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ABSTRACT: A Shape Memory Polymer Composite (SMPC) is developed by reinforcing an epoxy-based polymer
with randomly oriented short glass fibers. Diverging from previous research, which primarily focused on the hot
programming of short glass fiber-based SMPCs, this work explores the potential for programming below the glass
transition temperature (Tg) for epoxy-based SMPCs. To mitigate the inherent brittleness of the SMPC during
deformation, a linear polymer is incorporated, and a temperature between room temperature and Tg is chosen as
the deformation temperature to study the shape memory properties. The findings demonstrate an enhancement in
shape fixity and recovery stress, alongside a reduction in shape recovery, with the incorporation of short glass fibers.
In addition to tensile properties, thermal properties such as thermal conductivity, specific heat capacity, and glass
transition temperature are investigated for their dependence on fiber content. Microscopic properties, such as fiber-
matrix adhesion and the dispersion of glass fibers, are examined through Scanning Electron Microscope imaging. The
fiber length distribution and mean fiber lengths are also measured for different fiber fractions.

KEYWORDS: Shape memory polymer composite; glass fiber composite; shape fixity; shape recovery; thermomechan-
ical cycle

1 Introduction
Shape memory polymers (SMPs) are polymers that can retain and regain deformations with different

stimuli such as heat, light, electricity, a magnetic field, moisture, and chemicals [1–4]. Compared to Shape
Memory Alloys, the SMPs have gained popularity due to their ability to tailor material properties, low
cost, ease of manufacturing, and withstand large deformations [5]. Efforts have been made to improve
the mechanical and shape memory properties of the polymers with various types of reinforcements like
nanoparticles and fibers [6–8]. Shape Memory Polymer Composites (SMPCs) with unidirectional, woven,
laminates, and hybrid composites have proven to be a great success in improving the strength and stiffness
of SMPCs [9,10]. SMPCs reinforced with knit fabric recently developed exhibited shape fixation ratios above
98% and high recovery efficiency at 100○C actuation temperatures. The anisotropic nature of knitted fabric
reinforcement influenced recovery time and mechanical response, with samples in different orientations
showing varied performance [11]. However, these fiber architectures do not provide isotropic properties,
and certain regions may have a high polymer content, while others have high fiber content. Furthermore,
such laminates often struggle to endure large tension or compression strains, limiting their applicability in
demanding structural environments. These limitations can be overcome by using randomly dispersed fibers,
which provide a more uniform reinforcement and isotropic mechanical properties.
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The applications of SMPC include actuators, biomedical devices, aerospace, aviation, and 4D printing
& origami [12–14]. A typical application of SMPCs that require large deformation in tension is a variable
stiffness morphing wing, where long continuous fibers are unsuitable due to brittle failure, making short
elastic fibers the preferred choice by default [15]. The skin of variable camber wing requires the composite
material to undergo large stretches. Additionally, SMPCs in tension mode can be utilized to generate high
recovery stress or serve as an effective fixation medium [16]. The present study aims to develop SMPCs
tailored for these engineering applications.

Short glass and carbon fibers are among the most widely used reinforcements for SMPCs. Short glass
fibers, in particular, are preferred due to their excellent fatigue resistance, electrical insulation, corrosion
resistance, low cost, and ease of processing and handling [17]. Several studies have explored the effects of
short glass fibers on the mechanical properties of SMPCs, showing that fiber reinforcement significantly
improves tensile strength and modulus [18,19]. The shape memory properties of short glass fiber-reinforced
SMPs have been primarily investigated through hot programming, where the material is heated above its
glass transition temperature (Tg) and then cooled to fix a temporary shape [20–23].

A critical factor in achieving optimal shape memory performance is the selection of an appropriate
programming temperature [24,25]. While conventional hot programming methods rely on heating the
SMPC above its glass transition temperature (Tg), intermediate programming techniques where deformation
occurs near Tg followed by cooling have shown promise in balancing shape fixity and recovery. Programming
SMPCs below Tg is particularly important for expanding their applicability by enabling large deformations
while enhancing energy efficiency. This approach eliminates the need for extensive thermal cycling, thereby
reducing processing costs [25]. However, the high strain levels in the cold-drawing process can lead to
irreversible damage, which may impact the precision of deformation over repeated cycles [26].

Cold programming, which involves deforming an SMPC at room temperature, has traditionally been
considered impractical due to the brittle nature of most SMPCs at lower temperatures [25,27–29]. To
mitigate the aforementioned issues, recent advancements in thermoset polymer formulations, such as the
incorporation of Neopentyl Glycol Diglycidyl Ether (NGDE) with Epoxy Diglycidyl Ether Bisphenol A
(DGEBA), have significantly improved failure strain and damage at temperatures near Tg, making cold
programming a viable alternative [30]. This advancement has opened new possibilities for unconventional
programming techniques that allow large deformations without the need for extensive heating.

