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Abstract

The effect of glass fiber reinforcement on the mechanical properties and geometrical shape stability during the thermo-
mechanical cycle of the shape memory polymer composite has been investigated. A substantial improvement in the
mechanical properties due to glass fiber reinforcement has been realized. However, unexpected deformation has been
observed during heating process, particularly in the first thermomechanical cycle. This unanticipated deformation nega-
tively affects the geometrical shape stability of the composite, and as a consequence the geometry preciseness of the
structural parts manufactured with shape memory polymer composites will be reduced. In this article, the unanticipated
thermal deformation in the shape memory polymer composites during the heating has been observed experimentally,
and constitutive relationships to describe this behavior have been developed. Furthermore, an application of a constant
tensile load during the heating process on the shape memory polymer composite part was found to be a reliable solution
to reduce the thermal distortion effect and improve the geometric stability of the composite. The results showed that
developed constitutive relations have shown a good agreement with the experimental results. Furthermore, the pro-
posed applied tensile load has shown significant improvement in the shape memory polymer composite samples’ geome-
trical shape stability when subjected to a temperature increase.
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As a stimuli-responsive material, SMPs have a large
number of stimuli such as magnetic field (Schmidt,
2006), electrical field (Sahoo et al., 2005), heat (Ji et al.,
20006), light (Lendlein et al., 2005), moisture (Yang
et al., 2005), and change in the pH value (Han et al.,
2012). Among these types, heat is the most common
triggering mechanism and it represents the underlying
principle for some of the other types.

Introduction

At present, shape memory polymers (SMPs) are being
evolved intensely and represent a fast growing branch
of smart materials’ research. The SMPs have a fascinat-
ing capability of keeping a temporary shape and subse-
quently recovering the original shape on exposure to a
particular external stimulus. Since the discovery of the
SMPs in 1980s, the global research interest in these
materials has been rapidly growing (Beloshenko et al.,

2005; Gunes and Jana, 2008; Lendlein and Kelch, 2002;
Liu et al., 2009), because of their inimitable advantages
of good manufacturability, high shape deformability,
large recoverability, good biodegradability, and an eas-
ily tailorable glass transition temperature (7%) (Lendlein
and Kelch, 2002; Leng et al., 2011; Ohki et al., 2004).
These advantages make the SMPs very competitive
materials to replace the shape memory alloys (SMAs),
which are known to have good mechanical properties,
are relatively expensive to manufacture (DesRoches and
Smith, 2004), and have relatively high density.
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Figure |. Typical temperature—stress—strain diagram illustrating
the thermomechanical behavior of the SMP (Baghani et al., 2014).

The typical thermomechanical cycle of the SMP is
shown in Figure 1. The cycle starts at point (a) where
the material in rubbery phase is deformed under exter-
nal load. The achieved strain at (b) is held constant and
cooled down to point (c). At this point, the material is
released from the external constraint, the stress fades to
zero, and the strain slightly changes to point (d). Point
(d) signifies the temporary shape, and (a—b—c—d) path
denotes the shape programming part of the cycle. The
next sequence of the thermomechanical cycle is the
shape recovery part, which starts at point (d) when the
material is triggered by heat and ends at (a) where the
original shape is recovered. Path (d-a) is termed as
stress-free strain recovery process, since it takes place
under no constrains. However, another type of recovery
can be achieved if the material is heated under a con-
strained strain. This type of recovery is denoted as
fixed-strain stress recovery, and the stress evolved inside
the material is denoted by point (e).

SMPs have relatively low stiffness, and therefore
many types of reinforcements and fillers have been used
to improve their mechanical properties (Nishikawa
et al., 2012). The reinforcing materials are ranging from
particles, such as carbon black (Liu et al., 2009), to
short or continuous fibers (e.g. glass fibers; Ivens et al.,
2011) and carbon fibers (Lu et al., 2010). However,
shape memory polymer composites (SMPCs) reinforced
with particles and fibers have distinct material proper-
ties. The continuous fiber-reinforced SMPCs demon-
strate higher mechanical properties (Abrahamson et al.,
2003; Lan et al., 2009), while particles and short fiber—
reinforced SMPCs show significant improvement in
electrical and thermal conductivity and magnetic-
responsive performance (Leng et al., 2007; Liu et al.,
2009; Sahoo et al., 2007).

