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Abstract

There has been a lot of research on hybrid composites, but most of the research is limited to
traditional composites. As a kind of thermo-responsive material, the mechanical properties of
shape memory polymer composites (SMPCs) vary dramatically with temperature, so researches
on the isothermal mechanical properties of hybrid SMPCs under different temperatures are
necessary. This paper investigates the flexural and shape memory performances of carbon fiber
(CF) and glass fiber (GF) reinforced hybrid SMPCs. After determining the lamina properties of
CF and GF laminae at different temperatures, the flexural properties of hybrid SMPCs were
predicted by simulation and theoretical calculations, which agreed well with the subsequent
experimental results. The failure modes, dynamic thermomechanical properties, and shape
memory properties of hybrid SMPCs with different fiber stacking configurations at different
temperatures were then investigated. Finally, the effects of hybrid ratios on the flexural moduli
of hybrid SMPCs at different temperatures were studied.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction changing, magnetic field, and so on [2-5]. At present, thermo-
responsive SMP is the most common type, and the shape
Shape memory polymer (SMP) can respond to external stimuli memory process can be divided into the following steps:
by combining and modifying its molecules [1]. The external  (a) heat the SMP above its glass transition temperature (7'),
stimulus includes heat, electric field, light, moisture, PH and the material will be soft enough to bear large deformation
without any damage; (b) bend the SMP to a temporary shape,
such as ‘U’ shape and then cool down, the SMP will be hard
* Authors to whom any correspondence should be addressed. and brittle, so the temporary shape can be fixed; (c) heat the
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Figure 1. The ‘initial status-fixed deformation—restoration to initial
status’ cycle of SMP.

pre-deformed SMP above its T, again, it can recover from the
temporary shape to its original shape [6-8]. The ‘initial status-
fixed deformation-restoration to initial status’ cycle of SMP is
shown in figure 1, and this process is repeatable [9, 10]. The
recoverable strain of SMP is large, but the low tensile modulus,
tensile strength, and poor thermo-mechanical properties will
limit its application, especially in aerospace fields [11-16]. So,
the reinforced materials, such as particles or fiber fillers are
introduced into SMP to enhance its mechanical properties. The
fiber reinforced shape memory polymer composites (SMPCs)
have the characteristics of lightweight, high tensile modulus
and strength, which can significantly improve the load carry-
ing capacity of spacecraft, hence making the study of SMPC
very necessary [12].

As for fiber fillers, carbon fibers (CFs) have excellent
mechanical properties overall, but compared to the tensile
strength, their average compressive strength is significantly
lower, which will be a disadvantage when using carbon fiber
reinforced polymer (CFRP) as a structural member under com-
pressive or flexural conditions [15, 16]. Compared to CF, the
tensile strength of glass fiber (GF) is lower, but the strain to
failure and the ratio of compressive-to-tensile strengths are
higher; so, the GF reinforced polymer (GFRP) may have bet-
ter compressive and flexural performances than those of CFRP
[17-21]. In addition to CF and GF, there are also some func-
tional fibers, such as conductive fibers, optical fibers, nan-
ofibers, and others, which have unique chemical or physical
properties. For example, materials that are reinforced by con-
ductive fibers can be used on the surface of the spacecraft to
avoid the risk of charge concentration. To take full advantage
of different types of fibers, the matrix can be reinforced by

different kinds of fibers, and thus the ‘hybrid’ composites can
be manufactured [22, 23].

Dong et al researched the mechanical properties of CF/GF
hybrid composites and showed that when there was 24% GF
content in the specimen, the flexural strength was the highest
[24-26]. A recent study by Yan and Cao [27] reported a novel
kind of hybrid composites. The direct injection molding pro-
cess was used to fabricate the GF and CF reinforced hybrid
polypropylene composites, and they found that the interfa-
cial shear strength decreased between the CF and polypropyl-
ene. Hung investigated the failure modes and responses when
hybrid composites were under low-velocity impact test, and
found that if the CF was used on the outer sides of a speci-
men, the size and defection of damage may reduce because
the strength of the bottom layer would control the flexural
strength of the whole specimen [28]. There has been a lot of
research on hybrid composites, but most of the research has
been limited to traditional composites, and only the hybrid
effects at room temperature are investigated. Besides, SMPC
is a kind of thermo-responsive material, whose mechanical
properties vary dramatically with temperature. As a con-
sequence, research on the isothermal mechanical properties
of hybrid SMPCs at different temperatures is very import-
ant. Besides, the effects of fiber stacking configurations on
the shape memory properties of hybrid SMPCs should also be
studied.