The present study adopts this approach to achieve large deformations (≥0.2) while ensuring effective
shape retention and recovery. The mass fraction of short fibers is varied from 0% to 15% to determine the
maximum limit at which such deformations can be sustained. This research investigates the mechanical,
thermal, and shape memory properties of short glass fiber-reinforced epoxy-based SMPCs at temperatures
below Tg to enable large deformations in tension. Key shape memory parameters, including shape fixity,
recovery strain, and recovery forces, are analyzed to assess the feasibility of cold programming in these
materials. Additionally, Scanning Electron Microscopy is utilized to examine fractured surfaces and fiber
length distribution, while thermal properties such as thermal conductivity and glass transition temperature
are also characterized. By exploring how fiber reinforcement influences the trade-offs between shape fixity
and recovery, this study provides valuable insights into optimizing SMPCs for real-world applications
requiring large deformations and precise shape memory behavior. Future research should further investigate
the impact of different fiber types, orientations, and programming conditions to enhance the overall
performance and applicability of SMPCs.
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2 Experimental Details

2.1 Material
This study uses Diglycidyl Ether Bisphenol A (DGEBA) and Neopentyl Glycol Diglycidyl Ether (NGDE)

as the polymeric materials investigated. Poly(propylene glycol) bis(2-aminopropyl) ether (Jeffamine230) is
used as a crosslinker to form a thermoset polymer. For reinforcement, finely chopped glass fibers SE 1043,
pre-treated with proprietary sizing, are sourced from 3B-Fiber Glass. It has a filament diameter of 24 μm, a
mean fiber length of 3.36 mm, and a density of 2.55 g/cc. The polymers are obtained from Sigma Aldrich.
The properties of the materials used are given in Table 1.

Table 1: Polymer properties

Material Molecular weight (g/mol) Viscosity (MPa⋅s) Density (g/cc)
DGEBA 340.4 11,000.0 1.22
NGDE 216.2 20.0 1.08

Jeffamine 230 230.0 5.5 0.95

2.2 Fabrication of SMPC
The most common techniques to fabricate these laminates are extrusion compounding and injection

molding. However, due to the smaller fiber mass fraction (≤15%) and to ensure random orientation, we follow
a procedure of stirring and moulding to fabricate laminates. First, silicone rubber molds are blanked out for
the Dog bone shape as per American Society for Testing and Materials (ASTM) D638 IV using MAXIEM
water jet cutting to create samples for tensile and shape memory tests. Additionally, rectangular blank outs
of 10 mm × 6 mm and circular blank outs of 12.5 mm diameter × 4 mm height are also cut to prepare samples
for the DMA and the Laser/Light Flash Analyzer (LFA), respectively. Mylar sheets and glasses are cut into
rectangular shapes to hold the rubber mold from both sides using clamps.

Once the setup is ready, the polymers are mixed in the desired ratio. To obtain better material properties
of SMPC, the ratio of DGEBA to NGDE considered here is 75 to 25, as discussed in Section 3. Jeffamine
230 is used as a cross-linker or hardener. The weight of Jeffamin 230 is determined according to the method
mentioned in [29]. The short glass fibers are heated with acetone to remove any moisture or chemicals present
on them until they dry out properly. They are immediately added to the resulting polymer mixture and
mixed thoroughly with a magnetic stirrer. Different fiber mass fractions are added: 0%, 5%, 7.5%, 10%, and
15%. Usually, bubbles are formed during magnetic stirring, which need to be removed. To address this, the
resulting mixture is placed into a vacuum chamber for 5 min to eliminate trapped air. The mixture is then
taken out and poured into the mold, which should be properly coated with wax for easy removal of samples
after curing. The level of the entire mold setup is adjusted using a level meter. It is allowed to cure at room
temperature for 24 h.

Finally, the mold is placed inside the oven, and the sample is post-cured at 80○C for 2 h. The samples
are separated from the mold and used for testing purposes 24 h later.

2.3 Measurements
2.3.1 Tensile Testing

The tensile specimens are tested using a temperature-controlled Kalpak 20N Universal Testing Machine
(UTM). The samples are tested at 30○C, 40○C, and 75○C, respectively. First, the samples are placed inside
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the chamber and heated to the set point, allowed to attain thermal equilibrium for 30 min. This ensures
temperature uniformity throughout the sample. Finally, the samples are stretched with a cross-head speed
of 2 mm/min until failure.