In general, composites are made up of constituents
that have different mechanical properties, and conse-
quently the general properties of the SMPCs are varying
within the limits of constituent materials. In some cases,
the properties of constituent materials take the control

of the structural and thermal characteristics of SMPCs
such as uneven thermal expansion of the fiber and SMP
matrix which leads to a differential thermal strain
between the fiber and the matrix (Nairn and Zoller,
1985). During the SMPC curing process, the SMP resin
solidifies at curing temperature from the melt to solid
state, bonds firmly to the included fibers, and constrains
the fibers’ thermal strain. When SMPC has cooled
down to room temperature at the end of the curing pro-
cess, the different thermal expansion behaviors of fiber
and matrix have caused a residual stress at the interface
(Vedula et al., 1988). Consequently, interfacial reaction
transmits various morphological modification to the
matrix in proximate to the fiber (Ray, 2004). This
unpredicted shape deformation in the SMPC will cause
significant changes in the geometry of SMPC parts dur-
ing the thermomechanical cycle of the SMPC.

In recent years, fiber-reinforced SMPCs have made
inroads to a wider range of structural applications
including but not limited to aerospace (Lan et al., 2009;
Leng et al., 2011; Keller et al., 2004) where SMPC com-
ponents were designed as driving devices and replaced
the traditional mechanical systems (Liu et al., 2014).
Consequently, the SMPC parts are required to be
within the designed geometrical dimensions, and there-
fore the deformation caused by the fiber during the
thermomechanical cycle should be carefully considered.

The effects of glass fiber reinforcement on the
mechanical properties and geometry disfigurement,
during the thermomechanical cycle, have been studied
in this research. Geometric disfigurement of the
SMPCs during heating is attributed to the slump in
matrix mechanical properties which allows releasing
the fibers’ thermal strain trapped inside the composite
during curing process. Many literatures have pointed
this effect in the general fiber-reinforced composites
and considered the disparity in expansion coefficient
between the matrix and the fibers (Hahn, 1976;
Manders and Bader, 1981). However, for SMPCs, this
effect is more dominate due to the considerable reduc-
tion in stiffness of SMP matrix when heated above 7.
Therefore, in this research, the effect of fibers on the
SMPC shape deformation has been experimentally and
analytically investigated. In experimental part, dynamic
and thermomechanical analyses have been employed to
characterize the material properties and thermal defor-
mation behavior. Furthermore, a few analytical rela-
tions have been formulated into a model that describes
the effect of the fibers on the geometrical shape stabi-
lity when the SMPC undergoes heating process.

Materials and experimental methods

The styrene-based SMP type C, which was supplied by
Harbin Institute of Technology, China, has been used
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Table I. Operation mode, purpose, clamping type, frequency and temperature setting for the dynamic mechanical analysis to
investigate the thermal and mechanical properties of the SMP and SMPC samples.

Mode of operation Purpose

DMA clamp type

Frequency (Hz) Temperature

Frequency mode T,
Storage modulus

TMA mode Thermal expansion Tensile
behavior

Controlled Mechanical properties Tensile

force mode

Dual cantilever |

Ramp at 10°C/min from
30°Cto I15°C

Free - Ramp at 1°C/min
Constrained
(0.5 MPa)
- 35°C
55°C
75°C
95°C

DMA: dynamic mechanical analysis; TMA: thermal mechanical analysis.

Figure 2. DMA Q800 instrument used in different operation
modes and different sample clamp arrangements.

to prepare the samples. Two different SMPCs with
20% and 25% by weight of woven glass fiber
AR177100 W/C 450 0/90 (supplied by Colan Australia)
were produced, respectively. A rectangular glass mold
coated with thin film of Teflon has been used to cast
the specimens. The curing process has been done in a
temperature-controlled oven, at 85°C for 24 h.