In this study, the epoxy-based SMP was used as the matrix,
and the most common CF and GF were used as fiber fillers.
Specimens were prepared by the hand lay-up process with dif-
ferent fiber stacking configurations. The isothermal uniaxial
tensile tests, isothermal three-point bending tests, dynamic
thermomechanical analyses (DMAs), and shape memory per-
formance tests were all performed, and the mechanical prop-
erties of hybrid SMPCs were evaluated. The finite element
method (FEM) and classical laminate theory (CLT) were used
to fit the experimental results, and the results from experi-
ments, FEM, and CLT were generally in good agreement in
this work. In addition, when a specimen is bent upwards,
the underside of the specimen is stretched, the upper side
gets compressed, and the neutral plane gradually moves to
the outboard tensile side of the cross-section from the sym-
metry mid-plane [7]. From this, the bending failure of the
hybrid composite is complex, including tensile failure and
compressive failure. So, the failure mode was investigated by
the scanning electron microscope (SEM). Finally, with the
help of CLT, the effects of hybrid ratios on the flexural moduli
at different temperatures were also investigated. The hybrid
SMPCs proposed in this paper have the following advant-
ages: (a) compared to the traditional hybrid composite mater-
ials, they can not only be used as load-bearing materials but
also be used as intelligent functional materials. (b) compared
with the previously developed SMPCs, the mechanical prop-
erties and shape memory performance (7, shape retention
and recovery ratio) can be adjusted by controlling the hybrid
ratios and fiber stacking configurations instead of modifying
the resin.
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2. Experiments

2.1. Preparation of specimens

2.1.1. Preparation of prepreg tapes. In this work, shape
memory epoxy resin (T'g = 100 °C, Harbin Institute of Tech-
nology, China) [29] was used as matrix, Toray T300S 12 K CF
(Toray Industries Inc., Tokyo, Japan) and S4C10-640 type 30
single-end continuous GF roving (Sinoma Science & Techno-
logy Co., Ltd, China) were used as the reinforcing fiber fillers.
Table 1 shows the fundamental mechanical properties of fibers
and cured epoxy resin. To acquire high-quality composite lam-
inate, the technology of two-step automated tape laying was
applied to manufacture CF and GF reinforced prepreg tapes
(300 mm width prepreg production line, Coatema, Germany),
and the detailed preparation steps are shown in section S1,
supplemental information. Both the CF and GF prepregs had
nominally the same resinous mass fraction of 50%. The cor-
responding fiber volume fractions of CF and GF prepregs can
be calculated as 40% and 33%, respectively.

2.1.2. Preparation of SMPCs. To prepare test specimens, the
prepreg tapes were arranged in unidirectional configurations
and manufactured into test specimens utilizing the hand lay-
up process. As shown in figure 2(a), six kinds of unidirectional
fiber stacking configurations (Cs, Gg, (CG)3, (GC)3, C3G3,
G3(C3) were chosen in this work, and the stacking sequence
was set as [0°],. The detailed preparation process of the SMPC
specimens is shown in section S2, supplemental information.
It is worth noting that C¢ and G¢ laminates with the stacking
sequence of [45°/ —45°],. were also prepared to acquire the
shear moduli of the composites, according to the testing stand-
ard of American Society for Testing and Materials, ASTM
D3518 [30]. By measuring the thickness of the prepared spe-
cimens, it can be calculated that the average thickness of CF
lamina is 0.223 + 0.00075 mm, while for GF lamina, the aver-
age thickness is 0.243 £ 0.00075 mm. After the laminates are
prepared, the specimens are cut into smaller specimens with
different dimensions by a water jet cutting machine (Nanjing
Bitong Technology Co., Ltd, China). It should be noted that
all the specimens with the same fiber stacking configurations
are cut from one large laminate.

2.2. Isothermal uniaxial tensile tests

The lamina properties of composites, including longitudinal
modulus (£;;), shear modulus (Gy,), the Poisson’s ratio (1,;)
and the transverse modulus (E,;) were conducted by the iso-
thermal uniaxial tensile tests. Table 2 shows the dimensions of
specimens according to ASTM standards [30, 31]. Section S3,
supplemental information details the testing procedures and
calculation methods of Ey1, E2», 151, and Gs.

2.3. Isothermal three-point bending test

The flexural properties were determined through three-point
bending tests in this work. The depths of all the specimens

Table 1. Fundamental mechanical properties of the fibers and cured
SMP at 25 °C.

