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Shape memory polymers (SMPs) are currently investigated
as potential materials for large deployable space structures
[1-3]. The thermomechanical properties of these polymers
significantly change on reaching their glass transition
temperature, which yields the excellent feature of shape
fixity and shape recovery [4]. As another aspect, the
modulus of these materials is not sufficient since they are
polymeric materials. In actual applications, the fiber rein-
forcement is effective for ensuring the sustainability of the
deployed structures.

However, while the fiber reinforcement has advantages
for increasing the stiffness, it has a negative influence on
the shape recovery behavior of SMPs. Experimental studies
for shape memory polymer composite were conducted by
Gall et al. [5, 6] for SiC powder-reinforced nanocomposite,
Ohki et al. [7] for short-glass-fiber reinforcement, and Lan
et al. [8] for SMP reinforced with plain-weave fabrics, and
the increase of residual strain after shape recovery process
was confirmed. In order to maximize both the stiffness and
shape-recovery behavior of fiber-reinforced SMPs, it is
essential to know how the fibers block the shape recovery
behavior of polymers. However, the mechanism was
not modeled. Therefore, we focus on the mechanism
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underlying the degradation of shape recovery behavior due
to fiber reinforcement.

To investigate this mechanism, we first conducted
thermomechanical cycle tests for pure SMP and SMP
reinforced with short-carbon fibers. We used polyurethane
series of thermoset SMP, Diary MP-5510 (curing temper-
ature 100 °C), provided by SMP Technologies Inc. The
cured polymer has a glass transition temperature of 55 °C,
and the temperature range of glass transition between
glassy state and rubbery state is 30 °C. Short carbon fibers
T700S (Toray Industries Inc.) were embedded in the
polymer. The fibers with approximately 5 mm length were
randomly embedded in the prepolymer before curing, and
the weight fraction of fibers was set to 0, 2, and 4 wt%. It
should be noted that the bundle of carbon fibers (12,000
fibers) was embedded and not dispersed in these model
experiments, as also modeled later. After curing, strip
specimens were cut out (approximately 40 mm gauge
length, 20 mm width, and 2 mm thickness in average).

The following thermomechanical cycle was applied to
these specimens using a tensile test machine (INSTRON
5566), as shown in Fig. 1:

(a) Tension at 75 °C until a predetermined maximum
strain (8%) by 1%/min strain rate

(b) Cooling to 35°C by —3 K/min cooling rate at
constant strain

(¢) Unloading at 35 °C by —0.1%/min strain rate

(d) Heating to 75 °C by 3 K/min while zero stress was
kept.

The test fixture was set in a temperature-controlled bath,
and the temperature was measured with a thermocouple
attached to the specimen.

Figure 2 presents the results of thermomechanical cycle
tests for pure SMP and SMP with carbon fibers. In these
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Fig. 1 Schematic of thermomechanical experiment. a Tension at
75 °C. b Cooling to 35°C at constant strain (shape fixity).
¢ Unloading at 35 °C. d Heating to 75 °C at zero stress (shape
recovery)
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Fig. 2 Experimental result on the influence of the thermomechanical
behavior of SMP due to fiber reinforcement (0, 2 and 4 wt% carbon
fibers)

results, the plots of experimental data are periodically
sampled, because the temperature data fluctuated in these
experiments. The shape recovery speed decreased with
increasing weight fraction of carbon fibers. As a conse-
quence, the residual strain after the thermomechanical
cycle increased for SMP with carbon fibers. The applied
strain was almost eliminated by the shape recovery process
in the case of pure SMP, while the shape recovery was not
completed for SMP with 4 wt% carbon fibers and the
residual strain was about 4.5% due to fiber reinforcement
(0, 2, and 4 wt% carbon fibers)

To discuss these experimental results, we present a
thermomechanical finite element analysis to model the
shape-recovery process in SMP with carbon fibers. We
constructed a plane-strain finite element model for an SMP
with 4 wt% carbon fibers, as shown in Fig. 3, and analyzed
its thermomechanical behavior during a thermomechanical
cycle. Based on the procedure described in our previous
literature [9], we created a micromechanical model con-
sisting of randomly arranged fibers and SMP. The fiber
volume fraction V; was set to 2.5% (which corresponds to
4 wt%). In the experiments, the fiber was not individually

@ Springer

Loading direction

10
Fibers
0§
SMP
-10 %
20 - | X

-10 -5 0 5 10

Fig. 3 Finite element model of SMP with carbon fibers

dispersed in the specimen, but a bundle of fibers was
condensed together. Thus, we modeled a carbon fiber as a
rectangular region with 5 mm length x 0.25 mm width.