A TA instrument dynamic mechanical analyzer
(DMA Q800) shown in Figure 2 has been used in three
different operating modes to investigate the thermal
and mechanical properties of both SMP and SMPC
samples as shown in Table 1. The frequency mode has
been used to identify the materials’ glass transition tem-
peratures (7;) and to characterize the storage modulus.
The frequency of 1 Hz and temperature ramp of 10°C/
min have been selected to scan the material over a tem-
perature span from 30°C to 115°C. The dual cantilever
bending arrangement as shown in Figure 3(a) has been
used, with the specimens’ size of 35 mm X 14 mm
X 1.5 mm. The T,s of the SMP and SMPC samples

(b)

Figure 3. DMA clamp arrangements for (a) dual cantilever
frequency mode and (b) tensile test for TMA and controlled
force modes.

have been measured initially using the storage
modulus—temperature relation. An innovative idea of
temperature derivative of the storage modulus—
temperature relation, proposed by Zhou et al. (2009),
has been implemented to locate Ts.

The thermal strains in SMP and its composites are
significant during the operational temperature fluctua-
tion. Liu et al. (2003) have shown that the thermal
strain caused by the thermomechanical cycles will result
in extremely complex strain field inside the material.
Therefore, thermal expansion behaviors of the SMPCs
have been investigated experimentally and analytically.
DMA Q800 in thermal mechanical analysis (TMA)
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mode has been used to observe the thermal expansion
behavior of the specimens. The thermal strain was
acquired using tension test while the temperature was
increasing at a constant rate. Two different testing
methods have been employed in this testing mode. In
the first method, the specimens were allowed to thermal
expand at free condition (i.e. under no tensile/compres-
sion load) while the temperature is ramping. This case
is similar to heating process encountered in the shape
programming part of the thermomechanical cycle. In
the second method, a constant tensile stress of 0.5 MPa
was applied on the specimens while the temperature is
ramping. The purpose of this method is to investigate
the thermal strain behavior under constrains, which is
the case that happens in the shape recovery part of the
SMP thermomechanical cycle. In both methods, the
thermal strain has been monitored while the tempera-
ture is ramping at 1°C/min.

The controlled force mode has also been selected to
examine the effect of fiber reinforcement on the
mechanical properties of the SMPC specimens
(10.5 mm X 6.5mm X 1.5 mm). The test has been
done at different temperatures to investigate the tem-
perature effect on the mechanical properties. A tension
test was used, as shown in Figure 3(b), where the tensile
load was ramping isothermally, at four selected tem-
peratures, 35°C, 55°C, 75°C, and 95°C, which covers
the glassy phase, rubbery phases, and the transition
region of the SMP.

Development of empirical constitutive
equations for thermal strain behavior of
SMPC

Liu et al. (2006) have developed a constitutive model
for SMP, which consists of internal state variables
based on the experimental results and the molecular
mechanism of the shape memory effect of SMP.
According to this model, there are two kinds of extreme
phases; glass and rubber exist in SMP at an arbitrary
temperature. Accordingly, the SMP is assumed here to
be the mixture of these two interchangeable phases, and
they are transferable to each other through the external
heat stimuli. The volume fraction for each phase in the
polymer matrix can be defined as (Tan et al., 2014)

v, Ve
@, = N

Vmatrix

Vmatrix P " q}g : (1)
Here, V, and V, denote the volume of the rubbery and
glassy phases in the matrix, respectively. Vi repre-
sents the total polymer matrix volume, and ¢, and ¢,
stand for the rubbery and glassy phases’ volume frac-
tion, respectively.

The total strain in the SMPC, during the thermome-
chanical cycle, can be decomposed into two

components: mechanical and thermal strains as follows
(Baghani and Taheri, 2015)

e=¢, +er (2)

where ¢, ¢,, and ¢r denote the SMPC total strain,
mechanical strain, and thermal strain, respectively. By
assuming small strains, the mixture rule in the SMPC is
used, and the total strain is divided into matrix strain,
fiber strain, and thermal strain (Baghani and Taheri,
2015; Xu and Li, 2010)

e= (L —@p)p6r T @geg + &) T per e (3)

where ¢, and ¢, are the elastic strains in the rubbery and
glassy phases, respectively; & denotes the strain stored
and released in the SMP matrix during the cooling and
heating processes; and & stands for the elastic strain in
the fiber. ¢,, and ¢, are the matrix and fiber volume frac-
tion, respectively, and can be defined as (Tan et al., 2014)

Vﬁ bre

Vmatrix _
> ¢j % s

o=

¢m+¢f:1 (4)

