phase transformation exists only in the
loading axis, the mathematic expression of the material
constitutive law can be written as:

rij ¼ kekkdij þ 2leij � knoeLdij � 2lnodi1dj1 ðEq 5Þ

where k and l are the Lamé constants and the material is
assumed isotropic except that the ‘‘1’’ direction is the primary

Fig. 1 Axisymmetric model of the SMA enhanced seal. The geom-
etries of seal and shaft are the same as the prototype built for the
experiment
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loading axis along which the SMA behavior persists. The
equation above can be derived by the following procedure:

With application of only r11, the strain in the loading
direction can be determined from the 1D SMA constitutive law
and the other components from Poisson�s effect.

e11 ¼
r11

E
þ noeL

e22 ¼ e33 ¼ �
m
E
r11

ðEq 6Þ

With application of only r22, the strain field is given by:

e22 ¼
r22

E

e11 ¼ e33 ¼ �
m
E
r22

ðEq 7Þ

With application of only r33, the equations are similar to
above, interchanging subscripts 2 and 3. Superposing all three
tensile stresses and three shear stresses and assuming isotropic
elastic in shear stress, we can obtain the strain-stress relation:

eij ¼ rij
ð1þ mÞ

E
� m
E
rkkdij þ noeLdi1dj1 ðEq 8Þ

The general constitutive laws are obtained by inverting the
equation above. If thermal expansion is considered in the SMA
material, the thermal stress is added to this equation*:

rij ¼ kekkdij þ 2leij � knoeLdij � 2lnodi1dj1
� ð3kþ 2lÞaðT � T0Þdij (Eq 9)

where T0 is the reference temperature at which the thermal
strain is defined to be zero and a is the thermal expansion
coefficient of the material calculated by rule-of-mixture:

a ¼ amnþ aað1� nÞ ðEq 10Þ

where am is the thermal expansion coefficient of SMA at
martensite phase and aa is that of SMA at austenite phase.

2.3 Transformation Kinetics

The transformation kinetic equations relate the evolution of
the martensite volume fraction with stress and temperature. The
choice of transformation kinetics is critical to ensure robust
performance of the overall constitutive response of the SMA
material due to the history dependence of the materials
transformation behavior. In this article, we adopt a phase
diagram-based kinetic description which was first rigorously
derived by Bekker and Brinson and then fully extended to all
regions (Ref 2, 7). A typical stress-temperature phase diagram
shown in Fig. 2 is used in the kinetics to track the SMA phase
transformation. This diagram is composed of transformation/
reorientation zones [A] (martensite to austenite), [t] (austenite
to self-accommodated (twinned) martensite), [M] (austenite
and/or self-accommodated martensite to oriented martensite),
and [o] (self-accommodated martensite to oriented (detwinned)
martensite). The overlapping zone of [o] and [t] is denoted as
[o, t]. The other regions are either dead zones in which no
transformation or orientation occurs or the plastic region. The
mathematical derivation of the transformation kinetics is
omitted in this article and readers can refer to cited literature
for details. Instead, the mathematical expressions describing the

martensite fraction evolution in different zones are summarized
as follows:

The martensite fraction evolution in the zones for forward
(martensite to austenite) and reverse transformation (austenite
to martensite) can be written as

n ¼ FA ¼ njf
AðZAÞ ðEq 11Þ

where the subscript j represents the switching point and the
superscripts A refers to austenite. fA is the transformation
function with values being interpolated between 0 and 1 (Ref
6, 8-12). Given the cosine function, the transformation func-
tions are defined as

f AðZiÞ ¼ 1� 1

2
1� cosðpZiÞ
� �

ðEq 12Þ

where Zi is a distance ratio in zone i with reference to the last
transformation switching point, j. Zi is a function of tempera-
ture and stress and can be calculated by equation of

Zi¼
qi�qi

j

qi
0�qi

j

¼ ni1ðT�Ti
inÞþni2ðr�ri

inÞ�ni1ðTj�Ti
inÞ�ni2ðrj�ri

inÞ
ni1ðTi

out�Ti
inÞþni2ðri

out�ri
inÞ�ni1ðTj�Ti

inÞ�ni2ðrj�ri
inÞ

¼ ni1ðT�TjÞþni2ðr�rjÞ
ni1ðTi

out�TjÞþni2ðri
out�rjÞ

; i¼A; t;M; or o (Eq 13)

where the parameters in different transformation zones can be
found in Table 1.

