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A segmented styrene-based shape memory polymer (SMP) comprising two types of SMP materials (S1-SMP and
S2-SMP) was fabricated by using a two-step curing method to exhibit the triple shape memory effect (triple-
SME). The material properties of S1-SMP and S2-SMP parts were explored using dynamic mechanical analysis,
multi-frequency scan testing, thermal expansion measurements, static tensile testing and shape memory testing,
respectively. Meanwhile, the triple-SME of segmented SMP was also characterized by shape memory testing with
continue heating step. These experimentally determined material properties were incorporated into the theo-
retical model for the triple-SME based on a phase transition model and Generalized Maxwell model. Experi-
mental verification was obtained by observing the triple-SME behavior under uniaxial tensile strain of 20%.
Finally, the triple-SME behavior of SMP was assessed in two engineered implementations; a programmable self-
deployed structure model and double bottle-shaped smart mandrel. Good agreement was demonstrated between

experimental result and a finite-element model (FEM) simulation during the continue heating recovery step.

1. Introduction

As an important member of a generic class of stimulus-responsive
polymers, shape memory polymers (SMPs) have the ability to main-
tain one or more temporary shapes and subsequently recover the initial
shape when subjected to external stimuli, such as temperature, elec-
tricity, light, magnetic field and solution [1-6]. Since SMP was devel-
oped in 1990s, researchers from every corner of the world have paid
more and more attention to SMPs and their composites (SMPCs),
including synthesis processes [7], thermo-mechanical properties [8],
actuation methods [9] and constitutive models [10-12]. Compared to
shape memory alloys and shape memory ceramics, SMPs have the
advantage of low cost, high shape deformation and recovery ability,
good biocompatibility and biodegradability, and wide transition tem-
perature range [1-3]. Nowadays, SMPs and SMPCs are widely used in
aerospace [13], biomedicine [14], and textiles [15], information car-
riers [16] and smart sensors [17].

Dual-shape memory polymers (dual-SMPs) are only able to
remember one temporary shape. However, triple-shape memory poly-
mers (triple-SMPs) and multi-shape memory polymers (multi-SMPs) can
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remember two or more temporary shapes in a thermo-mechanical cycle,
leading to their potential for realization of complex movements and
functions (e.g. in smart actuators, smart sensors and the like).
Commonly, triple-SMPs can be divided into single-, and multi-stimulus
types based on the actuation method. Furthermore, single-stimulus
SMPs can be further divided into those with two well-separated transi-
tion temperatures and those with a broad transition temperature.
Single-stimulus triple-SMPs with two well-separated transition tem-
peratures were first reported by Lendlein et al., in 2006 [18,19], based
on tailoring composition ratios to form two segregated domains in mo-
lecular structure with significantly different phase transition tempera-
ture (glass transition temperature (Tg) or melt temperature (Tp)).
Pretsch et al. synthesized a kind of poly(ester urethane) with triple-SME
properties based on two well-separated T and Tr, and characterized the
shape fixity/recovery abilities and aging properties [20,21]. Hu et al.
firstly prepared a triple-SMPU with two different Tyys [22]. Xin et al.
prepared a Eucommia rubber/polyethylene SMPC by simple physical
blending to form a material with triple-SME properties with two Tys
[23]. In addition, triple-SME properties have also been achieved with
bilayer structures. Xie et al. (2009) realized the triple-SME by
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developing a bilayer structure made of two types of epoxy-based
dual-SMP with well-separated transition temperatures between 20 °C
and 89 °C [24,25]. Kim et al. mixed different weight ratio silica nano-
composites into a SMPU matrix to form two films with different Tgs and
prepared a bilayer structure possessing good triple-SME [26]. Using a
similar approach, Bowman et al. prepared a bilayer structure possessing
triple-SME using thiol-X chemistries with different Tgs [27].