Here, I/ is the total composite volume; Vyqpir and Vipye

are the volume of the matrix and fiber, respectively.
The thermal strain in the last part of equation (3) is

constitutively defined as (Tan et al., 2014)

er = (1 — ¢per + ey (5)

where ¢7 denotes the thermal strains, and m and f in
the superscript represent the matrix and fibers, respec-
tively. Since the matrix is presumed to be a mixture of
two phases, the thermal strain in the polymer is calcu-
lated by adding the thermal strain in these two phases as

T
e = J[(l — (pg(T))ar + q)g(T)ag]dT (6)
T

Here, ;. and a, are the thermal expansion coefficients
in the rubbery and glassy phases of the matrix, respec-
tively. 7, and T represent the initial and final tempera-
tures of the heating process, respectively. By
substituting equation (6) into equation (5), we get

T
or = (1= [ [(1 = 0,(D)a + g, (DT
T

) )
+ d)f Jade
T,

Equation (7) describes the thermal strain in the
SMPC, where ¢, and a, represent the non-tempera-
ture-dependent fiber volume fraction and thermal
expansion coefficient, respectively. By resubmitting
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Table 2. Material parameters.

Material parameter Value

Units

Es E, E, 8 X 10 1500, 180

af, Qg, r

5X 1078 13X 107413 x 1073

MPa
1/°C

SMP

20% SMPC

25% SMPC

T, 76 82
T, 56 62
102

tanh (T, — T,)/b) — tanh (T — T,)/b)

86 °C
66
106

tanh (T, — T,)/b) — tanh ((T; —

Te)/b)

,b=11.34

SMP: shape memory polymer; SMPC: shape memory polymer composite.

equation (7) in equation (3), a complete expression for
strain in SMPC can be achieved as

&= (1 - (;bf)((/)rgr + (Pg'gg + Ss) + d)f‘(;f
T

(1-g) j (1= py(T)ar + g (Tg]dT
, (8)

T
+ d)f J ade
T

Modeling of “free of load” thermal strain behavior

When the matrix solidifies at curing temperature, its
stiffness increases significantly due to conversion from
viscous to solid state. Consequently, the matrix traps
the thermal strain occurred in the fibers at the curing
temperature and retains the fibers under tension and
matrix under compression. By assuming perfect bond-
ing between the fibers and matrix, the thermally
induced tensile stress in the fibers generates a compres-
sion strain in the SMPC which can be described as

¢ _ o Er

er ¢f EC(T) af(Tcurmg T) (9)
where & is the thermal compression strain in the com-
posite, E.(T) is the temperature-dependent modulus of
the composite, and E; is the modulus of the fiber. Here,
E; is considered to be invariant with temperature
because its variation is negligible comparing to the
matrix modulus over the temperature range (25°C-—
120°C) under consideration. E.(7T) is calculated from
the rule of mixture (10)

-1
E(T) = [ﬂ + m} (10)

Ef Em(T)

Then using the modulus of the glassy and rubbery
phases (Eg,E,) and the glass volume fraction ¢, (T)
shown in Figure 4, the temperature-dependent modulus
of the matrix has been calculated using equation (11)
(Baghani et al., 2014)

0.8

0.6

0.4

0.2 1

0 20 40 60 80 100 120
Temperature °C

Figure 4. Glass volume fraction—temperature relation of the
styrene-based shape memory polymer.

—1

P (T) | (1= qu (D))
+

E.(T) =
=75 E

(11)

All material parameters used in the analysis are
reported in Table 2.

When the SMPC is heated above the room tempera-
ture, the temperature difference in equation (9) reduces.
As a result, the compressive strain on the SMPC caused
by the fibers will be reduced. Moreover, due to heating,
a thermal expansion takes place in the matrix itself and
an expansion happens in the composite which can be
described by adding matrix thermal expansion to equa-
tion (9)

¢ =& + an(T)AT (12)
Here, ¢ represents the thermal strain in the composite,
and «,(T) is the expansion coefficient of the matrix
which is temperature-dependent and can be calculated
from the glass and rubber phases’ expansion coefficient
using the rule of mixture. AT represents the temperature
variation. However, when the temperature increases, a
considerable drop in E,,(7T) takes place, and the com-
pressive stress in fibers will dominate the process. This
will cause contraction in the composite which can be
described by equation (9). This equation also shows
that an increase in the fiber fraction (¢,) will increase
the contraction of SMPC.
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Figure 5. The temperature effect on the SMPC mechanical strain under constant stress, a considerable increase in strain at the
beginning of the transition region due to the drop in the matrix modulus.

