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Shape memory polymer (SMP) signify a new category of responsive polymers
characterized by their capability to undergo significant shape changes and then revert to
their initial shape when exposed to specific stimuli. They are known by their low
mechanical properties; however, when integrated into fiber-reinforced composites a
considerable characteristics enhancement is achieved. Modeling the thermomechanical
behaviour of these materials is crucial task to understand their shape fixity and recovery.
However, the available models in the literature are sophisticated and not easy to
implement. In this study a simplified mathematical model is presented, based on the
stimulus temperature-time relation, to determine the shape recovery action in a woven
glass fiber (GF) reinforced styrene based SMP. The model is validated using
experimental investigations done with DMA Q800 analyser and a specially designed
bending recovery tool where a slight deviation of (8%-16%) was achieved. The model
findings showed significant reduction in recovery time of 25% and 41% when the fiber
content increased from 20% to 25% and 30%, respectively. This makes the proposed
model a valuable tool for engineers to assess the shape memory behavior. Experimental
findings indicated that fiber reinforcement led to a significant enhancement in
thermomechanical properties represented by 50C increase in glass transition
temperature and five orders of increase in storage modulus. Also, a remarkable
improvement in shape recovery rate of up to 80% is obtained, however there is a slight
reduction of (8% - 16%) in the shape fixity property.

1. Introduction

alloys [6]. Though, incorporating the SMPs into
a fiber reinforcement has produced shape

SMPs have the ability to retain a temporary
shape indefinitely after being deformed above
the glass transition temperature (Tg) and
subsequently cooled. this critical temperature.
However, when they are heated above Tg again
they regain around 100% of the initial shape [1,
2]. SMPs offer several key benefits over the
shape memory alloys, including exceptional
deformability, good manufacturability, and
remarkable ability to recover original shape [3-
5]. However, the relatively lower modulus and
strength are inherent limitations of SMP, which
have led to more interest in shape memory
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memory composites (SMPCs) where a
fascinating improvement in mechanical and
shape recovery behavior are achieved [7]. Fej0s,
et al. [8] conducted a shape memory
characteristics comparison between pure SMP
and SMPCs with glass fiber reinforcement. The
results depicted an important development in
recovery stress compared to neat SMP, which
rose from 0.4 to 42 MPa. However; this study
did not observe reinforcement impact on the
recovery ratio. Both types of materials
demonstrated complete shape recovery. The
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impact of carbon fiber reinforcement was
examined by [9]. The study introduced a woven
fabric SMPC, and the results revealed a
substantial development in recovery ratio and
rate. [10] examined the mechanical properties
enhancement due reinforcement using different
materials. An improvement in toughness,
strength, and modulus was reported while
relatively no change in recovery rate was
observed. [11] explored the shape recovery
behavior of SMP reinforced carbon fibres. The
research aimed to demonstrate the suitability of
employing SMPC in applications like hinge in
deploying structure. The study reported an
enhancement in SMPC’s storage modulus,
along with 90% achievement in the recovery
ratio.

Many studies were presented recently for
modelling the SMPCs’ thermomechanical cycle
including the shape programming, free-, and
constrained-shape recovery. Most of these
studies adopt numerical methods to simulate the
complicated behavior of these materials. Al
Azzawi, et al. [7] introduced a numerical
technique to SMPCs using the commercial
ABAQUS software. The model incorporates
consideration of the complicated time-
dependent viscoelastic properties of the material
which  required sophisticated laboratory
characterizations. Another study by Li, et al.
[12] introduced a novel approach by treating the
SMPC as composite laminates, the
reinforcement fibres were represented as
periodic ellipsoidal inclusions distributed within
the matrix. The study employed microscopic
mechanical model along with high-fidelity
generalized method and introduced them into
the classical lamination theory. The model is
intriguing, but it requires skilled experts to carry
out the computational process, which in turn
calls for a high-performance processor. More
recently, [13-17] proposed different constitutive

models and implemented them into the
commercial ABAQUS/Standard finite element
software package. However, the implementation
these models into the ABAQUS software is not
a simple and direct forward process, it
necessitates the use of UMAT user defined
subroutines to introduce the material properties
to the software.