2.3.2 Thermal and Glass Transition Properties
The properties, such as thermal conductivity and specific heat capacity, are measured using the

NETZSCH LFA 467 HyperFlash Thermal Analyzer. The samples, with a diameter of 12.5 mm and a height
of 4 mm, are first coated with graphite to enhance the absorption and emission properties of the sample.
This coating allows for more accurate measurements. The reference sample considered is Pyroceram, used
to measure the thermal properties. Three shots are taken in each laser flash at 0○C, 20○C, 40○C, 60○C, and
80○C, to determine these properties.

The Dynamic Mechanical Analyzer (DMA), NETZSCH DMA 242 E, is utilized to study the glass
transition behavior of SMPC. DMA is a tool mainly used to measure the viscoelastic properties of polymers
and composites in dynamic and static conditions. In the present work, the temperature is increased from 0○C
to 100○C at a rate of 4○C/min, and a dynamic load of 5 N is applied with a frequency of 1 Hz in the dynamic
module of DMA. Tan δ is measured, representing the ratio of the loss modulus to the storage modulus.
Although there are various definitions and measurement methods for glass transition, in this study, the peak
of Tan δ is considered as the glass transition temperature of the material.

The DMA includes a creep module capable of measuring the strain of a sample subjected to a load.
Additionally, it can be used to measure the strain of stress-free thermal expansion. The creep load is set to
0.001 N, and the temperature is ramped from 0○C to 100○C with a rate of 4○C/min in this study. The tangent
to the curves on the strain-temperature plot provides the Coefficient of Linear Thermal Expansion (CLTE).
CLTE is measured for both the glassy and rubbery phases. Various fixtures are available to hold the specimen,
including three-point bending, compression, and tension. In this case, the tension-type fixture holds the
samples with dimensions of 10 mm × 6 mm × 2 mm.

2.3.3 Shape Memory Properties
Two important shape memory properties are shape fixity and shape recovery. The SMPC is subjected

to tensile deformation at the desired temperature. During the cooling step, a new shape is formed, which is
retained after the unloading step. Shape fixity measures the ratio of fixed strain to maximum deformation
strain after the unloading step.

S f =
ε f

εp
(1)

where S f is shape fixity, ε f is fixed strain, and εp is programming strain. To obtain the original shape, the
SMPC is reheated to a temperature above Tg . Shape recovery measures the ratio of recovered strain to the
fixed strain.

Rr =
ε f − εr

ε f
(2)

where Rr is the recovery ratio, ε f is the fixed strain, and εr is a non-recoverable or residual strain. In the
current study, strain is measured using the Digital Image Correlation (DIC) technique. The samples are
coated with white paint, and black dots are sprayed on the top for visibility. The VIC 2D software is employed
for image processing and correlation.
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Initially, the sample is loaded into the UTM at 40○C and allowed to reach thermal equilibrium for
30 min. The camera, mounted on a tripod, is activated to capture images of the sample visible through the
chamber’s glasses at a rate of 15 frames per minute. Loading continues until the sample is strained to 20%
of its original length, followed by stress relaxation for 45 min while slowly cooling it to 30○C. To unload the
sample, the chamber is opened, and the grips are released. The frame rate is set at 15 frames per minute during
the loading and recovery stages, while it is adjusted to 1 frame per second for the unloading phase to capture
spring back. Subsequently, the chamber is closed, and the sample is reheated to 80○C at a rate of 4○C per
minute. Two recovery scenarios are considered: free recovery and constrained recovery. In free recovery, the
sample is not gripped, while in constrained recovery, the sample is gripped, and stress values are recorded in
the UTM. This experiment is repeated with different samples having varying fiber mass fractions.

2.3.4 Microscopy
Scanning Electron Microscopy is conducted using Inspect F50, a high-resolution Scanning Electron

Microscope based on a field emission gun. Samples for SEM are obtained by cutting fractured tensile
specimens to ensure that the fractured surfaces are visible under the SEM. Gold coating is applied to the
exposed surface of the sample. Subsequently, the sample is positioned in the SEM, and images are captured
at various locations and resolutions, ranging from 300x to 2000x. The length distribution of glass fibers
embedded in the polymer matrix is also measured to better understand their reinforcing effect. This process
begins with a burnout test, where the composite sample is heated to 600○C for 24 h. During this high-
temperature treatment, the polymer matrix is completely burned away, leaving only the glass fibers intact.
These residual fibers are then carefully collected and transferred to a glass slide. To facilitate their dispersion,
small droplets of water are added to the slide, allowing the fibers to spread out uniformly. Once the fibers
are well-dispersed, the slide is placed under a Dino Lite microscope equipped with length measurement
capabilities. The magnification factor is varied between 30x to 45x. High-resolution images are captured, and
the lengths of a representative sample of fibers are measured using the microscope’s software, DinoCapture
2.0. This method ensures a precise and accurate determination of the fiber length distribution within
the composite.