A single-stimulus triple-SMP with a broad transition temperature
was reported by Huang et al., in 2005 in a SMPU that can program re-
covery shapes to realize triple/multi-SME by varying the immersion
time in water [28,29]. Zhou et al. synthesized a SMPU with a transition
temperature from 25 °C to 75 °C by adjusting the weight ratio of two
compositions and demonstrated excellent triple-SME properties using
temperature and water actuation [30]. Xie et al. demonstrated the dual-,
triple- and multi-shape memory effect of Nafion film over a wide glass
transition zone (from 55 °C to 130 °C) [31,32]. In addition, Zhang et al.
demonstrated the triple- and multi-SME properties of a fibrous Nafion
membrane that had been prepared using an electrospinning method
[33]. Leng et al. synthesized a thermosetting bismaleimide-based tri-
ple-SMP with a high transition temperature zone from 80 °C to 160 °C
for future smart aerospace structures [34]. Wang et al. prepared a
thermoplastic polyimide-based SMP by adjusting the weight ratios of
benzoxazoleto to achieve a wide transition temperature from 230 °C to
350 °C that can meet the requirements of a high temperature actuator
[35]1.

Multi-stimulus triple-SMPs have been reported by several authors.
Lendlein et al. added silica coated magnetic sensitive nanocomposite
(Fe304) to a PCL-based SMP and realized triple-SME by increasing the
magnetic field strength from OkA/m to 30kA/m at a frequency of
258 kHz [36]. Xie et al. fabricated a multi-SMP by adding Fe3O4 and
carbon nanotubes (CNT) into two different regions of an epoxy matrix to
demonstrate the shape recovery process of two regions by using elective
radiofrequencies at different regions (30kHz for Fe3O4 region and
13.56 MHz for CNT region) [37]. Leng et al. synthesized a styrene-based
triple-SMP and prepared a composite with three regions: SMP matrix
filled with Fe3O4(region 1), neat SMP (region 2), and SMP matrix filled
with CNT (region 3). The triple-SME for regions 1 and 3 was achieved
using radiofrequency activation at frequencies of 30kHz and
13.56 MHz, respectively [38]. Hu et al. prepared an epoxy-based mul-
ti-region SMP consisting of neat epoxy region and a region with
embedded UV-sensitive materials and demonstrated triple-SME using
sequential UV activation and heat actuation [39]. Yu et al. developed a
selective-wavelength photo-responsive epoxy-based SMP composite and
demonstrated the triple-, multi-SME by adjusting the activation wave-
length between 365 nm and 800 nm [40].

Up to now, investigation of the thermo-mechanical behavior of
triple-SMPs has mostly focused on experimentation and there are only a
few literature that provide a theoretical understanding. Huang et al.
proposed a framework including an elastic and reversible transition
phase in parallel to explain the triple-, multi-SME of polymers by
freezing and activating the reversible transition phase with changing
temperature [41]. In 2012, Yu et al. firstly developed a multi-branch
Generalized Maxwell model to characterize triple-SME of Nafion film
[42]. According to Yu’s work, Arrieta et al. imported the Generalized
Maxwell model with 20-branches and WLF equation into finite element
software ABAQUS and simulated the triple-SME of a SMP with a
two-step temperature recovery process [43]. However, the theoretical
models were typically used to demonstrate the triple-SME of SMPs under
stage heating recovery step, sometimes the triple-SME would disappear
under continue heating step.

In our work, a segmented-SMP with triple-SME was prepared using a
two-step curing method based on two types of styrene-based SMPs (S1-
SMP and S2-SMP) with well-separated Tg. The thermo-mechanical
properties of S1-SMP/S2-SMP were characterized and dual-/triple-
SME behavior was demonstrated. Two types of constitutive models
based on the Liu model and Generalized Maxwell model were
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investigated to gain a theoretical insight and good agreement with
experimental results was seen for triple-SMP under uniaxial tension
deformation. Finally, the triple-SME behavior was assessed and verified
in two engineered implementations; a programmable self-deployed
structure model and a double bottle-shaped smart mandrel. Good
shape recovery behavior was observed in these implementations.