Tensile modulus Tensile strength ~ Density
Material (GPa) (MPa) (g cm ™)
Toray T300S 230 3530 1.78
carbon fiber
S4C10-640 79 3034 241
glass fiber
Epoxy resin 1.8 65.4 1.2

Carbon fiber lamina

(b)

(CG);

Figure 2. Hybrid SMPCs with different fiber stacking
configurations, (a) schematic diagram of fiber stacking
configurations, (b) six kinds of test specimens.

were less than 1.6 mm (ranging from 0.98 mm to 1.48 mm,
depending on the fiber stacking configurations), so the dimen-
sions of specimens were chosen to be 12.7 mm x 50.8 mm
according to ASTM D790-07 [32], as shown in figure 2(b).
Section S3, supplemental information details the testing pro-
cedures and calculation methods of the flexure modulus (Ey),
flexure stress (of) and flexural strain (ef).

2.4. Failure mode and morphology

The failure mechanism of fiber reinforced composite is rather
complicated; in general, the failures always include tensile
failure, compressive failure, and delamination. When a spe-
cimen is bent, two surfaces of the specimens are stretched
and compressed, respectively. Besides, delamination is always
caused by shear stress, which may be caused by the incorpora-
tion of CF and GF [33, 34]. As the tensile strengths and moduli
of CF and GF are generally high, tensile failure is uncommon
in the flexural test. While the compressive strengths and mod-
uli of CF and GF are much lower, so compressive failure will
be the most common type of failure mode in fiber reinforced
composites. Different failure mechanisms may cause different
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Table 2. The dimensions and testing standards of specimens with different stacking sequences.

Width Length  Thickness
Stacking sequences (mm) (mm) (mm) Testing standard
0° unidirectional 15 250 1 ASTM D3039
90° unidirectional 25 175 2 ASTM D3039
+45° balance and symmetric 25 250 2.5 ASTM D3518

failure modes, such as fiber splitting, fiber buckling, kink
bands, fiber crushing, and so on. So, in this work, to determine
the failure modes of hybrid SMPCs with different fiber stack-
ing configurations, an SEM (Nippon Corporation, Japan) was
used.

2.5. DMA test

DMA is an effective testing method to characterize the rela-
tionship between the mechanical properties and time, temper-
ature, or frequency of viscoelastic materials. Compared with
the isothermal mechanical test, the dynamic thermomechan-
ical test can reflect the performance of the material under
actual conditions more accurately, and only a small amount
of specimen is needed. To determine the dynamic thermo-
mechanical properties of the SMPC specimens, a TA instru-
ment DMA Q800 machine was used in this work, and the
clamp arrangement was chosen to be three-point bending with
a span of 50 mm. The frequency mode was set to be the multi-
frequency mode with the frequency of 1.0 Hz, and the tem-
perature ranged from 25 °C to 150 °C with a heating rate of
5°Cmin—". According to ASTM D5023-15, the dimensions
of the SMPC specimens were 60 mm x 5 mm x 2 mm [35].
There were five specimens for each testing condition, and the
mean values of the test data were calculated to represent the
results.

2.6. Shape memory performance test

The shape memory properties of specimens with different fiber
stacking configurations were evaluated by a universal mech-
anical testing machine Zwick Z010. The testing method and
calculating method of shape retention and recovery ratio of
SMPC in this paper are referred to [29]. The specimens were
incised into a rectangular shape, and the dimensions were
60 mm X 10 mm x 1.5 mm. Figure 3 showed the four steps
of the shape memory performance test: (a) an oven was used
to heat the specimen to 100 °C, and then the loading nose
dropped to bend the material. The initial maximum deflection
of the specimen was set to be hy; (b) after cooling down to
25 °C, the temporary shape of the specimen could be fixed;
(c) rising the loading nose to its initial position (the deflection
of the loading nose was zero) and the fixed deflection of the
specimen sy was measured; and (d) the specimen was reheated
to 100 °C quickly and the residual deflection i, was meas-
ured. The complete thermomechanical loading programming
was shown in figure 3. The corresponding initial maximum
deflection (&), fixed deflection (¢¢) and residual deflection (&,)
were calculated by equation (S.9). It should be noted that ¢

was chosen to be 1% in this section. This was mainly because
the specimens began to suffer major failure or breakage when
the strain was greater than 2% observed in the isothermal
three-point bending tests. Hence, no specimens were used at
more than half of the breaking strain to provide a minimum
safety factor of 2.

The shape fixity ratio was defined as [29]:

Re= L x 100% (1)
€0
and the shape recovery ratio was defined as [29]:
Re= 225 2 100%. 2)
€0

There were at least five specimens for each testing condi-
tion, and the mean values of the test data were calculated to
represent the results.