3 Results and Conclusion
The flexible linear polymer NGDE not only lowers the Tg but also increases the failure strain [29].

However, the polymer has less viscosity which decreases the overall viscosity of DGEDBA and NDGE
polymer mixture, Table 1. This causes high-density glass fibers to settle down inside the mold due to gravity
in a freshly prepared resin and fiber mixture. The hit and trial in experiments suggest that the suitable amount
of DGEBA:NGDE to be used is 75:25 for fibres to suspend and result in uniform dispersion.

3.1 Mechanical Properties
The epoxy-based short glass fiber-reinforced Shape Memory Polymer Composite (SMPC) exhibits a

dependence on mechanical properties concerning temperature and fiber content. Understanding properties
such as yield strength and failure strain of SMPC is crucial for large-deformation applications. The selection
of programming variables, such as deformation temperature and strain, is based on the aforementioned
mechanical properties.

The stress-strain curve for the SMPC at 30○C with varying fiber content is depicted in Fig. 1. The
fiber mass fraction of randomly oriented short glass fibers ranges from 0% to 15%. The neat polymer has
an elastic modulus of 310.5 MPa and a yield stress of 25.4 MPa at a temperature of 30○C. As observed, it
exhibits viscoelastic-plastic behavior at this temperature. It behaves elastically until the nominal strain value
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of 0.1, followed by strain-softening and a steady zone. Deformations beyond the yield limit consist of both
recoverable and irrecoverable components of strain.

Figure 1: Stress response of SMPC at 30○C with increasing mass fraction of short glass fibers

The failure of SMPC occurs at a nominal strain value of 0.66 or a strain percentage of 66.0%. This
behavior of neat SMP can be attributed to the presence of polymer chains that initially resist deformation.
Subsequently, intermolecular segments begin rotating after reaching the yield stress until the cross-linked
chains resist further deformation, leading to strain-hardening before failure [18].

Further, the addition of short glass fibers changes the mechanical properties of SMPC. As seen in
the Fig. 1, the tensile modulus, yield strength, and failure strain vary with different fiber mass fractions. The
tensile modulus increases from 0.31 to 0.96 GPa and yield strength from 25.39 to 55.20 MPa for the neat
polymer to 15% mass fraction of short glass fibers, respectively, at 30○C. The composite strength here is
the maximum stress that can be resisted by SMPC, which is equal to yield strength in this particular case,
see Fig. 1. The increase in aforementioned properties can be attributed to the presence of glass fibers that
act as stiff reinforcement and participate in load sharing. The three most important parameters affecting
the properties of SMPC are fiber volume, fiber length, and orientation. In the present work, the fiber mass
fraction can be considered as the major contributing factor to the change in the properties. However, as
the mass fraction of fibers is increased from 0% to 15%, the failure strain decreases from 0.66 to 0.09. This
can be attributed to stress concentration at the endpoint of fibers, which causes matrix crack formation and
propagation until the failure [31,32]. As seen in Fig. 1, the SMPC without any fibers exhibits a zone of steady
plastic flow post-yielding. Due to short fibers, the SMPC becomes brittle and cannot sustain large plastic
deformations. Recent surface treatment methods, such as acid treatment of fibers, have been shown to have
significant improvements in elongation at break and tensile modulus [33]. Implementing such techniques
in future work could help further mitigate the brittleness of fibers observed in the present study, potentially
enhancing both the mechanical performance and durability of the composite.

The SMP is considered to have crosslinks that behave as hyperelastic and entangled polymer chains
that act in a viscoelastic-plastic manner [34]. Both segments participate in load sharing on deformation.
The viscoelastic-plastic behaviour of the polymer depends on viscosity, which in turn greatly depends on
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temperature. The addition of randomly oriented short fibers results in a homogeneous and isotropic SMPC
and thus exhibits similar behaviour as SMP.