While the aforementioned researches made
significant assistances in modelling the SMPCs,
additional studies are required to provide easier
and more precise models to describe the
material’s thermomechanical behavior. In this
paper, the author based on the stimulus
temperature-time relationship to formulate a
simplified and easy to implement analytical
model to predict the shape recovery
performance of neat styrene-passed SMP and its
glass fiber SMPC. The model is based in the
material glassy phase-temperature transition
relation and the heating rate during the recovery
process [3].

2. Materials and methods
2.1. Samples preparation

Styrene based shape memory polymer (SMP)
was employed to create four distinct samples.
These samples included pure SMP and three
SMPCs with varying fibre fractions, all
produced using woven glass fibres. Teflon
coated glass surface was used to hand layup
three SMPC sheets, as shown in Figure 1, with
fiber weight fraction of 20%, 25%, and 30%.
The fabricated sheets were cured at 75°C for 24
hours in a temperature-controlled oven. Then,
the specimens were cut into two sets of
rectangular samples. The first set was
designated for dynamic mechanical analysis and
measured 35x14x1.5 mm? in size, while the
second set was allocated for assessing shape
recovery and had dimensions of 150x20x2 mm3,

Figure 1. Glass fibre SMPC sheet fabricated using the hand layup technique
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2.2 Material characterization
2.2.1 Thermomechanical analysis

Thermomechanical analysis was done to
determine storage modulus of the samples and
to identify glass transition temperature (Tg). For
that purpose, a DMA Q800 Dynamic

Mechanical Analyzer (Figure 2) was used, in
dual cantilever bending arrangement, to perform
scan over a temperature span of 30°C to 115°C.
The process was done using frequency and
temperature ramp of 1.0Hz and 10° C/min,
respectively.

Figure 2. a DMA Q800 Dynamic Mechanical Analyzer

2.2.2 Shape recovery

Error! Reference source not found. shows
a specially designed tool to test the SMPC
specimens’ shape fixity and recovery. Electrical
oven was used a temperature chamber to

The test was performed in 4 sequential
steps; firstly, the specimen was heated up to Tq
and kept 5 minutes to ensure an even
temperature distribution. Subsequently, it was
bent to 45° angle around a cylinder with a 40
mm diameter. Subsequently, the temperature is
reduced to room temperature while the bending

provide controlled temperature environment
during the shape programming and shape
recovery tests. A thermocouple was affixed near
the specimen to ensure precise monitoring of the
specimen's temperature.

‘ » B NN . S
Figure 3. Specially designed tool to measure the shape recovery behavior and the shape fixity ratio

angle is kept unchanged using a mechanical
constrainer. When the specimen temperature
reaches the room temperature the constrainer is
removed, the storage angle is measured, and the
storage ratio is calculated using flowing
equation

&

Ry = 2-100% 1)

&
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Here ¢, is fixity angle, &,, is bending angle, and
Ry is the fixity ratio.

In the final step, the specimens were
reentered into the temperature chamber where

they were heated to Ty while the recovery
process was observed using a camera as shown
in Error! Reference source not found..

Figure 4. Bended sample shape recovery stages recorded by video camera inside the temperature chamber

3. Analyticl analysis of shape recovery

Error! Reference source not found.
depicts a simplified 3-D model of a shape
memory polymer. Throughout the
thermomechanical cycle, at any given
temperature, the polymer is considered to be a
combination of two distinct phases: active phase
(denoted by light region) and frozen phase
(represented by dark region). As per the model
introduced by [18], the shape memory
characteristics can be understood by monitoring
the alteration in the ratio of these two phases.

X3

Frozen Active

Figure 5. Schematic diagram of the micromechanics
foundation of the 3-D SMP constitutive model

During cooling, frozen phase is gradually
generates, and the frozen and active phase
fractions are defined as:

_ Vact _ VfTZ
¢a v ¢f Ty

bo + =1 )

where, V, Vact and Vs, represent the overall
polymer volume, volumes of the active phase
and frozen phase, respectively. ¢, and ¢, are
temperature dependent variables which denote
the active and frozen phases fractions in the
polymer.