3. Simulation and theoretical analysis of hybrid
SMPCs

3.1 Finite element analysis (FEA)

The distribution of stress and deflection were analyzed by a
commercial software package Abaqus 6.12, which was helpful
to better understanding the flexural process of hybrid compos-
ites. For simplification, the applied stress in the FEA model
was regarded as 1 MPa, and the range of the applied stress
is 1 mm in the middle of the specimen. Because the bound-
ary conditions of the FEA model were symmetric, we can
only model half of the laminate, and the boundary condi-
tions and dimension of the model are shown in figure 4.
The element type was S4R element, and the mesh size was
0.25 mm x 0.25 mm.

The lamina properties were defined separately as CF lam-
ina and GF lamina, and the stacking configurations of Cg,
Gs, (CG)5, (GC)5, C3G3, G3C3 were defined separately in
Abaqus®. The lamina properties £, E»y, 151 and Gy, could be
obtained from the tensile test, and G13, G»3 could be derived
by Hashin’s model [24]. The shear modulus of SMPC can be
regarded as irrelevant to the reinforced fibers, so the follow-
ing assumptions can be proposed: G, = G3 = Go3. Figure 5
shows the deformed contour of the Cs specimen. The max-
imum deflection under the applied force can be read from the
FEA results, so the flexural modulus can be obtained by using
the deflection dy through equation (S.8).
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Figure 3. Shape memory performance test reflecting the variation of load, strain, and temperature versus time (one cycle: 1-deformation,
2-cooling/fixation, 3-unloading, 4-heating/recovery), (a) schematic diagram of the thermomechanical loading program, (b) image of
thermomechanical loading program at different steps, (c) thermomechanical loading experiment curves of unidirectional hybrid SMPCs.



Smart Mater. Struct. 31 (2022) 115024

H Zhao et al

IMPa

Simply

x-symmetry support

t 3
oo
0.5mm =
‘

L/2=12.7mm

Figure 4. FEA model of the three-point bending specimen (only
model half of the laminate).

U, Magnitude
+4.933e-02
+4.523e-02
+4.113e-02
+3.702e-02
+3.292e-02
+2.882e-02
+2.472e-02
+2.061e-02
+1.651e-02
+1.241e-02
+8.307e-03
+4.205e-03
+1.021e-04

Figure 5. FEA result of the Cs specimen (the deformation scale
factor is 30).
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Figure 6. The coordinate system of the laminate under three-point
bending condition (g and c represent the GF and CF reinforced
laminates, respectively).

3.2. The theoretical analysis

The coordinate system of the laminate under the three-point
bending condition is established as shown in figure 6. The xy
axes are in the mid-plane of the laminate geometrically, and
the z axe defines the direction of thickness.

The strain in the coordinate system of laminate can be writ-
ten as follow, according to the CLT:

e=e’+zk 3)

where €° and k are expressed as equations (S.10) and (S.11).

The relationship between stress matrix and the strain matrix
are shown in equation (S.12). As for the three-point bending
specimen, N = 0 and M, = M,, = 0, so it can be simplified as:

SRR RIS B

M=[M, 0 0] )

where

The stress matrix and curvature matrix of mid-plane €° and
K are:

e =BM (6)
k=DM @)
where
B,=-A"'B(D-BA'B)"! (8)
D, =(D-BA'B)"! ©)

As shown in figure 6, the internal moment M,, is no con-
stant, which changes with the x direction: when x = L/2, M,
reaches its maximum, —FL/4, while when x =0 and x =L,
M, = 0. When x = L/2, the stress also reaches its maximum.
The deflection at the mid-span can be calculated as follow [36]:

2
Foxx max L

3 (10)

woy = —
Then, the flexural modulus can be obtained using
equation (S.7).

4. Results

4.1. The lamina properties

The longitudinal modulus E;; of CF and GF reinforced
SMPCs at different temperatures are shown in figure 7. It is
clear that the longitudinal modulus of CFRP is about 2 or 3
times higher than that of GFRP. With the increase in temperat-
ure, £ of both CFRP and GFRP decrease monotonically. The
longitudinal modulus of CF reinforced SMPC is 40 653 MPa
at 25 °C and 16 676 MPa at 100 °C, while for GF reinforced
SMPC, this modulus is 16 867 MPa at 25 °C and 7668 MPa at
100 °C. It is worth noting that when the temperature changes
from 25 °C to 100 °C, E}; only drops to about 40% of the ori-
ginal value, and the SMPCs will not lose the axial load carry-
ing capacity. The reason for this phenomenon is the introduc-
tion of reinforced fibers increased the load carrying capacity
of SMPC along the fiber direction. Although the resin mat-
rix changes from glassy state to rubber state and loses its load
carrying capacity when the temperature is above T, the rein-
forced fibers can still bear a considerable load. Therefore, the
fibers can significantly enhance the longitudinal mechanical
properties of the SMPC. It should be noted that, in the tensile