Modeling of thermal strain behavior under “applied
loading”

Applying mechanical stress during the heating process
will change the SMPC deformation behavior. Due to
the variation in the matrix modulus with the tempera-
ture, the strain in the SMPC can be described by

o

C B (13)

C
6m

Here, &, represents the mechanical strain in the com-
posite due to the applied stress (o), and E.(T) denotes
the temperature-dependent composite modulus. The
mechanical strain described in equation (13) is pre-
sented in Figure 5 where considerable increase in strain
can be noticed with the beginning of the transition
region due to drop in the matrix modulus. Then the
total strain in the composite under applied mechanical
stress can be obtained by adding equations (12) and

(13)

o
E(T)

Etotal = 8? + am(T)AT + (14)

Here, &, 1s the total strain in the SMPC, with the
existence of external stress.

Figure 6 illustrates the flowchart that summarizes
the SMPC shape stability development model. The
thermal and mechanical properties of the materials
(Table 2) have been given as input. Then the strains of
the two cases, free thermal expansion and constrained
thermal expansion, have been determined and com-
pared to assess the shape stability improvement.

However, this model has considered only the inter-
nal stresses and the shape caused by the applied load
and thermal expansion of the matrix and reinforcing
fibers. At the recovery stage, the same stresses will not
be generated by the material to resist any external con-
straint due to major differences of materials’ phases in

programming and recovery phases though the original
shape will be recovered at the end of the process.
Hence, the use of the proposed model is not recom-
mended for calculation of shape/force recovery. An
appropriate additional formulation to the present
model is warranted before using it to calculate the
recovery forces.

Results and discussion

The thermal and mechanical properties of styrene-
based SMPs and its glass fiber-reinforced SMPCs have
been experimentally investigated. Glass fiber reinforce-
ment has significantly improved the mechanical proper-
ties of SMP. However, glass fibers have introduced an
unanticipated deformation during heating process to
SMP particularly in the first thermomechanical cycle.
This unanticipated deformation will negatively influ-
ence SMPC parts which need critical geometrical
tolerances.

Glass transition temperature T,

Figure 7(a) and (b) depicts storage modulus, loss mod-
ulus, and tan delta of neat SMP specimen used in this
research. Since the storage modulus changes consider-
ably in the transition region (7; — T}), the storage
modulus curve is more reasonable to be used to define
T, (Zhou et al., 2009). A relationship between the stor-
age modulus and the temperature has been deduced
by curve-fitting to the DMA results. This relationship
was differentiated with respect to the temperature to
find T,.

Figure 8 depicts the curves of temperature deriva-
tives of storage modulus versus temperature of neat
and two SMPC samples. The temperature correspond-
ing to the minima of the curves corresponds to the T,
for that particular sample. The T, for neat SMP, 20%,
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Input material parameters Table (2). fiber
fraction (¢) and temperature (T)

L

Define SMPC thermal strain Equ (7)

v

Define SMPC total strain Equ (8)

A

~
Introduce the effect of fibre on the
SMPC strain Equ (9)
J

1€ | Heating I

e e T B
1| Heating under applied : 1 Free of load :
: tensile load 1 : heating :
1
' 1 ' :
1 I{‘P“t Introduce mechanical : 1 1
1 tensile load strain Equ (14) b 1 1
‘ 1 ' !
1 4 : 1 v 1
1 1
: SMPC total strain / : i / SMPC thermal /— '
] 1
1 1
b, e e e e e e e e e e ————— U U -

Compare the strains of the
two cases.

If £.500; (equ 14) < £ (equ 8)

Shape stability
improvement

Figure 6. Flowchart for the development of the shape stability of the SMPC.