3. Implementation into ABAQUS

The pseudo 3D SMA model as well as the kinetic laws
discussed above has been implemented into ABAQUS using
the user-defined material subroutine (UMAT) provided by the
software. With assistance of this UMAT, it enables ABAQUS
the capability to calculate the thermo-mechanical behaviors of
structures containing SMA wires or ribbons. Moreover, the

Fig. 2 A typical one-dimensional phase diagram of shape memory
alloys. The shaded regions are the transformation strips, while other
regions are ‘‘dead zones’’ where no change in martensite fractions
occurs. C is an arbitrary loading path with points B-E denoted on it,
where B and E are the entrance and exit points, respectively; C is the
‘‘current point;’’ D is a switching point where transformation stops

*Note that the thermal expansion coefficient a, instead of H is used to
calculate the thermal stress in remainder of this article.
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UMAT is compatible with ABAQUS CAE, thus inheriting most
features of pre-processing and post-processing.

The linearization of the constitutive laws was conducted to
obtain the material Jacobian matrix that is required by UMAT
to define the constitutive behavior of the material. The last
switching point solved by the previous step is defined and
stored in the program to assist in implementation (Ref 2),
denoted by ‘‘swit.’’ It is worth noting that the Cauchy stress-
temperature phase diagram is treated as a Second Piola-
Kirchhoff stress-temperature phase diagram in the derivation
for simplicity; since, only small displacements are involved, the
difference involved is negligible.

3.1 Time Discrete and the Tangent Modulus

By taking time derivative on Eq 5, we can obtain the rate
form of the constitutive laws. For the one-direction in which the
shape memory behavior persists, it can be written as

_r11 ¼ ðkþ 2lÞ _e11 þ ð _kþ 2 _lÞe11 þ kð _e22 þ _e33Þ þ _kðe22 þ e33Þ
� ðkþ 2lÞeL _no � ð _kþ 2 _lÞeLno (Eq 14)

First, we consider the material response in the transforma-
tion zone [A] in which the reverse phase transformation
happens. The estimated martensite fractions are calculated
using Eq 11, which is

no¼ nswito � f AðZAÞ ¼ nswito � 1
2þ 1

2 cosðpZAÞ
� �

nt ¼ nswitt � f AðZAÞ ¼ nswitt � 1
2þ 1

2 cosðpZAÞ
� � ðEq 15Þ

where ZA is determined from Eq 13 and Table 1.
Replacing the Lamé constants* in Eq 14 by Young�s

Modulus and Poisson�s ratio and utilizing Eq 3 and 15,
the rate form of the constitutive equation (Eq 14) can be
rewritten as

_r11

"

1� ð1� vÞðe11 � noeLÞ
ð1þ vÞð1� 2vÞ ðDm � DaÞ nswito þ nswitt

� �
H1

þ ð1� vÞD
ð1þ vÞð1� 2vÞeLn

swit
o H1

� vðe22 þ e33Þ
ð1þ vÞð1� 2vÞðDm � DaÞ nswito þ nswitt

� �
H1

#

¼ ðkþ 2lÞ _e11 þ kð _e22 þ _e33Þ ðEq 16Þ

where H1 is

H1 ¼ sinðpZAÞ �
� 1

2 pnA2
nA1 ðTA

out � TjÞ þ nA2 ðrA
out � rjÞ

ðEq 17Þ

If multiply a time increment Dt on the both side of Eq 16,
the equation becomes:

Dr11

"

1� ð1� vÞðe11 � noeLÞ
ð1þ vÞð1� 2vÞ ðDm � DaÞ nswito þ nswitt

� �
H1

þ ð1� vÞD
ð1þ vÞð1� 2vÞeLn

swit
o H1:

� vðe22 þ e33Þ
ð1þ vÞð1� 2vÞðDm � DaÞ nswito þ nswitt

� �
H1

#

¼ ðkþ 2lÞDe11 þ kðDe22 þ De33Þ ðEq 18Þ

Thus,

@Dr11

@De11
¼ mD

1� H1ðH2 þ H3Þ
@Dr11

@De22
¼ nD

1� H1ðH2 þ H3Þ
@Dr11

@De33
¼ nD

1� H1ðH2 þ H3Þ
ðEq 19Þ

where

m ¼ 1� v

ð1þ vÞð1� 2vÞ; n ¼
v

ð1þ vÞð1� 2vÞ
H1 is given by Eq 17

H2 ¼ mðe11 � eLnoÞðDm � DaÞ nswito þ nswitt

� �
� meLDnswito

H3 ¼ nðe22 þ e33ÞðDm � DaÞ nswito þ nswitt

� �
ðEq 20Þ

Similarly, the rate form of Eq 5 in the two-direction can be
written as:

_r22 ¼ðkþ 2lÞ _e22 þ ð _kþ 2 _lÞe22 þ kð _e11 þ _e33Þ
þ _kðe11 þ e33Þ � keL _no � _keLno ðEq 21Þ

After including the transformation kinetics and applying the
same linearization procedure, we can rewrite the equation
above as:

Dr22¼Dr11

�
ðme22�neLnoÞðDm�DaÞ nswito þnswitt

� �
H1

�nDeLnswito H1þ nðe11þ e33ÞðDm�DaÞ nswito þnswitt

� �
H1�

þmDDe22þnDðDe11þDe33Þ ðEq 22Þ

Here, m and n are defined in Eq 20. Combining Eq 22 and
19, we can obtain

@Dr22

@De11
¼ H1ðH4 þ H5ÞmD

1� H1ðH2 þ H3Þ
þ nD

@Dr22

@De22
¼ H1ðH4 þ H5ÞnD

1� H1ðH2 þ H3Þ
þ mD

@Dr22

@De33
¼ H1ðH4 þ H5ÞnD

1� H1ðH2 þ H3Þ
þ nD

ðEq 23Þ

Table 1 Entrance and exit points and normal directions
for different zones

Zone (Tin
i , rin

i ) (n1
i , n2

i ) (Tout
i , rout

i )

[A] (As, 0)
CAffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ C2

A

p ;
�1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ C2

A

p (Af, 0)

[t] (Ms, 0) �1, 0 (Mf, 0)

[M] (Ms, rs
cr) � CMffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ C2
M

p ;
1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ C2

M

p (Ms, rf
cr)

[o] (Ms, rs
cr) � Cdffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ C2
o

p ;
1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ C2

o

p (Ms, rf
cr)

(Tin
i , rin

i ) and (Tout
i , rout

i ) are the in and out reference points for
distance calculation for the phase transformation zone i, respectively
(see Fig. 2)

*Note that in single crystals the austenite phase is isotropic and the mar-
tensite phase is not. In polycrystals, the austenite phase may be textured or
random and the martensite phase is even more complex. Since the focus is
on the phase transformation which is nearly a volume free change process
(Ref 13) we assume both phases are isotropic so that the elastic responses
can be described using two constants. Furthermore, we assume they have
the same and constant Poisson�s ratio that is independent of the martensite
fraction in this article. The derivation is remarkably simplified using this
approximation and the difference has little impact on the behavior in the
loading direction.
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where

H4 ¼ ðme22 � neLnoÞðDm � DaÞ nswito þ nswitt

� �
� nDeLn

swit
o

H5 ¼ nðe11 þ e33ÞðDm � DaÞ nswito þ nswitt

� �
ðEq 24Þ

Due to the transversal isotropic properties of the constitutive
equations, we can easily obtain the material response in the
three-direction:

@Dr33

@De11
¼ H1ðH6 þ H7ÞmD

1� H1ðH2 þ H3Þ
þ nD

@Dr33

@De22
¼ H1ðH6 þ H7ÞnD

1� H1ðH2 þ H3Þ
þ nD

@Dr33

@De33
¼ H1ðH6 þ H7ÞnD

1� H1ðH2 þ H3Þ
þ mD

H6 ¼ ðme33 � neLnoÞðDm � DaÞ nswito þ nswitt

� �
� nDeLn

swit
o

H7 ¼ nðe11 þ e22ÞðDm � DaÞ nswito þ nswitt

� �
ðEq 25Þ

Combining Eq 19, 23, 25 as well as the relations for the
shear deformation, the Jacobian matrix can be summarized as*:

H ¼ 1� H1ðH2 þ H3Þ
~H ¼ H1ðH4 þ H5Þ except for zone ½o; t�
~~H ¼ H1ðH6 þ H7Þ

The general Jacobian matrix of this constitutive model can
be derived by repeating this procedure for all transformation
regions similar to that just derived for zone [A]. Only the result
for these other regions is presented here. We refer interested
readers to our pervious article (Ref 2) for the linearization of the
kinetics in the other transformation zones. If we consider the
transformation kinetics in other zones except for the overlap-
ping region [o, t], the Jacobian matrix has the same components
as Eq 26 but with different expressions of H factors which
should be revised as:

H1 is given by Eq 17

H2 ¼ mðe11 � eLnoÞðDm � DaÞCi
1 � mDeLC

i
1s

H3 ¼ nðe22 þ e33ÞðDm � DaÞCi
1

H4 ¼ ðme22 � neLnoÞðDm � DaÞCi
1 � nDeLC

i
1s

H5 ¼ nðe11 þ e33ÞðDm � DaÞCi
1

H6 ¼ ðme33 � neLnoÞðDm � DaÞCi
1 � nDeLC

i
1s

H7 ¼ nðe11 þ e22ÞðDm � DaÞCi
1

ðEq 27Þ

C1
i and C1s

i refer to Table 2.
For the overlapping region [o, t], the transformation kinetics

developed recently (Ref 2) is applied and the Jacobian matrix is
obtained, which has the same expression as Eq 26 but with
different H factors:

H ¼ 1� H s
1 H s

2 þ H s
3

� �
� H t

1 H t
2 þ H t

3

� �

~H ¼ H s
1 H s

4 þ H s
5

� �
þ H t

1 H t
4 þ H t

5

� �

~~H ¼ H s
1 H s

6 þ H s
7

� �
þ H t

1 H t
6 þ H t

7

� �
ðEq 28Þ

Hi
1 ¼ sinðpZiÞ �

� 1
2pni2

ni1ðTi
out � Ti

j Þ þ nt2ðri
out � ri

jÞ
Hi

2 ¼ mðe11 � eLnoÞðDm � DaÞCi
1mix � meLDC

i
1smix

Hi
3 ¼ nðe22 þ e33ÞðDm � DaÞCi

1mix

Hi
4 ¼ ðme22 � neLnoÞðDm � DaÞCi

1mix � nDeLC
i
1smix

Hi
5 ¼ nðe11 þ e33ÞðDm � DaÞCi

1mix

Hi
6 ¼ ðme33 � neLnoÞðDm � DaÞCi

1mix � nDeLC
i
1smix

Hi
7 ¼ nðe11 þ e22ÞðDm � DaÞCi

1mix

i ¼ o, t ðEq 29Þ

where

Cs
1mix ¼ � 1� nswitt � nswito

� �
f AðZ tÞ

Cs
1smix ¼ nswits � 1

� �

Ct
1mix ¼ � 1� nswitt � nswito

� �
f AðZoÞ

Ct
1smix ¼ 0

For other regions where no change in martensite fraction
occurs, the Jacobian matrix reduces to the standard constitutive
relations for the isotropic material, which is

@Dr
@De
¼

ðkþ2lÞ k k 0 0 0
k ðkþ2lÞ k 0 0 0
k k ðkþ2lÞ 0 0 0
0 0 0 2l 0 0
0 0 0 0 2l 0
0 0 0 0 0 2l

2

6666664

3

7777775

ðEq 30Þ

Table 2 Parameters C1
i andC1s

i in the H factors for dif-
ferent zones allowing a unified matrix (Eq 26 and 27) in
all cases excluding the overlapping [o, t] zone

Zone C1
i C1s

i

[A] no
swit + nt

swit no
swit

[M][o] �(1� no
swit� nt

swit) �(1� no
swit)