2. Materials and experiments

Materials and preparation Based on previous work [44], two types
of styrene-based SMPs with well-separated T, were synthesized by
adjusting the weight ratio between the styrene monomer and the
cross-linking agent. The SMP with higher T; was designated “S1-SMP”
and the other was “S2-SMP”. A styrene-based triple-SMP was prepared
using a two-step curing method. First, S1-SMP was poured into a mold
made of glass slides with a spacing of 2.8 mm and cured for 1 h. Then,
S2-SMP was added on top of S1-SMP and fully cured in an oven at 75 °C
for 24 h. The cured segmented triple-SMP plate was cut into rectangular
and dumbbell-shaped samples for dynamic mechanical analysis, static
tensile testing and shape memory testing.

Dynamic mechanical analysis (DMA) test The Tgs of S1-SMP/S2-
SMP were measured using a dynamic mechanical analyzer (DMA Q800,
TA Instruments, USA). Samples taken from the S1-SMP and S2-SMP re-
gions of the cured segmented plate were cut into rectangular strips with
dimensions 30 mm x 5 mm x 2.8 mm (length x width x thickness). Tg
was determined by tensile mode at a frequency of 1 Hz with a deformation
amplitude of 0.015 mm. The temperature scan range was 25 °C-120°C
with a heating rate of 1 °C/min. As with our previous work [45,46], Ty was
taken to be the temperature at which the derivative of the storage modulus
reached its maximum value. The values were 62 °C and 43°Cfor S1-SMP
and S2-SMP respectively.

Multi-frequency scan test Multi-frequency scan testing of S1-SMP/
S2-SMP was also carried out by DMA Q800 to characterize the rela-
tionship between storage modulus and dynamic frequency at different
temperatures. Deformation amplitude of 0.010 mm was used and the
frequency range was 0.1 Hz-100 Hz. Scanning was conducted at 5°C
intervals and the temperature ranges were 30 °C-100°Cfor S1-SMP and
20 °C-85 °C for S2-SMP. The sample size was identical to the DMA test.
The detailed experimental process for S1-SMP was as follows: Firstly,
sample was heated to 30 °C and held constant for 5 min, following which
the sample was dynamically scanned from 0.1 Hz to 100 Hz. The process
was then repeated for all subsequent temperature points up to the final
temperature 100 °C.

Thermal expansion measurement The thermal expansion co-
efficients (@) of S1-SMP and S2-SMP were established using DMA Q800.
Sample sizes were the same as DMA test, and a small load (0.001 N) was
applied throughout to keep the sample under tension and maintain a
straight orientation. The experimental process was as follows: the
sample was heated from 25 °C to 100 °C at a rate of 2.5 °C/min, and held
for 20 min to achieve thermal equilibrium, and then cooled to 25 °C at
the same rate to complete a free thermal strain cycle. The sample was
taken through three such thermal cycles. The thermal expansion coef-
ficient was temperature dependent and it was determined from the ratio
of the thermal strain.

Static tensile test The elastic moduli of S1-SMP and S2-SMP were
determined using a Zwick010 (Zwick/Roell, Germany) universal tensile
machine with an environmental chamber to predict the effective elastic
modulus of SMP. Dumbbell-shaped samples with dimensions
115 mm x 5.8 mm x 2.8 mm (length x width x thickness) were taken
from the S1-SMP/S2-SMP regions of the cured segmented SMP plate,
respectively. The experimental process and measurement results were
same to our previous work [45,46]. The temperature range was through
T with increments of 10°C, and four samples were measured under
every isothermal condition for two types of SMPs.

Shape memory test The dual-SME of S1-SMP/S2-SMP was evalu-
ated by conducting a tensile test using the same Zwick010 equipment.
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| Step 0: Original shapes at Ty |
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Fig. 1. Schematic of triple-shape memory process for segmented-SMP.