The stress response of SMPC at 40○C is depicted in Fig. 2. The tensile modulus increases from 0.19 to
0.50 GPa and yield strength from 10.28 to 31.36 MPa for the neat polymer to 15% mass fraction of short glass
fibers, respectively, at 40○C. The SMPC becomes more rubbery due to the decreased viscosity of polymer with
an increase in temperature, however, this temperature is still below the Tg of SMPCs which is around 60○C,
discussed in the next section. The segments rotate easily and offer less resistance to plastic deformation. As
temperature increases from 30○C to 40○C, the failure strain increases from 0.66 to 1.13, 0.17 to 0.65, 0.09 to
0.50, 0.07 to 0.14 for fiber mass fraction of 0%, 5%, 7.5%, 10%, 15%. It is therefore evident that crack formation
and propagation are reduced at this temperature resulting in high failure strain. Comparing SMPC behaviour
at two different temperatures, we can see that tensile modulus and yield strength drop and failure strain
increase at 40○C as compared to 30○C. The increase in failure strain makes it suitable for large deformations
at 40○C.

Figure 2: Stress response of SMPC at 40○C with increasing mass fraction of short glass fibers

If the temperature is increased above Tg up to a point where the viscosity of polymer chains flowing past
each other becomes zero, only the cross-link participates in load sharing. This results in pure hyperelastic
behaviour. Fig. 3 shows the stress response of SMPC at 75○C. At this temperature, the material becomes very
soft and behaves as hyperelastic material. The tensile modulus of SMPC at 75○C are 6.81, 12.42, 20.54, 42.72,
and 44.74 MPa and failure strain of 0.49, 0.21, 0.15, 0.12, and 0.10 for SMPC with fiber mass fraction of 0%,
5%, 7.5%, 10%, 15%.
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Figure 3: Stress response of SMPC at 75○C with increasing mass fraction of short glass fibers

3.2 Microscopic Properties
3.2.1 Scanning Electron Microscopy

The effect of fiber-matrix adhesion and failure mechanism can be inspected through microscopic
images obtained from Scanning Electron Microscopy (SEM). The quality of the fibre-matrix interface greatly
influences the composite’s strength and effective modulus. The failure strain of the composite also depends
on fiber breakage and pullout, tensile microcracking, shear yielding, and cracking [35]. Fig. 4 presents SEM
images that reveal the random dispersion of short fibers embedded in the matrix of a fractured composite
sample surface.

The SEM images show that the fibers are randomly oriented in all directions, refer to A in Fig. 4
embedded in the matrix facilitates load sharing, thereby enhancing the composite’s modulus. The quality of
fiber-matrix adhesion can be understood through region B, which depicts the residual of matrix on the fiber.
Strong adhesion ensures effective stress transfer between fibers and the matrix, contributing to increased
composite strength. Poor adhesion can result in fiber pull-out (shown as E) and debonding, weakening
the composite structure. The pull-out of fibers dissipates energy during fracture, impacting the toughness
and ductility of the composite. The SEM images also show occasional fiber clusters within the matrix, see
C in Fig. 4. These clusters can create localized regions of stiffness but may also act as stress concentrators,
potentially initiating cracks under load and leading to premature failure. Further, the breakage points, shown
as region D, act as sites for stress concentration, which can propagate cracks through the matrix, contributing
to the composite’s failure.
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Figure 4: Scanning Electron Microscopy images of the fractured surface of tensile sample with A-random orientation,
B-fiber matrix adhesion, C-occasional fiber clusters, D-fiber breakage, and E-fiber pull out

3.2.2 Fiber Length Distribution
The fiber length distribution of glass fibers plays a crucial role in determining the mechanical and

thermal properties of the composite. During the shear mixing process, fibers can break down into smaller
segments, altering the length distribution. To study this distribution, the lengths of fibers obtained from
burnout samples are measured. An in-house developed Python code is used to detect the fibers, measure
their lengths, and perform statistical calculations on the data.

Histograms for SMPC with 5%, 7.5%, 10%, and 15% mass fractions of short glass fibers are shown
in Figs. 5–8, with the mean length and standard deviation indicated in the graphs. The histograms reveal that
a significant number of fibers have lengths close to the mean fiber length, although some very short and very
long fibers are also present. This distribution suggests that while the majority of the fibers are broken into
manageable lengths during processing, a range of fiber lengths still exists.

The mean fiber length decreases from 0.79 to 0.50 mm as the fiber mass fraction increases from 5% to
15%. This decrease in mean length with increasing fiber content can be explained by the higher probability
of fiber breakage during mixing due to the increased interaction between fibers. The presence of shorter
fibers at higher mass fractions can adversely affect the load transfer efficiency and the reinforcing effect of
the fibers, potentially impacting the overall mechanical properties of the composite. Another crucial factor
is whether the fibers are sized or unsized. Literature suggests that fiber sizing enhances interfacial adhesion
with the matrix. Additionally, techniques such as coating fibers with polycaprolactone nanoparticles improve
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interfacial self-healing capability [36]. In the present work, pre-treated fibers with proprietary sizing were
used to ensure effective bonding.