[t] �(1� no
swit� nt

swit) 0
[o, t] see Eq 28 and 29

@Dr
@De

¼

ðkþ2lÞ
H

k
H

k
H 0 0 0

~H
Hðkþ 2lÞ þ k ~H

Hkþ ðkþ 2lÞ ~H
Hkþ k 0 0 0

~~H
Hðkþ 2lÞ þ k

~~H
Hkþ k

~~H
Hkþ ðkþ 2lÞ 0 0 0

0 0 0 2l 0 0
0 0 0 0 2l 0
0 0 0 0 0 2l

2

66666664

3

77777775

ðEq 26Þ

*It can be seen that the Jacobian matrix is not symmetric. Thus, the
unsymmetric option must be used in ABAQUS.
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3.2 Model Implementation in ABAQUS

After obtaining the Jacobian matrix for all regions in the
phase diagram, this SMA model is implemented into ABAQUS
via its UMAT interface. The iteration procedure is described
briefly in the following:

1. At the beginning of the increment, all field variables,
including current strain, strain increment, current temper-
ature, temperature increment, etc., are passed into the
user subroutine.

2. A similar iteration strategy to that in Ref 2 is employed
to calculate the stress field based on the strain and tem-
perature input. If a convergent result is not obtained in
this step, the current iteration is stopped and the time
step decreases. This process will continue until either the
convergent solution is obtained or the maximum allow-
able number of trials is exceeded.

3. After convergent stresses are obtained, the H factors as
well as the tangent matrix @Dr

@De are calculated in the sub-
routine and provided to ABAQUS. Other field variables
like switching points, convergent points are also updated
for the next calculation. For the detailed updating strat-
egy, please refer to the previous article (Ref 2).

3.3 Two-Way Shape Memory Effect (TWSME)

The two-way shape memory effect is another common
property of shape memory alloys, which usually occurs as the
result of thermo-mechanical training applied to materials.
Unlike the one-way material, the two-way SMAs are able to
‘‘remember’’ a geometrical shape at a higher temperature and
another shape at a lower temperature through a mechanism of
residual microscopic strains in the martensite phase of the
material. This unique effect enables SMAs to be used in many
applications, like reversible fasteners, medical implants, etc.
(Ref 14). The two-way shape memory effect needs to be taken
into account in our finite element implementation because the
SMA wires used in the test exhibit strong two-way behavior.

Although the constitutive law adopted here is intended to
deal with one-way shape memory effect, we can alter the model
to allow the ability to capture the essential behavior of the
TWSME. As already pointed by Amengual et al. (Ref 15), the
training process tends to shift the phase diagram lower. Prahlad
and Chopra (Ref 16) characterized the critical stress-tempera-
ture diagram for SMA wire via a series of experimental tests
and found that the rcr

s decreases to zero at low temperature.
Moreover, recent studies by Peultier et al. (Ref 17) and Wu
et al. (Ref 18) show the transformation strain is very sensitive to
the stress at low stress level. Combined those observations, we
propose a modified phase diagram here to address the two-way
effect but without losing the generality of our implementation.
In the new phase diagram (Fig. 3), the critical stress rcr

f can be
determined experimentally as the stress when a saturation of
transformation strain occurs, while the other critical stresses rcr

s

becomes an adjustable parameter that are allowable to change
along the stress axis even to the negative region. When the rcr

s

is set to zero or a negative value, the martensite phase is
partially oriented even at low stress level in contrast to only
self-accommodated martensite at low stress in the original
phase diagram. In this manner, the transformation strain is
nonzero when the temperature decreases at the constant stress
and the magnitude of the two-way strain depends on the relative

position of the applied stress inside of the region [o, t]. Note
that the definition of the transformation temperatures is slightly
different from the original diagram because we shift the region
[t] and part of regions [o], [o, t] into the compressive regime.
Thus, the intersecting point, Ms�, between zone [M] and
temperature axis becomes a new transformation temperature
that the parent phase starts to transform to the martensite phase
when the temperature is lower than Ms�.