5 ] s Storage modulus 400 0.18 ~ Tan delta
Loss modulus 350 0.16 -
< 300 0.14
515 - g
) .
P 250 = 0.12
2 » <
= = = 4
3 200 = 8 0.1
=
g 1 g g5 008
g S
g B0y 0.06 - (®)
3 L \ 100 =
“0.5 7 \ 0.04 -
\_/
50 0.02°
0 — — \ — 0 0 ; , .
28 38 48 58 68 78 88 98 108 118 128 138 30 50 70 90
Temperature °C Temperature °C

Figure 7. Dynamic mechanical analysis results of neat SMP: (a) storage modulus and loss modulus and (b) tan delta.

and 25% SMPCs has found to be 76°C, 82°C, and which indicates that T, is increasing with the increase
86°C, respectively. It can be noticed that the minima of in fiber volume fraction. This observation can be attrib-
the curves in Figure 8 are shifting horizontally to right uted to the development of an interface in the SMPCs
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Figure 8. Temperature derivative of storage modulus—temperature relation versus temperature of neat SMP (P) and (20% and 25%)
SMPCs. Minimum of the derivative curves indicates the initiation of the storage modulus drop and signposts glass transition

temperature.
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Figure 9. Temperature and fiber effects on the storage
modulus of neat SMP (P) and two different SMPCs.

that impedes the heat transfer inside the matrix.
Another possible explanation for the increased T, is
the thermal capacity and low thermal conductivity of
the glass fiber which delays the heating and softening
onset of the matrix. The same phenomenon has been
reported by Lan et al. (2009). However, Razzaq and
Frormann (2007) have reported a reduction in T, for
the particle filled/SMP which was due to the increase in
material thermal conductivity. It has also been noticed
that the storage modulus varies significantly between T
(=T, — 20°C) and T), (=71, + 20°C); however, it
slightly differs below 7; and above T}, Thus, the tem-
perature range (7, — T,) which has been defined as the
material transition region is justified.

Development of SMPC properties

Figure 9 shows the storage modulus of neat SMP and
two SMPCs acquired from the frequency mode of the
DMA test. All specimens show higher storage modulus
at lower temperatures and critically low modulus at
higher temperatures due to the entropy elasticity caused
by the micro-Brownian movement in rubbery phase
(Ohki et al., 2004). It is also apparent from Figure 9
that glass fiber reinforcement did not change the

material behavior when heated from temperatures
below to above T,. Interestingly, all samples have
shown a glassy phase followed by transition region
before been changed to rubbery phase. The glass fiber
has significantly improved the storage modulus as
anticipated; however, the improvement has been found
to be temperature-dependent. When the fiber fraction
increased from 20% to 25%, the storage modulus
increased by 25% below T,. However, above T, the
increase in the modulus is almost half of the below T,
modulus. This implies that the effect of fiber reinforce-
ment dominates at lower temperature, because the
applied load has been evenly distributed through
SMPC. However, at higher temperatures, matrix mod-
ulus degrades and polymers become pliable and lose its
homogeneous behavior, thus the mechanical properties
of the composite have considerably decreased. Figure 9
also shows that the storage modulus of the SMP has
dropped by 85% comparing to 75% for the SMPCs
during the transition from glassy to rubbery phases.
Accordingly, the fiber has reduced the difference in
between the glassy and rubbery moduli, which is good
from the structural point of view; however, this can
negatively affect the shape fixity of the SMPC (Fejds
et al., 2012; Ratna and Karger-Kocsis, 2008).

The stiffness of SMP is continuously varying during
the thermomechanical cycle, and it considerably
decreases at the elevated temperatures. Different fiber
volume fraction samples have been tested at different
temperatures, 35°C, 55°C, 75°C, and 95°C, to investi-
gate the fiber influence on the stiffness development at
each temperature level. For this test, the control force
mode of operation has been adopted on the DMA, and
18 N tensile load and 0.35 X 10~® m/min displace-
ment rate were set. The temperatures were individually
set up for each level.

The stiffness of neat SMP, 20%, and 25% SMPCs is
presented in Figures 10 to 12, respectively. Figure 10
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Figure 10. Force—displacement diagram illustrating
thermomechanical behavior of neat shape memory polymer at
different temperatures.
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Figure I 1. Force—displacement diagram illustrating
thermomechanical behavior of (20%) fiber fraction shape
memory polymer composites at different temperatures.
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Figure 12. Force—displacement diagram illustrating
thermomechanical behavior of (25%) fiber fraction shape
memory polymer composites at different temperatures.

shows that the stiffness of neat SMP has been dropped
by about 80% of its glassy phase stiffness when the
temperature increased by 20°C from 35°C to 55°C.
However, the drop in stiffness was 75% and 35% for
the increase in temperature blocks 55°C-75°C and
75°C-95°C, respectively. This indicates that the major
loss in material stiffness happens at the beginning of
the transition region due to the commencement of the
defrosting state of SMP glassy phase.