Figure 5: Fiber length distribution of short glass fibers in the samples with 5% mass fraction of fibers

Figure 6: Fiber length distribution of short glass fibers in the samples with 7.5% mass fraction of fibers
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Figure 7: Fiber length distribution of short glass fibers in the samples with 10% mass fraction of fibers

Figure 8: Fiber length distribution of short glass fibers in the samples with 15% mass fraction of fibers

In summary, the fiber length distribution and fiber-matrix adhesion are critical factors that influence
the mechanical performance and shape memory properties of glass fiber-reinforced epoxy composites.
These aspects must be carefully controlled and optimized to achieve desired performance characteristics in
various applications.

3.3 Thermal Properties
The thermal properties of SMPC play a crucial role in determining the programming conditions and also

define its application. The most important property of SMPC is the transition temperature around which the
shape change is achieved. The glass transition temperature (Tg) is a critical thermal property that indicates
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the transition of the polymer from a hard, glassy state to a soft, rubbery state. Tg is measured using a DMA
at a frequency of 1 Hz, with a heating rate of 4○C per minute. The peak of the tan delta (tan δ) curve, which
represents the ratio of loss modulus to storage modulus, signifies Tg . Fig. 9 illustrates the tan δ curves for
SMPCs with different fiber mass fractions. The Tg increases from 61.4○C for neat SMP (0% fiber) to 64.1○C
for SMP with 15% fiber mass fraction. This increase in Tg with higher fiber content can be attributed to the
restricted molecular mobility of the polymer chains due to the presence of rigid glass fibers, which impede
the segmental motion required for the glass transition [37].

Figure 9: Tan delta (loss modulus/storage modulus) and temperature of SMPC measured by DMA at 1 Hz frequency

The CLTE quantifies the extent to which a material expands upon heating. CLTE is measured from the
slope of the strain vs. temperature plot obtained during stress-free thermal expansion using DMA. As shown
in Fig. 10, CLTE varies significantly between the glassy and rubbery states of SMPC. In the glassy state (below
Tg), CLTE decreases from 0.00039 for neat SMP to 0.00023 for SMP with 15% fiber mass fraction. In the
rubbery state (above Tg), CLTE drops from 0.0024 for neat SMP to 0.0005 for the composite with the highest
fiber content. The reduction in CLTE with increasing fiber content is due to the lower thermal expansion of
glass fibers compared to the polymer matrix. The presence of fibers restricts the thermal expansion of the
composite, particularly in the rubbery state where the polymer matrix is more flexible.

Thermal conductivity is an important property for materials used in thermal management applications.
It is measured using the NETZSCH LFA 467 HyperFlash Thermal Analyzer. The thermal conductivity
of SMPCs increases with higher fiber mass fractions and decreases with increasing temperature. Fig. 11
shows that at 40○C, the thermal conductivity of SMPCs increases from 0.118 W/m⋅K for neat SMP to
0.164 W/m⋅K for SMP with 15% fiber mass fraction. At 80○C, the thermal conductivity decreases to 0.094
W/m⋅K for neat SMP and 0.137 W/m⋅K for the composite with 15% fiber mass fraction. This trend can be
explained by the higher intrinsic thermal conductivity of glass fibers compared to the polymer matrix. The
reduction of thermal conductivity with increased temperature of epoxy polymer and increase with increasing
filler content has also been reported in the literature [38].

Specific heat capacity (Cp) measures the amount of heat required to raise the temperature of a unit mass
of a material by one degree Celsius. Cp is also measured using the NETZSCH LFA 467 HyperFlash Thermal
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Analyzer. Fig. 12 indicates that the specific heat capacity of neat SMP increases from 1.36 J/g⋅K at 0○C to
2.29 J/g⋅K at 80○C. At 40○C, Cp decreases from 2.24 J/g⋅K for neat SMP to 1.80 J/g⋅K for SMP with 15%
fiber mass fraction. The decrease in Cp with increasing fiber content can be attributed to the lower specific
heat capacity of glass fibers compared to the polymer matrix. The presence of fibers reduces the overall heat
capacity of the composite, making it less sensitive to temperature changes.

Figure 10: Stress-free thermal expansion of SMPC for different fiber mass fractions measured by DMA in creep mode

Figure 11: Thermal conductivity of SMPC at different temperatures and fiber mass fractions
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Figure 12: Specific heat capacity of SMPC at different temperatures and fiber mass fractions

The incorporation of short-chopped glass fibers into SMPs significantly influences their thermal
properties. The increase in Tg with higher fiber content is due to the restricted molecular mobility of the
polymer chains. The decrease in CLTE with increasing fiber content is a result of the lower thermal expansion
of glass fibers. Similarly, the enhancement in thermal conductivity with higher fiber content is attributed
to the superior thermal conductivity of glass fibers. However, the thermal conductivity decreases with
increasing temperature due to increased molecular motion within the polymer matrix. Lastly, the reduction
in specific heat capacity with higher fiber content reflects the lower heat capacity of glass fibers compared to
the polymer matrix.