Figure 4 shows an example of the TWSME simulation
where the material properties were extracted from the literature
(Ref 19) and the result was also compared with their
experiment. From this figure, it was clear that by setting the
rcr
s to a value lower than zero, �130 Mpa in this case, this

model could be used to simulate the TWSME.

4. Finite Element Simulation of the Seal

An axisymmetric finite element model was created to
represent the working scenario of the lip seal mounting on a
shaft (see Fig. 1). Herein, the shaft was modeled as a rigid
surface due to its high stiffness in comparison with other
components and the garter spring was modeled as an annulus to
reflect the hollow property of the real spring. To study the effect
of SMAs on the seal, an SMA ribbon was placed inside of the
garter spring, consistent with configuration of the prototype of
the SMA enhanced seal (Ref 1). SMA ribbon instead of wire
was used to simplify modeling since circular section of a wire
requires much more elements to represent the geometry. Three
pairs of contacts were defined in this model to simulate the
interaction between components, which were shaft versus seal,
seal versus spring, and spring versus SMA ribbon.

The seal used in this application was made of poly(tetra-
fluoroethylene) (PTFE) which is a type of semi-crystalline
polymer and has a very complex visco-plastic material
behavior. Due to insufficient experimental data of the seal
material, we used material properties of PTFE material
published in literatures for the simulation. Since it was to
demonstrate the enhancement of sealing performance caused by
the SMA wire, in this study, we only considered the elastic
behavior of the PTFE seal to simplify the calculation without
losing the generality of the method. Note that material
properties of PTFE in compression are not the same as that
in tension. Considering the seal is mostly under compression,
the PTFE material parameters measured in compressive

Fig. 3 The modified phase diagram that the lower bound of [o] and
[o, t] zones are shifted to the compressive side. With the aid of this
diagram, the original model can be used to simulate TWSME
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condition was adopted as the seal properties in this study. The
temperature-dependent material properties of PTFE are sum-
marized in Table 3.

The garter spring is a coil spring and was modeled as a solid
annulus to reflect the hollow property of the real spring. The
Young�s modulus of spring element in the axial direction was
estimated based on the force-deflection curve of a standard
axial spring, which was about 550 MPa. Other material
parameters were not so important that some values within the
reasonable range were assigned to fill the stiffness matrix.
Herein, an isotropic behavior was assumed for the spring with
E = 500 MPa and m = 0.3.

It was more of challenge to obtain the material properties of
the SMA wire since it requires at least 15 parameters to fully
describe the material behavior of SMAs in the pseudo 3D
model. In Table 4, we list data collected for this type of wires

from different sources as well as some assumptions of the
material.

The initial oriented martensite fraction in the SMAwire was
set to 0.2 with respect to the 1.4% two-way strain at low
temperature, while the initial self-accommodated martensite
fraction was 0.8. In order to simulate the SMA enhancement on
the sealing performance, two thermal steps was applied to the
model. In the first step, the temperature was ramped up from 25
to 140 �C which is the highest possible temperature required
for the seal application described in the experimental counter-
part. Followed was a cooling step to 25 �C. Calculations were
performed in ABAQUS standard and the average contact
pressure between the rod and the seal was plotted (Fig. 5).

In Fig. 5, the pressure response can be easily divided into
following stages: the first step was the initial shrink fit such that
the pressure increased until reaching equilibrium. The model
was then heated up, resulting in a decrease of the contact
pressure due to softening of the seal material. This trend
stopped when the temperature was about 70 �C, because the
reverse phase transformation from martensite to austenite
occurs in the SMAwire. The restrained recovery force induced
by the SMA wire caused the increase of pressure between seal
and the shaft. In the third step, the model was cooled back to
room temperature. Initially, the contact pressure slightly
increases due to the seal material hardening and then followed
by a drop of pressure because of the phase transformation from
austenite to martensite. The pressure resumed increasing after
the phase transformation finished. The loading path of the SMA
wire overlaid on the phase diagram was shown in Fig. 6 to
better illustrate the start point of phase transformation in the
SMA wire.