Figure 11 depicts that at 35°C, 55°C, 75°C, and
95°C, the stiffness of 20% SMPC has improved by 1, 5,
8, and 11 times, respectively, compared to neat SMP.
However, the improvement in the stiffness of the 25%

SMPC, as shown in Figure 12, is considerably large
(1.7, 12.5, 23, and 35 times) for the same temperature
levels. Obviously, the glass fiber has improved the
composites’ stiffness at all temperatures, which is
ascribed to the high stiffness modulus of glass fibers.
However, the percentage of stiffness improvement is
not consistent and found to be dependent on the
temperature.

Glass fiber has improved the mechanical properties
of the SMPCs, although the improvement was associ-
ated with a reduction in the difference between the
glassy and rubbery phases’ storage moduli, which
means a reduction in shape fixity ability of the material.

Thermal deformation behavior

Figures 13 and 14 depict the experimental and analyti-
cal results of both SMP and SMPC specimens under
free and constrained thermal expansion conditions,
respectively. The influence of reinforcement fibers on
the thermal deformation behavior of the SMPCs from
room temperature to above T, is presented in Figure
13. It has been observed that fibers have dramatically
changed the thermal strain behavior of the neat SMP.
The neat SMP has shown positive strain at all the tem-
perature ranges, whereas 20% SMPCs have shown pos-
itive strain at lower temperature ranges and then turn
to negative strains at higher temperatures. However,
25% SMPCs have shown negative strain at all the tem-
perature ranges.

As shown in Figure 13, the thermal strain of the
SMP specimen commences at a lower temperature than
the two SMPCs. This is due to high coefficient of
expansion of the neat SMP compared to the SMPCs.
The variation in the SMP thermal strain curve slope at
low and high temperatures is shown in Figure 13, which
indicates that SMP coefficient of expansion is tempera-
ture-dependent. Accordingly, the overall matrix coeffi-
cient of expansion has been calculated based on the
percentage of each of the constitutive phases. Tan et al.
(2014) have expressed the whole thermal strain in the
SMPC as a sum of thermal strain of the fibers and the
matrix phases (equation (7)). Hence, the coefficient of
thermal expansion of the composite is calculated by

T T
(1—¢y) TJ‘ [(1 = @g(D))a, + ¢ (T)ag|dT + ¢, TI ardT

AT

o =

(15)

Here, a. is the thermal expansion coefficient of the
composite.

The trend of the 20% SMPC sample curve has
shown a positive thermal expansion at the beginning of
the heating process, which has been justified in section
“Modeling of ‘free of load’ thermal strain behavior.”
However, this trend has reversed, and the strain turned
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Figure 13. Experimental results and analytical model prediction of the thermal strain behavior of neat SMP and two different fiber

fraction SMPCs under no-load condition.

to negative as the temperature approaches the transi-
tion region. This negative expansion behavior of the
specimen is attributed to the sudden drop in the matrix
modulus that makes it possible for the pre-strained
fibers to retract and contract the specimen.

Due to the increase in fiber fraction of the 25%
SMPC sample, the effect of the fibers on the specimen
behavior becomes more dominant. Unlike the 20%
specimen, there is no expansion (positive strain) hap-
pened at the beginning of the heating process. The rea-
son for this is higher fiber fraction surpasses thermal
expansion stress of the matrix that reduces compressive
stress produced by the fibers. Therefore, the specimen
shape remains unchanged until the inception of the
transition region where the matrix modulus drops and
the contraction effect of fibers increases gradually.

As the heating process is very essential in the shape
programming/recovery process of parts made of SMP
and SMPC, the unprecedented geometry deformation
in these parts due to heating makes them inappropriate
for applications that need dimensional stability.