3.4 Shape Memory Properties
The study focuses on the shape memory properties of an epoxy polymer composite reinforced with

randomly dispersed short chopped glass fibers. The mass fraction of the fibers is varied from 0% to 15%, with
significant attention given to the shape memory performance at a deformation temperature of 40○C, which
is below the glass transition temperature (Tg) of the composite. This section delves into the experimental
findings and the implications of varying fiber content on shape fixity, shape recovery, and recovery stress.
The thermomechanical cycles performed in this study involve heating the sample to 40○C, deforming it
to the specified strain, holding the deformation while cooling to 30○C, unloading, and finally reheating to
75○C for shape recovery. These cycles are crucial in evaluating the shape memory behavior under different
recovery conditions.

The results of the thermomechanical cycles, depicted in Fig. 13 for fiber mass fractions of 0%, 5%, 7.5%,
and 10%, show a clear trend of increasing shape fixity with higher fiber content. This indicates that the
addition of short chopped glass fibers enhances the ability of the composite to maintain its deformed shape
after cooling and unloading.
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Figure 13: Stress response of short glass fiber reinforced SMPC subjected to a complete thermomechanical cycle for
different fiber mass fractions

3.4.1 Influence of Deformation Temperature
The deformation temperature plays a significant role in determining the mechanical performance and

shape memory behavior of the composite. In this study, a deformation temperature of 40○C is chosen. This
temperature is below the Tg of the polymer matrix but sufficiently high to allow some degree of molecular
mobility without surpassing the polymer’s glassy state.

Experimental observations reveal that at 40○C, the failure strain is higher than at both 30○C and
75○C. At temperatures below Tg, such as 30○C, the polymer matrix remains relatively rigid, limiting the
extent of deformation. Conversely, at temperatures above Tg, such as 75○C, the polymer becomes too soft,
and large deformation strains are not achievable due to early material failure. Therefore, 40○C strikes a
balance, providing an optimal condition for deformation without compromising the structural integrity of
the composite.

3.4.2 Programming Conditions and Strain
The shape memory properties are highly sensitive to the programming conditions, including defor-

mation strain, deformation temperature, holding time, heating rate, and applied loads. In this study, the
deformation strain is maintained at 20% for fiber mass fractions up to 10%. This consistent deformation
strain allows for a comparative analysis of the influence of fiber content on shape memory performance.

For the composite with a 15% fiber mass fraction, the fracture strain is around 15%, indicating that it is
not feasible to achieve a 20% deformation strain without causing material failure. This limitation underscores
the need to adjust the programming strain based on the fiber content to avoid premature failure and to ensure
effective shape memory performance.

3.4.3 Shape Fixity
Shape fixity is a critical parameter in evaluating the shape memory performance of the polymer com-

posites. It quantifies the ability of the composite to fix the deformed shape upon cooling and unloading. The
shape fixity (S f ) is calculated using the Eq. (1). Fig. 14 demonstrates that as the fiber mass fraction increases
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from 0% to 10%, the shape fixity of the composites improves from 85.3% to 88.6%. This enhancement in
shape fixity with increasing fiber content can be attributed to the reinforcing effect of the glass fibers, which
provide additional mechanical stability to the deformed shape. The fibers help in restricting the polymer
matrix from relaxing back to its original shape, thereby improving the ability of the composite to retain the
deformed configuration.

Figure 14: Effect of fiber mass fraction on the shape fixity of short glass fiber reinforced SMPC

3.4.4 Shape Recovery
Shape recovery is another crucial aspect of shape memory behavior, representing the material’s ability