Smart Mater. Struct. 31 (2022) 115024

H Zhao et al

—— Carbon fiber
- - --Glass fiber

40000

30000

20000

Longitudinal modulus E,,(MPa)

10000 |
20 40 60 80 100
Temperature (°C)
Figure 7 Ej; of CF and GF reinforced SMPCs at different
temperatures .
12000 Carbon fiber
& - - - -Glass fiber 1800 =
= —— Carbon fiber o
L8 9000+ "~ ~ ----Glassfiber lgoo =
2 o
§ 6000 | 1400 i§
E 3
8 3000} 1200 £
[<H] ©
= @
g K
g op 0 TR 10 9
l_ 1 L 1 1
20 40 60 80 100

Temperature (°C)

Figure 8. E»; and G, of CF and GF reinforced SMPCs at different
temperatures.

process, the displacement of the fiber cannot be equal to the
one of the SMP, because the fibers are not completely straight
in the longitudinal direction due to the limitations in the man-
ufacturing processes. Therefore, the E;; obtained from the
experiment will be lower than that from the mixture rule.

The transverse moduli and shear moduli at different tem-
peratures for CF and GF reinforced SMPCs are shown in
figure 8. Different from the longitudinal mechanical proper-
ties of SMPC, the transverse and shear moduli of CF rein-
forced SMPC are almost the same as those of GF reinforced
SMPC, and it drops sharply when the temperature increases.
Because the transverse and shear moduli of SMPC are mainly
related to the matrix, which are almost independent of the rein-
forced fibers. Unlike the 60% decrease in longitudinal mod-
ulus, when the temperature changes from 25 °C to 100 °C,
the E and Gy, drop to about 0.07% and 0.3% of the original
value, respectively. This means that the reinforced fibers can-
not enhance the transverse and shear mechanical properties of
SMPC. When the resin matrix changes from the glassy state
to rubbery state, the SMPC will lose its transverse and shear
loads bearing capacities. The lamina properties of CF and GF

reinforced composites at different temperatures are listed in
table 3.

4.2. Flexural moduli of hybrid SMPCs at different
temperatures

Figure 9 shows the flexural moduli of hybrid SMPCs with dif-
ferent fiber stacking configurations as a function of temperat-
ure from experiments, FEA and CLT. The results are gener-
ally consistent except for exceptions in some specific data. It
is shown that the flexural moduli decrease with the increase of
temperature for all stacking configurations. With the increase
in temperature, the resin matrix of SMPC will change from
glassy state to rubbery state, thus, the SMPCs will become
softer. Besides, the flexural moduli decrease rapidly when the
temperature rises from 40 °C to 80 °C and keep at an extremely
low value with a further increase of temperature from 80 °C to
100 °C. Therefore, the SMPC will lose its flexural resistance
completely when the temperature is higher than 80 °C.

The flexural moduli of SMPCs as a function of fiber stack-
ing configurations at different temperatures are shown in
figure 10. It is seen that under all temperature conditions,
CF reinforced SMPCs have the highest flexural moduli, while
GF reinforced SMPCs have the lowest flexural moduli. This
trend is similar to the tensile moduli of CF and GF reinforced
SMPCs at different temperatures, shown in table 3. As for
C3G3, G3C3, (CG)4 and (GC),, although the volume fraction
of each fiber component is the same, the flexural moduli are
quite different. The flexural moduli of (CG), and (GC), are
always higher than those of C3G3 and G3Cs5. Because when the
SMPC is bent, one side of the laminate is stretched while the
other side is compressed, resulting in the difference of tensile
and compressive modulus of the adjacent lamina having a
great influence on the hybrid effect. For (CG), and (GC);,
the flexural moduli between every adjacent lamina are differ-
ent, so large hybrid effect exists and the flexural moduli will
be higher than that of C3G3; and G3Cj. It is worth noting that
under all temperature conditions, the flexural moduli of C3G3
and (CG)s, are slightly higher than those of G3C3 and (GC);.
From which we can see that specimens with carbon lamina on
the tensile side will have higher flexural modulus than speci-
mens with carbon lamina on the compressive side. For SMPCs
with different fiber stacking configurations, positive effects
can always be found in the hybrid composites.

4.3. DMA results

As revealed in figure 11(a), when the temperature is relatively
low, the storage moduli of all six kinds of SMPCs maintain rel-
atively high values, so the SMPCs will stay in the ‘hard’ state.
When the temperature rises, there will be a rapid decrease
in the storage modulus and then remains stable, because the
storage modulus of SMP materials will change drastically
around 7. At relatively low temperature, the storage modulus
of C¢ and G are 47 216 MPa and 15 591 MPa, respectively.
While when the temperature rises above T, the storage mod-
uli will stabilize at 1720 MPa and 343 MPa for C¢ and Gg,
respectively.
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Table 3. The lamina properties of CF and GF reinforced composites at different temperatures.