The model suggests that when the heating
rate is constant and the strain rate is slow, Vi
and ¢y are only temperature dependent [19].

b = dr(T), Vg = Virn(T) (3)

At high temperature, above Ty, deformation
produced by external load can be frozen and
stored inside the material when unloading at low
temperature (below Tg), therefore ¢, has
assumed to captures the storage strain in terms
of temperature [18]. Also, it has assumed that
the material strain is equal to the corresponding
strains in active and frozen phases [19].
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€= ¢rer + (1 — Ppleg (4)
where, ¢, ¢ and &, are the total strain, strains in
the frozen and active phase, respectively. Below
glass transition temperature, SMP has high
modulus due to the crystalline polymer in the
frozen phase, however above the transition
temperature the modulus degrades significantly
because of the rubbery phase. Hence, ¢, has
derived by fitting the storage modulus-
temperature curve divided by the storage
modulus of the glassy phase Error! Reference
source not found..

0 20 40 60 80 100 120
Temperature °C

Figure 6. Relationship between temperature and the
ratio of the frozen fraction

The SMPC total strain during the
thermomechanical cycle is divided into two
elements: mechanical and thermal, as outlined
below.

E=¢&n+eér (5)

where, &, em, and er represent the overall,
mechanical, and thermal strains, respectively.
Under the assumption of small strains, the
SMPC employs the mixture rule, dividing the
strain to matrix, fibre, and thermal strains [20].

€= (1=¢y) (prertogegtes) + pres+er (6)

In this context, & and &4 represent the
elastic strains in the rubbery and glassy phases.
&s represents stored and released strain during
the thermomechanical cycle. Additionally, &f
denotes the fibre’s elastic strain. er is defined by
[21] as:

er = (1— s )el + ¢rel (7)

The superscript m and f indicate matrix and
fibers, respectively.

Since the matrix is suggested to be
composite of two phases, thermal strain is
determined by adding the thermal strain of the
two phases, as follows:

e = [ [(1-0,(D) ar + 9y (Mag | dT (8)

In this equation, a, and a, denote the
coefficients of thermal expansion in rubbery and
glassy phases, respectively. T and T, are the
heating process final and initial temperatures.

Based on equations (2) and (3), it can be
deduced that the recovery strain is entirely
governed by thermal factors [22]. In the
recovery process, the material undergoes a

heating  procedure, during which the
temperature gradually rises over time.
T =T(t) 9)

Through fitting the time evolution of the
heating process, a relationship between
temperature and heating time has been
established. This relationship can then be
employed to ascertain the glassy phase volume
vs time. Consequently, the recovery strain-time
relationship is computed based on Equation (4).

4. Results and discussion
4.1Properties characterization

The shape recovery characteristics of both
pure SMP and glass fiber-reinforced SMPCs
have been examined. The introduction of glass
fiber reinforcement was suggested to enhance
the mechanical properties and shape memory
performance of the SMP specimens.

Error! Reference source not found.
depicts the loss modulus of the neat SMP and
the SMPCs samples as a function of
temperature. The results show mariginal
increase in Tg of the investigated samples due to
the inclusion of the fibre. Tq4 of the pure SMP,
20% SMPC, 25% SMPC, and 30% SMPC
samples were determined at the peak of the loss
modulus curve and measured as 63°C, 64°C,
65°C, and 68.5°C, respectively. This
observation is attributed to the thermal capacity
and low thermal conductivity of the glass fibre
which delays the heating and softening onset of
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the matrix, the same phenomenon was reported
by [11].
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Figure 7. Loss modulus-temperature relationships of the SMP and SMPC samples

To assess the impact of fibre inclusions on
the mechanical properties of the samples, the
storage modulus of each sample is measured at
its respective T4 using the dynamic mechanical
analyser. Error! Reference source not found.

7000 1
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2000 A

Storage modulus (MPa)

131
1000

0 .

shows significant improvement in samples’
storage modulus due to the reinforcement with
glass fibre which could be due to the higher
stiffness of the fiber.

6345

3391

SMP

20% 25%
Sample type

30%

Figure 8. Storage modulus measured at the respective Tg of each sample

44.2 Shape memory characterization

The primary role of shape memory
polymers lies in their capacity to establish and
maintain a temporary shape, and later recall and
restore the original permanent shape when
prompted by heat. Therefore, when fibres are
incorporated to enhance mechanical properties,
it becomes crucial to examine how this
reinforcement might influence the material's
shape memory behaviours.