Taking S1-SMP as an example, the process included the following steps.
Stepl: Heating S1-SMP to 70 °C and stretching by 50% at a rate of 2 mm/
min. Step 2: Cooling to 30 °C at a rate of 2.5 °C/min. Step 3: Maintaining
the temperature at 30 °C and removing the load to evaluate the shape
fixity ability. Step 4: Reheating to the recovery temperature at 90 °C to
evaluate the shape recovery ability. The same process was used to test
S2-SMP. In addition, the triple-SME of the segmented-SMP was also
evaluated. In this case the shape programming was conducted using a
manual process and the shape recovery was conducted using a Zwick010
machine, as shown in Fig. 1. Step 1: Heating of the segmented-SMP to
high temperature (Ty = 90 °C) and manual stretching by 20% of the S1-
SMP and S2-SMP parts at the two ends of the sample respectively. Step 2:
Cooling to a middle temperature (Ty; = 60 °C) and freezing of S1-SMP.
Step 3: Continuing cooling to a low temperature (T, =30°C) and
freezing of S2-SMP. Step 4: Removal of the segmented-SMP load at T.
Step 5: Reheating to Ty and activation of S2-SMP. Step 6: Continuing
reheating to Ty and activation of S1-SMP. It was noted that the interface
between the two types of SMPs remained fixed during the deformation
and recovery process.

3. Constitutive models for triple-SMP

Two-phase model Liu et al. firstly proposed that a SMP consisted of
both an active phase and a frozen phase and developed a SMP model in
2006 [11]. In our work, this theory was applied to study the triple-SME
of the segmented-SMP. When cooled from Ty to Ty, the S1-SMP part of
the segmented-SMP was gradually transitioned from the active state to
the frozen state, however, the S2-SMP part remained in the active state
due to the lower T,. Continuing to reduce from Ty to Ty, the S2-SMP part
was also gradually frozen. During the recovery step, the reverse recovery
process was demonstrated with increasing temperature from Ty, to Ty.
The effective elastic modulus E(T) and frozen factor ¢; of the SMP were
fitted based on the Liu model to predict the storage strain & of
S1-SMP/S2-SMP as follows [11].

1
EE(T) = (€9)

-9
1 il
Ci + CT

1

T4 G(Ty —T) 2

¢f:1

where, C;, Cy, C3,n are four material parameters whose values differ for
S1-SMP and S2-SMP.

In addition, the Aydin model was also used to fit the frozen factor of
S1-SMP/S2-SMP based on the literature [47] as follows.

1

1+ exp(b(T/T, — (1 +a))) @

&

where, a,b are two material parameters, and T, is the reference tem-
perature. These parameters were also different for S1-SMP and S2-SMP.

Furthermore, thermal expansion coefficient was also expressed
based on Liu model [11].

a=Cy4+ CsT (4)

where, C4, Cs are two material parameters that differ for SI-SMP and
S2-SMP.

Assuming that the initial length and deformation of the S1-SMP and
S2-SMP parts in the segmented SMP were identical, then the release of
storage strain with increasing temperature for the S1-SMP/S2-SMP re-
gions can be modeled by the following equation.

&1 + fTTH a,dT + €5 + fTTH a,dT
e =

) )

where, ¢and T are the instantaneous strain and temperature of the
segmented SMP during the shape recovery step, and ¢ /es2 and a; /az
are the storage strain and thermal expansion coefficient of the S1/S2
SMPs respectively.

Generalized Maxwell model Based on the dual- and triple-SME
research work of Yu [42,48] and Arrieta [43], multi-frequency scan
testing under different temperatures was carried out to obtain storage
modulus master curves at a reference temperature (T.). Using relative
shift factors (ar), the multi-frequency scan of storage modulus from
0.1Hz to 100Hz could form master curve within a more widely
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Fig. 2. Multi-frequency scan test of S1-SMP and S2-SMP.
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Fig. 4. Dual-SME of S1-SMP and S2-SMP.

frequency range (maybe 107> Hz-10° Hz). The multi-branches relaxa-
tion modulus and relaxation time for S1-SMP and S2-SMP can be ob-
tained by fitting the master curve under T,. In our work, an 11-branch
Generalized Maxwell model and WLF equation were applied to
S1-SMP and S2-SMP respectively and the triple-SME of the
segmented-SMP during a one-step temperature recovery process was
demonstrated. Meanwhile, engineered implementations of triple-SME
programmable self-deployed structure and smart mandrel were devel-
oped to verify the feasibility of using Generalized Maxwell models for
prediction of complex movement and function.