Temperature (°C) 25 40 60 80 100
CF reinforced Ey1 (MPa) 40 653 34053 25 559 19 558 16 676
SMPC Ey (MPa) 12 491 10 460 3732 17.3 9.04
Va1 0.29 0.77 0.63 0.44 0.41
Ess (MPa) 3031 2195 148 42.3 25.4
G2 (MPa) 814 574 37.4 27.2 21.2
GF reinforced Ey (MPa) 16 867 14753 10 500 8912 7668
SMPC E» (MPa) 11987 9985 3540 16.5 8.6
123 0.34 0.89 0.38 0.42 0.4
E4s (MPa) 2528 2081 49.7 19.7 7.4
G2 (MPa) 675.9 533.4 12.5 7.02 2.36
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Figure 9. Flexural moduli of hybrid SMPCs with different stacking configurations as a function of temperatures from experiments, FEA

and CLT.

Figure 11(b) is the Temperature-Tan Delta curve of hybrid
SMPCs with different fiber stacking configurations, which
represents the viscoelastic properties of the specimens. When

the loss factor of material is larger, the material will be more
viscous; conversely, the material will be more elastic. The
temperature corresponding to the peak of the Temperature-Tan
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Delta curve is regarded as the T, of the SMPC. Figure 11(b)
indicates that G has the highest T, of about 95 °C, while
Cs has the lowest T of about 67 °C. The glass transition
temperatures of C3G3, G3C3, (CG), and (GC), are 70 °C,
69 °C, 74 °C and 73 °C, respectively, which keep at almost the
same level. The reason for this phenomenon is as follows: CF
has better thermal conductivity than that of GF, so the thermal
conductivity of Cg 1is the best, and it can reach its glass trans-
ition temperature faster during heating. Therefore, the T of
Cg will be lower than that of Gg. The thermal conductivities of
C3G3, G3C3, (CG);4 and (GC), are almost the same, so their
glass transition temperatures will keep at the same level.

4.4. Failure morphology

The micrograph images of a representative SMPC laminate
at different temperatures are shown in figure 12, where the
flexural strain of all the specimens is the same (2%). It is
worth noting that there is no significant difference in the mor-
phologies for all the specimens with different fiber stacking
configurations at the same temperature, so Cs is chosen as
representation. When the specimens are bent under different
temperatures, different kinds of damages may occur. It is seen
that under 25 °C, the failure mechanism may be the shear fail-
ure mode. The kink bands can be found on the compressive
side of specimens, while the fiber pullout and fiber splitting
can be found on the tensile side. When shear damage occurred
in the specimen, there will be additional displacements, so the
calculated flexural modulus may be lower than the actual value
[18]. As for specimens under 40 °C, there exist fiber buckling
on the compressive side and slight fiber pullout on the tensile
side, and the resin crack can also be found on the tensile side. It
is clear that with the increase in temperature, the shear failure
will become lighter under the same flexural strain. When the
temperature increasingly reaches 60 °C, there only exist sur-
face wrinkles on the compressive side, without any damage
in the fiber and resin. At that temperature, the tensile surface
remains intact and smooth. When the temperature is further

increased to 80 °C and 100 °C, there will be no damage on
both sides of the specimens, therefore, the micrograph image
of SMPC under 80 °C and 100 °C are not included in figure 12.

4.5. Shape memory properties

Figures 13—15 show the stress—strain, stress-temperature and
strain-temperature relationships, respectively. All the curves
have been smoothed and then divided into four sections, which
are corresponding to the four steps in section 2.6.

Figure 13 shows the stress—strain relationships of SMPC
specimens with different fiber stacking configurations. There
exist significant differences in the loading slope 1 of different
fiber stacking configurations. The magnitudes of the slopes of
the loading curves 1 represent the flexural moduli of differ-
ent specimens at 100 °C, which showed the same comparative
result in section 4.2. The unloading slopes 3 of G¢ and C3G3
also show significant differences, while for Cs, (GC),, (CG),
and G3C3, the unloading slopes did not depict significant vari-
ation. Although ¢ is maintained to be 1%, ¢ changes severely
among different specimens: ef = 0.98% for Gg, e = 0.965%
for G3C3, €,=0.933% for C3G3, e =0.922% for (GC),,
er = 0.919% for (CG), and e; = 0.9% for Cs. The differences
in loading slopes, unloading slopes and ¢¢ of hybrid SMPC
specimens with different fiber stacking configurations are pre-
sumably caused by the differences in flexural moduli. With the
increase of flexural moduli, the shape fixity ratios of SMPCs
will decrease.