2.2.1 Shape fixity

Shape fixity serves as a measure of the
SMPs' capability to retain temporary shape at
the conclusion of the first stage of the
thermomechanical cycle where temporary shape
is programmed. In the current investigation,
bending angle of the samples was utilized as a
parameter to assess the material's shape fixity
performance. Error! Reference source not
found. illustrates the shape fixity ratio of the
examined samples, calculated using Equation
(1). The outcomes indicate a decline in the
material's ability to retain its shape due to the
reinforcement which is attributed to the spring
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back effect of the stiffer fiber. Even with high
fiber content the ratio is practically significant
especially when considering the significant
enhancement in thermomechanical properties
associated with the reinforcement [19].

4.2.2 Shape recovery

Error! Reference source not found. (a)
and (b) show experimental test findings of the
shape recovery stage. The results reveal a
substantial decrease in the shape recovery time

100%
98%
96%
94%
92%
90%
88%
86%
84%

97.70%

Shape fixity ratio

due to the incorporation of fibre, affirming the
beneficial impact of the reinforcement on the
material’'s recovery behavior.

Error! Reference source not found. (b)
confirms that fibre reinforcement has played
major rule in reducing the recovery time. The
results show that recovery time of the 20%, 25%
and 30% SMPC samples is reduced by 70%,
75% and 80%, respectively, compared to the
neat SMP. This is justified by the improved
stiffness of the SMPC that leads to a quicker
shape recovery [23].

Neat SMP

20% SMPC

25% SMPC 30% SMPC

Sample

Figure 9. Shape fixity variation with glass fibre reinforcement
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b)

Figure 10. Bending angle recovery vs time of (a) the SMP sample, and (b) different SMPCs

Error! Reference source not found. (a, b
and c) illustrates the proposed analytical results
for the 20%, 25% and 30% SMPCs respectively.
Insipte of the simplicity of the propsed model, it
shows a good ability to predict the shape
recovery-time behaviour of different fibre

fraction SMPCs. Though, some mismatch can
be rcognised which could be attributed to
potential errors in monitoring the heating
process, as the used thermal chamber doesn’t
have the facility to provide accurate time-
temperature data.

50 ~
= = Exp. 20%
40 - Analytical 20%
5
230 A

=

220 -

é 10 -

0 1 ] ] 1 ] 1
0 10 20 30 40 50 60
Time (sec)
a)

30 = = Exp. 25%
40 - Analytical 25%
o
2 30 -
=
5 20 -

2 10 -
—
O 1 1 1 1 1 T 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
Time (sec)
b)

30 - — — Exp.30%
40 - Analytical 30%
)

030 -
Z
-%;D 20 -
“104

0 ] T ] ] ] ] 1

0 5 10 15 20 25 30 35
Time (sec)
c)

56



Wessam Saadoun Al Azzawi / Diyala Journal of Engineering Sciences Vol (16) No 4, 2023: 49-58

Figure 11. Recovery angle-time relationship for (a) 20%, (b) 25% and (c) 30% SMPCs

5. Conclusion

The outcome of fibre reinforcement on the
shape memory behavior of SMP has been
analytically investigated in this paper. A
mathematical model for the behavior of SMP
material and its fiber composite is developed
based on the stimulus temperature-time relation,
and validated using experimental investigations.

e The model results showed excellent
prediction ability for the shape recovery
behavior with a slight deviation of (8%-
16%) from the experimental results.

e The model findings showed significant
reduction in recovery time of 25% and
41% when the fiber content increased
from 20% to 25% and 30%, respectively.

e The experimental results revealed
significant improvement in
thermomechanical properties due to the
fiber reinforcement, this includes 50C
increase in Tg and five orders increase in
storage modulus.

e Also, the shape recovery rate is improved
up to 80%, though a minor reduction in
shape fixity of 7% was recognized.

Presented model represents a quick and easy
tool kit for future studies that targeting the
analysis of SMPCs shape recovery performance.
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