The storage modulus distribution for the SMP over a wide frequency
range can be expressed as:

& e
B =B+ 3 B e

(6)
where, Eg, n, f are the moduli constant, number of branches and dy-
namic frequency respectively, and E;, 7; are the relaxation modulus and
time for the ith branch. These parameters were different for S1-SMP and
S2-SMP.

The WLF equation for the SMP is:

—Co(T—T,)

lgoy = —— 77—~
M= s (r-r1)

@)

where, ar is the shift factor, Cg, C; are material parameters, and T. is a
special reference temperature. These parameters were different for S1-
SMP and S2-SMP.

4. Results and discussion

Fig. 2 showed the results of multi-frequency scan tests of S1-SMP and
S2-SMP under different isothermal condition respectively. The temper-
ature range for the S1-SMP scans was 30 °C-100 °C and for the S2-SMP
scans was 20 °C-85 °C, with intervals of 5°Cused in both cases. The
storage moduli of S1I-SMP and S2-SMP declined monotonically with
increasing temperatures.

Fig. 3 showed the relationship between thermal strain and temperature
at a heating rate of 2.5 °C/min for S1-SMP and S2-SMP respectively. The
results demonstrated that the thermal expansion coefficients for two SMP
types were non-linear, both increasing with temperature, which could be
explained by the free volume theory. Differences in the weight ratios of
cross-linking agents during the synthesis process lead to different Tg values



H. Du et al.

Table 1
Ry and R, of S1-SMP and S2-SMP under uniaxial tensile test.
Materials S1-SMP S$2-SMP
R¢(%) 98.26 99.68
R, (%) 95.17 99.37
20 F
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Fig. 5. Triple-SME of segmented styrene-based SMP.

for the two SMP types and it can be seen that the thermal expansion co-
efficients for both SMPs change when transitioning from the glass state to
the rubber state. Based on the Liu model [11], the thermal strain was fitted
using a second-order function, and the material parameters of the thermal
expansion coefficient were found to be C; = —0.0094, Cs = 4.2%10~* for
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$1-SMP and C4 = 0.0032,Cs = 3.52*10* for S2-SMP.

Fig. 4 showed the dual-shape memory behavior of the two SMP types
during a typical four-step thermo-mechanical cycle. The results
demonstrated that both SMPs exhibited good shape fixity ratio (Ry) and
recovery ratio (R,). Both ratios were higher than 95% for 50% stretching
at elevated temperature, as shown in Table 1. For both SMP types the
temperature at which recovery commences was in the vicinity of Ty and
the glass transition zones were about 20 °C from Tj.

Fig. 5 showed the triple-shape memory behavior of the segmented-
SMP with 20% stretching during a six-step thermo-mechanical cycle.
During this cycle a manual process was adopted for the initial shape-
programming steps (stretching and deformation). The shape recovery
behavior during the sample reheating process was then characterized
using the universal tensile machine. In contrast to the smooth S-shape
recovery profile seen during the dual-shape recovery process, the triple-
shape results demonstrated the presence of a recovery strain plateau
owing to the well-separated T; for S1-SMP and S2-SMP parts in
segmented-SMP. While heating from 30°C to 60°C, S2-SMP part is
gradually activated and S1-SMP part remained in the frozen state.
Continuing heating from 60 °C to 90 °C, S2-SMP remained active and S1-
SMP part gradually transitioned from frozen state to active state.

Following experimental characterization of the thermo-mechanical
properties of the segmented SMP including S1-SMP and S2-SMP con-
stituent parts, constitutive models that aimed to replicate the triple-SME
behavior were proposed based on Liu model and an 11-branch Gener-
alized Maxwell model.