The curves of stress-temperature and strain-temperature of
hybrid SMPCs are shown in figures 14 and 15, respectively.
The four steps in figures 14 and 15 are corresponding to the
four steps in figure 13. It is worth noting that although G
has the largest shape fixity strain (¢f = 0.986%) and Cg has
the lowest shape fixity strain (ef = 0.9%), as for the residual
strain ¢, there is an opposite conclusion (¢, = 0.012% for Gg
and &, = 0.14% for Cg). That may be caused by the fact that
Cg has the largest maximum stress (13.6 MPa), while G has
the lowest maximum stress (3.92 MPa). So, the hardening of
SMPCs may result in reducing the efficiency of shape recovery
performance, thus reducing the shape recovery ratio.

The shape fixity ratio Ry and shape recovery ratio R, of
SMPCs with different fiber stacking configurations are shown
in figure 16. The Ry obtained for Gs, G3C3, C3G3, (GC)s,
(CG), and Cg are 98.6%, 96.5%, 93.3%, 92.2%, 91.9% and
90%, respectively, at 25 °C; while R, are 98.8%, 97.4%,
95.7%, 93.3%, 91.8% and 86%, respectively, at 100 °C. G has
the best shape memory ability, while Cg has the worst. These
results reveal that the shape memory abilities of unidirectional
hybrid SMPCs are excellent, and the flexural modulus may
have great effects on them. The reason for this phenomenon is
that the shape memory effect of SMPCs is determined by the
micro-Brownian motion of soft segments of the shape memory
resin, and the reinforcing fiber may reduce the activity of the
resin. When the fiber is harder, the effect is more severe. Dur-
ing the shape fixity and recovery processes of SMPC, if the
fiber is harder (that is the flexural modulus is higher), the
micro-Brownian motion of the SMP will become less active,
and hence the R, and R; will be lower. That is why the shape



Smart Mater. Struct. 31 (2022) 115024

H Zhao et al

0.8

Tan Delta

1
105

75 90
Temperature(°C)

(b)

120

Figure 11. DMA testing results of hybrid SMPCs, (a) storage modulus, (b) Tan Delta.

v

50000 F
5 --- (CG), — C,
S 40000 | GC, --- G
@ b s GC), - C.G
2 30000} (GO, 3 a
=]
3

€ 20000

>

@ 10000 F
8
0 ok B L P o s

40 50 60 70 80 90 100 110 12
Temperature (°C)
(a)
100 x
Compressive
side
100um Kink bands
Tensile
side

1 3

| Fiber splitting
100um
L HITEER,

2o

50um
—_ )

Fiber buckling

e e 1

Surface wrinkle

50um

Resin crack

50um
(EAFL

60°C

40°C

Figure 12. Morphologies of both sides of hybrid SMPC specimens at different temperatures.

fixity and recovery ratios of SMPC will reduce as its flexural
modulus increases.

5. The effect of hybrid ratio and some inferences

Through the above research, it can be seen that the fiber stack-
ing configurations have a great influence on the flexural and
shape memory properties of hybrid SMPCs, but the effect of
hybrid ratio has not been investigated. In this section, the CLT
is used to calculate the flexural properties of hybrid SMPCs
with different hybrid ratios at different temperatures. To elim-
inate the influence of stacking configurations on the hybrid
SMPCs, CF lamina and GF lamina were laid on the bottom
and upper side of the composite, respectively. The ply num-
ber was also chosen to be six. As shown in figure 17, there
are seven kinds of hybrid SMPCs with different hybrid ratios,
and the hybrid ratios vary from 0 to 1. The normalized flexural
modulus 7 was introduced to simultaneously study the effect

of hybrid ratio and temperature on the flexural properties of
hybrid composites

n=E./Ec, D

where E, is the actual flexural modulus of the hybrid SMPC,
and E¢ represents the flexural modulus of Cg at 100 °C. The
calculation results are shown in figure 18. We can see that with
the increase of hybrid ratio (increase the number of GF lam-
ina), the flexural modulus of the composite decreases, and this
tendency is non-linear. This phenomenon is different from the
result of classical hybrid theory, where the flexural modulus
of hybrid composites varies linearly with the change of hybrid
ratio. As shown in figure 18, the flexural modulus of hybrid
SMPC will decrease rapidly with the introduction of GF lam-
ina, and once the content of GF exceeds 30%, the further intro-
duction of GF lamina will have little effect on the flexural mod-
ulus. However, as the hybrid ratio increases to more than 80%,
there will be a sharp decline in the flexural modulus of hybrid
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Figure 13. Comparison of stress vs. strain curves for SMPC with
different fiber stacking configurations (1-deformation,
2-cooling/fixation, 3-unloading, 4-heating/recovery).