To overcome this detrimental impact produced by
the fibers on the SMPC geometry, an external tensile
load during the heating process has been proposed.
This tensile load intends to marginalize the fibers’ effect
by exerting counter stress on the fibers and ameliorates
the composite geometry and dimensional stability.
Indeed, the proposed applied stress has modified the
way by which the thermal strain takes place in the spe-
cimens and will be shown below.

Thermal deformation behavior of the SMP and
SMPC samples under tensile stress is presented in
Figure 14. The behavior of SMPCs shown in Figure 14
has improved dimensional stability. The reason for this
improvement is the generation of positive mechanical
strain that compensates the negative strain produced

by the fibers. However, there is no substantial effect of
the applied stress on thermal strain behavior of SMP
sample as the thermal strain is still positive, indicating
that expansion takes place all the time during the heat-
ing process. Furthermore, Figure 14 still shows two
slopes in the glassy and rubbery phases of the SMP
curve, similar to the no applied tensile load case. For
the 20% SMPC specimen, the strain starts in the posi-
tive direction and no negative strains were observed
when the temperature approaches the transition region.
This is because the applied tensile stress has produced
positive strain and compensated negative strain.

The effect of heating on the 25% SMPC specimen’s
shape begins with negative strain (contraction); how-
ever, due to the applied tensile load, the shrinkage is less
intensive than the stress-free case. The reason for this
contraction is attributed to the drop in the matrix prop-
erties and retraction in the fibers. However, the applied
stress has reduced the fiber effect, and thus the speci-
men geometry remains almost the same when the tem-
peratures approach the transition region.

Figures 13 and 14 also depict the proposed analyti-
cal model results for the two considered test conditions:
free of stress and constant tensile stress. Model predic-
tion for the case where heating process is done in no
stress condition is shown in Figure 13, where good cor-
relation with the experimental results has been pre-
sented although, some discrepancies have been noticed
between the model and experimental results when the
tensile stress was introduced (Figure 14). This is due to
the reduction in the SMP stiffness at high temperatures,
and therefore some slippages have taken place between
the specimen and the machine grips. On the contrary,
this effect was almost negligible for the test with no
applied stress because constrain-free thermal expansion
was allowed in the test.
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Figure 14. Experimental and analytical model prediction results of the thermal strain behavior of neat SMP and two different fiber
fraction SMPCs under tensile stress. The tensile stress has changed the thermal deformation behavior and improved the shape

constancy of the composites.

Conclusion

The effects of glass fiber reinforcement on the mechani-
cal properties and the geometrical dimensional stability
of the SMPC during the heating process have been
investigated in this research. Initially, the mechanical
and thermal properties of neat SMP and SMPCs with
different glass fiber contents have been characterized
using the DMA. Then, constitutive relationships have
been developed to model the thermal effect on the
SMPC geometrical stability.

The results revealed that below the glass transition
temperature, the addition of glass fiber has improved
the mechanical characteristics of the SMP. The SMPCs
with 20% fiber fraction have exhibited increased stor-
age modulus by 1.75 times the neat SMP, and for the
25% fiber fraction SMPC samples the improvement
was 2.35 times. However, the improvement in the stor-
age modulus has been found to be half of these figures
at temperatures above the glass transition temperature.
Furthermore, DMA results have exhibited a marginal
increase in the samples’ glass transition temperature
from 70°C for neat SMP to 82°C and 86°C for 20%
and 25% SMPCs, respectively. In contrast, the dimen-
sional stability of the SMPC samples has been nega-
tively affected by the inclusion of the reinforcement
fibers. A noticeable deformation of SMPCs has been
observed during the thermomechanical cycle due to the
significant variation in the mechanical properties of the
SMP between high and low temperatures and the mis-
match of expansion coefficient of the fiber and the
matrix. This unanticipated deformation is found to be
dependent on fiber volume fraction. The 20% SMPC
samples start thermal expansion at the beginning of
heating cycle and turn into contraction as the tempera-
ture approaches the glass transition region. However,

contraction started at the beginning of heating cycle for
the 25% SMPC specimen and no expansion was
observed thereafter. To overcome this unanticipated
thermal deformation caused by the reinforcement fiber,
a constrained heating process has been proposed by
applying a constant tensile stress during heating. This
technique has been found to reduce the deformity of
SMPC components during the heating cycle.
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