Two key parameters presenting in Liu Model were determined by
fitting to the experimental data for the constituent S1-SMP and S2-SMP
parts. The effective elastic modulus was determined from experimental
data points obtained at different temperatures, and the frozen factor was
determined by fitting the free recovery strain.

For the effective elastic modulus, the material parameters based on
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Fitting curve|

Elastic modulus (MPa)

’ o —
30 40 50 60 70 80 90
Temperature (C)

Fig. 6. Effective elastic moduli of the S1-SMP and S2-SMP parts of the segmented-SMP.
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equation (1) were C;=1700, C; =0.0167 for S1-SMP and
C; =600, C; =0.0167 for S2-SMP. The corresponding fitting curves
are shown in Fig. 6.

For the frozen factor, two models (Liu model and Aydin model) were
applied to fit the free-recovery strain data. The results demonstrated that
the Aydin model offered the most effective fitting to the data for both the
S1-SMP and the S2-SMP. Based on equation (3), the corresponding
material parameters were T,= 80'C, a = —0.0842, b = 25.04 for S1-
SMP and T,=80°C, a= —0.3924, b = 27.95 for S2-SMP. The corre-
sponding fitting curves are shown in Fig. 7. According to the established
analytical forms for the effective elastic modulus and frozen factor, the

total recovery strain can then be predicted using equation (5).

Besides the Liu model, a constitutive model based on the Generalized
Maxwell model was also used to understand the triple-SME behavior of
the segmented SMP. Taking 80 °C and 60 °C as the special reference
temperatures (T.) of S1-SMP and S2-SMP respectively, two storage
modulus master curves covering the wide range frequency spectrum
were obtained by shifting storage modulus curves under other temper-
atures, as shown in Fig. 8(a) and Fig. 8(b). The relaxation moduli and
relaxation times for 7-, 9-, and 11-branch Generalized Maxwell model
could be determined by fitting these two master curves based on
objective function Eq. (6), as shown in Fig. 8(c) and (d). In addition, the
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Fig. 9. Triple-shape memory model verification of the segmented styrene-
based SMP.

material parameters for the WLF equations could be determined by
fitting of shift factors obtained under different isothermal condition for a
specified T.. The fitting results demonstrated that 11-branch General-
ized Maxwell model could better capture the trend of storage modulus
under wide frequency range, the corresponding relaxation modulus and
times could be seen in Fig. 8(e) and (f), in which the Ey could be seen
elastic modulus of SMP under high temperature and Possion ratio was
0.4. Once these material parameters were obtained, the finite element
software ABAQUS 6.12 was applied to simulate the shape memory
process of triple-SME in the segmented SMP.

Experimental triple-SME data for the segmented styrene-based SMP,
in which the S1-SMP and S2-SMP regions were individually placed

S1-SMP S2-SMP
—

1-SMP

S2-SMP

(a) Initial shape (b) Temporary shape 1
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under 20% tension strain, was compared with the predicted results from
the Liu model and the Generalized Maxwell model, respectively, as
shown in Fig. 9. The model predictions were in good agreement with
observed SMP recovery profile. Such models can therefore provide a
theoretical basis for the understanding of triple-SME of segmented-SMPs
under uniaxial deformation. Moreover, simulations based on General-
ized Maxwell model were also used to study triple-SME behavior of
complex three-dimensional structures.

5. Applications of SMP with triple-SME
5.1. Programmable self-deployed structure

SMP plates made from the two types of SMP materials (S1-SMP and
S2-SMP) were cut into rectangular strips with dimensions
60 mm x 10 mm x 2.8 mm (length x width x thickness). These sam-
ples were then assembled into a self-deployed structure with an initial
2D flat state, in which SMPs with identical material properties were
aligned in the same direction, as shown in Fig. 10(a). The self-deployed
structure was then heated to a high temperature Ty (Ty > Tg1 + 20 °C)

Table 2
Temperature condition of self-deployed structure for shape memory process.