Fig. 4 Comparison of TWSME at zero stress computed by the
UMAT and experiment results. The parameters used for the simula-
tion are: Af = 30 �C, As = 5 �C, Ms¢ = �45 �C, Mf = �75 �C,
eL = 7%, rcr

s = �130 MPa, and rcr
f = 160 MPa (Ref 19)

Table 3 The material properties of Teflon in compression
(data from Ref 20)

Temperature, �C E, GPa

�200 1.6
�100 1.5
0 0.8
24 0.5
50 0.267
100 0.117
150 0.088

Table 4 Material properties of SMA wires used in this simulation

Ea = 67 GPa (a) Af = 83.4 �C (c) Ca = 8.37 MPa/�C (c) eL = 6.7% (c)
Em = 26.7 GPa (a) As = 67 �C (c) CM = 7.78 MPa/�C (c) eTW = 1.7% (c)
ma = 0.45 (b) Ms = 50.5 �C (c) sscr = �32 MPa (d) a = 0 (b)
mm = 0.45 (b) Mf = 36.5 �C (c) sfcr = 48 MPa (d)

(a) Typical Young�s moduli for NiTi SMA wire
(b) Assumptions in this article
(c) Typical values for the 90 �C Dynalloy Flexinol SMA wire
(d) Derived based on TWSME and typical NiTi Properties

Fig. 5 Average contact pressure versus temperature for the model
with 1.4% prestrain
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In order to better understand the influence of the SMAwire,
the sealing performance of the same seal without an SMAwire
was simulated with the exactly same loading steps. The
predicted contact pressures on the shaft for both models were
normalized and plotted in one figure to give a better comparison
(Fig. 7). It is clear that the SMA wire reduced the variation of
the contact pressure during the thermal cycle: maximum 70%
decrease of the contact pressure for the SMA enhanced seal in
comparison with 90% decrease for the normal seal without
SMA wire. Particularly, the restrained recovery force by the
SMAwire countered the effect of seal material softening at high
temperature, which could potentially reduce the leaking issue of
lip seals noticed in the application.

The simulation results qualitatively agreed with the exper-
imental observation presented in the experimental counterpart
(Ref 1): For the setup with a normal lip seal, the leakage rate
was proportional to the temperature, indicating the lower
sealing performance of the seal due to material softening and
thermal expansion. By contrast, the leakage rate no longer
linearly correlated to the temperature after adding the SMAwire
into the seal and the overall fluctuation was much smaller
compared to the system with a normal seal. The leakage rate
even decreased when the temperature changed from 80 to
100 �C, which could be attributed to the SMA wire enhancing
the sealing pressure as temperature increases.

5. Conclusion

In this study, we presented a finite element model to
simulate the sealing performance of an SMA enhanced seal
under a thermal loading cycle. A pseudo-3D constitutive model
was proposed to better capture the thermo-mechanical
responses of wire-shape SMA components. In this model, the
one-dimensional constitutive law for shape memory alloys
developed by Brinson (Ref 3) was used to characterize the
thermo-mechanical behaviors related to SMAs in the axial
direction, and the linear elastic response was assumed in the
other directions. This approach enables the model to capture
simple spatial responses without losing the advantages of the
unified one-dimensional constitutive law that are simple,
robust, and low computational cost. The model was then
implemented into ABAQUS using the user-defined material
subroutine (UMAT) that inherits most features of the commer-
cial finite element package including support for most contin-
uum elements, contact analysis, compatibility with ABAQUS
CAE, etc. Two-way shape memory effect was considered in
this model by shifting existing phase diagram since the SMA
wire used for the protocol exhibits strong two-way effect.

An axisymmetric model was created to simulate the working
environment of a lip seal that was mounted on a shaft rod. In
order to better understand the effect of the SMA wire, the
performance of a seal with and without the SMA wire was
simulated with the same parameters. Due to insufficient
material properties and measurement techniques, direct com-
parison between the simulation and the experiment on the
sealing pressure was not possible for this study. However, the
qualitative agreement with the experimental observation veri-
fied the SMA model and its versatility for predicting thermo-
mechanical behavior of structures with wire-shape SMA
components. The simulation presented in this study was just
an example of the application of this SMA model. With the
capability of the FEA package, ABAQUS, it can be a very
powerful and useful tool in the design, validation, and
optimization of SMA devices in which SMAs mainly exhibit
one-dimensional behavior.
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