15} — G G
wre (GC), = ==(0G),
12F | | T e
3
©
o i 2
2 [ e -_‘_k—"'“ ——————— :
B gl e B o i
) B s T
gl P e ]
4
e Te—w
o 40 60 80 100
Temperature(°C)
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with different fiber stacking configurations (1-deformation,
2-cooling/fixation, 3-unloading, 4-heating/recovery).

SMPCs. The above rules are applicable to this kind of uni-
directional hybrid SMPCs at all temperatures. In addition, the
flexural modulus of the hybrid SMPCs with the same hybrid
ratio will decrease rapidly with the increase of temperature,
especially from 40 °C to 60 °C, which is consistent with the
above research results and also reflects the reliability of the
calculation results in this section.

The following inferences can be made after the above series
of experimental and theoretical verifications:

(a) For the unidirectional interlaminar CF/GF reinforced
hybrid SMPCs, the T, can be adjusted by controlling the
hybrid ratio. With the increase of the number of CF lam-
inae, the thermal conductivity of the SMPC will increase,
which will lead to the decrease of T.

Strain(%)

Temperature(°C)

Figure 15. Comparison of strain vs. temperature curves for SMPC
with different fiber stacking configurations (1-deformation,
2-cooling/fixation, 3-unloading, 4-heating/recovery).
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Figure 17. Hybrid SMPCs with different hybrid ratios.

(b) At a certain hybrid ratio, the flexural modulus of SMPC
will increase with the increase of the number of CF/GF
interfaces.

(c) The flexural modulus of hybrid SMPCs will decrease with
the increase of hybrid ratio (the number of CF lamina), and
this trend is non-linear.
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(d) From the shape memory testing results, the shape fixity
and recovery ratios of hybrid SMPCs will decrease with
the increase of their flexural modulus.

(e) By designing the hybrid ratios and fiber stacking config-
urations of the interlaminar hybrid SMPCs, the flexural
stiffness and shape memory properties can be regulated,
which has certain guiding significance to the research on
the mechanical properties of SMPCs. For example, redu-
cing the hybrid ratio of GF lamina can improve the flexural
stiffness of the hybrid SMPC, and at the same time, the T
as well as the shape fixity and recovery ratios of the SMPC
will decrease. Therefore, how to improve the flexural stiff-
ness of hybrid SMPCs without reducing the shape memory
properties by controlling the hybrid ratios and fiber stack-
ing configurations is our future research objective.

6. Conclusions

This research presents the flexural and shape memory prop-
erties of unidirectional CF and GF reinforced hybrid SMPCs.
Totally six kinds of SMPCs with different fiber stacking con-
figurations are manufactured. The flexural moduli of hybrid
SMPCs at different temperatures are tested by isothermal
three-point bending experiments, and the experimental data
show a satisfactory agreement with the results from FEA and
CLT. The flexural modulus will decrease with the increase in
temperature, and positive hybrid effects can always be found
in the hybrid SMPCs. SEM and DMA experiments are then
conducted, and the compressive failure is observed to be the
dominant failure mode. From the DMA results, the full GF
composite has the highest 7, while the full CF composite has
the lowest T, and the glass transition temperatures of C3G3,
G3C3, (CG)4 and (GC), are almost at the same level.

The shape memory properties of hybrid SMPCs are also
determined through shape memory performance tests. The
experimental results show that the hardening of SMPCs can
result in reducing the shape fixity and recovery ratios. The

full GF composite has the best shape memory performance
(98.6% shape fixity ratio and 98.8% shape recovery ratio,
respectively), while the full CF composite has the worst (90%
shape fixity ratio and 86% shape recovery ratio, respectively).
Finally, with the help of CLT, the effects of hybrid ratio on
the flexural modulus of hybrid SMPC at different temperat-
ures are investigated, and some inferences are made. With
the increase in hybrid ratio, the flexural modulus of the com-
posite will decrease, and this tendency is non-linear. When
the hybrid ratio is between 30 and 80%, the further intro-
duction of GF lamina will have little effect on the flexural
modulus; while as the hybrid ratio increases to more than
80%, there will be a sharp decline in the flexural modulus
of hybrid SMPCs at all temperatures. This research can be
used to optimize the key parameters of hybrid SMPCs, such
as the overall thickness, fiber content and hybrid ratio, so
that the mechanical properties and shape memory performance
can be designed by controlling the fiber stacking configura-
tions and hybrid ratios instead of modifying the SMP. This
is an integrated design, preparation and evaluation method
to obtain ‘requirements-functional decomposition-structure
design-preparation process-performance verification’.
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