The fiber was divided into 9-node isoparametric quad-
rilateral elements while the SMP region was divided into
6-node triangle elements. The carbon fiber was modeled as
orthotropic elastic body. The material properties of the
fiber were set to E; = 232 MPa, E, = E5 = 14 GPa as
Young’s modulus, v, = vi3 = 0.2, vp3 = 0.35 as Pois-
son’s ratio, G» = G3 = 20 GPa, G,3 = 10 GPa as elastic
shear modulus. The thermal expansion coefficient of the
fiber was set to ; = —0.38 x 107K, o = o3 = 26 X
107°K™".

The present finite element analysis incorporated the
constitutive relationship of SMP proposed by Tobushi et al.
[10, 11]. The model is based on the theory of linear vis-
coelastic solid [12]. Here we assumed that the thermome-
chanical properties of the polymer are isotropic and all
normal components behave in the same constitutive rule.
This model relates the stress, g, and strain, &, considering
elastic strain, stress relaxation process, creep process, and
thermal strain, as follows:

& —
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where E, u, A, and o denote elastic modulus, viscosity
coefficient, retardation time, and thermal expansion coef-
ficient, respectively.

One important feature of the model is that it addresses
the irrecoverable creep strain, &, in Eq. 1. Tobushi et al.
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Fig. 5 Comparison of the simulated results between pure SMP and
SMP with carbon fibers

investigated the irrecoverable creep strain of polyurethane
SMP using creep tests, and they revealed that the irre-
coverable creep strain depends on temperature and the
maximum creep strain during loading as well, as sche-
matically illustrated in Fig. 4. Thus, their model relates the
irrecoverable strain, &, to the creep strain, &., which is
calculated subtracting the elastic strain and thermal strain
from the total strain, by the following linear function:

& = Se.

(2)

where S is a proportional constant. In addition, the material
parameters x (E, u, 4, and S) depend on the temperature, 7,
within the temperature range of glass transition between
glassy state and rubbery state, as below.

ol

where x, denotes the value at glass transition temperature
T,.

The material parameters were obtained by fitting with
the experimental results for pure SMP, because the SMP
material used in the present study was slightly different
from that used by Tobushi et al. Here, three material

parameters (E, p, A) are important for the behavior of SMP

(3)

Fig. 6 Strain-recovery distribution obtained with the simulation for
SMP with carbon fibers. a Tension at 75 °C. b Cooling to 35 °C at
constant strain (shape fixity). ¢ Unloading at 35 °C. d Heating to
75 °C at zero stress (shape recovery)

during a thermomechanical cycle. Therefore, we fitted
these three parameters, and we set other parameters to the
values reported by Tobushi et al. [11]. These parameters at
T, are as follows: E = 32.1 MPa, u = 5.23 x 10° GPa S,
2=585x10"s, o =116 x 107" K™', §=0.1, and
a = 38.

Using the finite element model, we reproduced a ther-
momechanical cycle in experiments. Leaving both side
edges of the model to be free edges, we controlled global
tensile strain &y, g of the model (as described in [9, 13, 14]).
The applied thermomechanical cycle was the same as the
experimental cycle (steps (a)—(d) in Fig. 1). The time step
in the analysis was set to At = 20 s for the steps (a)—(c)
and Ar = 2 s for step (d). In step (d), we controlled zero
stress by adjusting the global tensile strain increment so
that the next tensile stress was expected to become zero,
using Crank—Nicholson method.

Figure 5 presents the simulated results for SMP with
4 wt% carbon fibers. In this analysis, the maximum strain
during a thermomechanical cycle was set to 8%. In the
figure, we also present the analytical results for pure SMP
obtained with the thermomechanical model given by Eq. 1.
The tendency that the residual strain after a thermome-
chanical cycle increases due to fiber reinforcement is
similar to the experimental results.
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Figure 6 shows the tensile strain distribution in the SMP
with carbon fibers obtained with the simulation for a
thermomechanical cycle. These figures were obtained just
after each step (step (a)—(d)) of a thermomechanical cycle.
Just after the loading step (step (a): Fig. 6a), the strain
concentrates in the vicinity of fiber ends. Although the
global maximum strain was set to 8% strain, the maximum
strain was well above 15% strain. Thus, the local irrecov-
erable strain becomes large due to Eq. 2 (Fig. 4b), and the
residual strain after the thermomechanical cycle increases
as a result of the strain concentration near fiber ends, as
shown in Fig. 6d. Then the simulated results in Fig. 5 show
that the residual strain becomes large for SMP with carbon
fibers. Moreover, as mentioned by Tobushi et al., the
increase of the irrecoverable strain reduces the shape-
recovery speed as well (Fig. 4a). For these reasons, the
fiber reinforcement brings about the degradation of shape-
recovery behavior (i.e. shape recovery speed and residual
strain).

From these discussions, we can conclude that the local
irrecoverable strain becomes large in the region where
SMP is subjected to a large deformation by the existence of
short fiber ends. Therefore, in order to quantify the irre-
coverable strain and discuss the shape recovery behavior in
these SMP composites, it is essential to model the micro-
structure consisting of fiber and SMP and investigate the
local strain concentration on SMP.
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