to return to its original shape upon reheating. In this case, the SMPC is heated from 30○C to 80○C at
4○C/min. The shape recovery ratio (Rr) is given by Eq. (2). The study considers two scenarios for shape
recovery: free recovery and fully-constrained recovery. In free recovery, the composite is allowed to recover
without any external constraints, whereas, in fully constrained recovery, the composite is restricted from
shrinking during the heating process, leading to the generation of recovery stress. The free recovery results,
shown in Fig. 15, indicate a significant reduction in shape recovery ratio with increasing fiber content. For
a fiber mass fraction of 0%, the shape recovery ratio is 98.63%, which decreases to 90.78% when the fiber
content is increased to 10%. This decrease can be explained by the interaction between the polymer matrix
and the glass fibers. While the fibers enhance the mechanical properties and shape fixity, they also hinder
the polymer chains’ mobility during the recovery process. This restriction reduces the material’s ability
to return fully to its original shape, leading to a lower recovery ratio. The balance between shape fixity
and recovery depends on the application. In practical applications such as deployable aerospace structures
and medical devices, a high shape fixity ensures that components retain their programmed configurations
until activation, while a high shape recovery guarantees the return to their original shapes upon stimulus.
The typical range of shape fixity and shape recovery in tension for existing SMPs programmed in warm
and cold zones of programming temperature lies between 70%–90% and 90%–100% [25]. Compared to
existing fiber-reinforced SMPCs, the proposed material demonstrates an improved fixity-recovery balance
due to optimized fiber content, ensuring that stiffness and deformation capabilities are maintained without
excessive compromise in recovery.
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Figure 15: Recovery strain of stress-free SMPC on heating the sample from 30○C to 80○C at 4○C/min

In the fully-constrained recovery scenario, the focus shifts to the recovery stress, which is the stress
exerted by the composite as it tries to return to its original shape under constrained conditions. Fig. 16
illustrates that the recovery stress increases from 2.35 to 4.48 MPa as the fiber content rises from 0% to 10%.
This increase in recovery stress with higher fiber content is a result of the higher stiffness imparted by the
glass fibers. When the composite is heated, the polymer matrix attempts to shrink back, but the fibers resist
this movement, thereby generating higher stresses.

Figure 16: Recovery stress of fully constrained SMPC on heating the sample from 30○C to 80○C at 4○C/min

In contrast, the shape recovery behavior, particularly under free recovery conditions, deteriorates with
increasing fiber content. The decrease in recovery ratio suggests that while the fibers improve fixity, they also
impede the polymer’s ability to fully recover its original shape. This trade-off between shape fixity and shape
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recovery must be considered in practical applications, depending on whether the priority is to maintain
the deformed shape or to ensure complete recovery. These results highlight the complex interplay between
fiber content and shape memory behavior in polymer composites. The findings provide valuable insights
for tailoring the composite’s properties to meet specific application requirements, whether the focus is on
maintaining a deformed shape or ensuring complete recovery. Future work could explore the effects of
different fibre types and orientations, as well as the influence of varying programming conditions, to further
enhance the understanding and performance of shape memory polymer composites.

4 Summary
In this study, a short glass fiber reinforced Shape Memory Polymer composite based on epoxy is

investigated for the mechanical, thermal, microscopic, and shape memory properties. The mechanical
properties of SMPCs are significantly influenced by fiber content and temperature. Increasing the short glass
fiber content enhances the tensile modulus and yield strength, but reduces the failure strain. At 30○C, the
tensile modulus increases from 0.31 to 0.96 GPa, and the yield strength from 25.39 to 55.20 MPa, as the fiber
content increases from 0% to 15%. However, higher fiber content makes the SMPC more brittle, reducing its
ability to sustain large deformations.

The fiber length distribution is critical for the composite’s performance. Higher fiber mass fractions
lead to shorter mean fiber lengths due to increased breakage during processing. This decrease in fiber length
negatively impacts the load transfer efficiency and mechanical properties.

The thermal properties, including the glass transition temperature (Tg), coefficient of linear thermal
expansion (CLTE), thermal conductivity, and specific heat capacity, are all influenced by fiber content. Higher
fiber content restricts polymer chain mobility, increasing Tg from 61.4○C for neat SMP to 64.1○C for SMP with
15% fiber. CLTE decreases with higher fiber content, especially in the rubbery state. Thermal conductivity
increases with fiber content but decreases with temperature, while specific heat capacity decreases with
fiber content.

The shape memory performance is heavily dependent on fiber content and programming conditions.
At a deformation temperature of 40○C, which is below Tg, the composite with 10% mass fraction of short
glass fibers exhibits shape fixity of 88.6%, recovery ratio of 90.8%, and constraint recovery force of 4.48 MPa
(having an ultimate tensile strength of 30.6 MPa). Higher fiber content improves shape fixity but reduces the
shape recovery ratio, highlighting a trade-off between maintaining a deformed shape and ensuring complete
recovery. The recovery stress increases with fiber content, indicating higher stiffness.

In summary, incorporating short glass fibers into epoxy-based SMPCs enhances their mechanical and
thermal properties while introducing a balance between shape fixity and recovery. These insights are valuable
for tailoring SMPCs for specific applications requiring large deformations and precise shape memory
behavior. Future research should explore different fiber types, orientations, and programming conditions to
further optimize the performance of SMPCs.
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