Step  Time Deformation behavior

1 0-18 Heating to temperature 90°Cand blending SMP plates to
145°

2 1-7218 Keeping blend angle and cooling to 60 °C to freeze S1-SMPs

3 721-14418 Keeping blend angle and continue cooling to 30 °C to freeze
$2-SMPs

4 1441-1442S  Temperature 30 °C and removing external load

5 1442-2162S  Reheating to 60 °C and S2-SMPs recover initial shape

6 2162-2882S  Continuing heating to 90 °C and S1-SMPs recover initial

shape

¢ PR

(c) Temporary shape 2 (d) Recovered shape

Fig. 10. Schematic of triple-shape memory process for self-deployed structure.

Tcchraturcs: 30°C-55°C

: 90°C] : 80°C : 75°C ! 70°C 65°C

Temperatures: 65°C-90°C

Fig. 11. Sequential shape recovery of self-deployed structure.
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Initial shape

Fig. 12. Initial and deformed shapes of double bottle-shaped SMP mandrel.

and bent into a 3D folded “flower” state with a bending angle of 145°.
The deformation was then held while the temperature was reduced to a
low temperature T, (T, < Tg2), and after removing the bending load and
allowing for a little mechanical spring-back, temporary shape 1 was
obtained as shown in Fig. 10(b). Following reheating to a middle tem-
perature Ty (Tgy > Ty > Tgo), the S2-SMP samples with lower T almost
fully recovered the initial flat state and the S1-SMP samples maintained
the deformation of temporary shape 1, such that the folded “flower” was
partly deployed, as shown in Fig. 10(c). Continuing heating to the high
temperature Ty (Ty > Tg1 + 20 °C), the S1-SMP samples also returned to
the initial 2D flat state and the folded “flower” was completely deployed,
as shown in Fig. 10(d). It was interesting to observe how a “flower” with
petals made of different SMPs could be used as an ambient temperature
sensor in which petal pairs with different Tys would progressively deploy
and “bloom” as the temperature increased.

Fig. 11 demonstrated the shape recovery process of the self-deployed
structure as the temperature was progressively increased up to Ty. Ti,
Ty and Ty were selected as 30 °C, 60 °C and 90 °C, respectively, and the
heating rate was 2.5°C/min, there was good agreement with FEM
simulation results. The element type was hybrid, incompatible element
for two types of SMP plates. One end of SMP plates connecting to base
were fixed, the other end was free to blend. The detailed temperature
condition during shape memory process was shown in Table 2.

Composites Part B 173 (2019) 106905

When temperature was increased to 40 °C during recovery step, still
lower than Ty, (43 °C), there was little change with the entire structure
remaining in the frozen state and holding temporary shape 1.
Continuing to 45 °C, the S2-SMP segments gradually entered the tran-
sition zone and recover temporary shape 2. At 55 °C, still below Tg;
(62°C), recovery of temporary shape 2 was complete; the S2-SMP seg-
ments reached the rubber state and essentially recovered their initial 2D
flat state, but the S1-SMP segments remained in the frozen state.
Continuing to 65 °C, there was little change for the S1-SMP segments
with only slight recovery, but between 65°C and 80 °C, the S1-SMP
segments progressively recovered its initial shape, until at 80 °C, the
entire structure reached the rubber state. Continuing to 90 °C, the re-
sidual strain was slowly recovered and the original 2D flat state was
almost fully restored. It was noted that there is incomplete recovery of
residual strain when heating to Ty;/Ty due to the viscoelastic properties
of SMP materials, but this imperfection can be largely eliminated by
increasing the holding time at high temperature. In addition, it was
observed that the self-deployed structure showed few signs of shape
recovery when the temperature was less than the Ty of the SMP mate-
rials, but that shape recovery was nearly complete 10°C-20°Cabove T.

5.2. Triple-shape memory smart mandrel

Owing to low-cost, simple fabrication process, and high shape
deformation and recovery characteristics, SMP mandrels with a single
temporary shape have been investigated as a means to fabricate com-
posite structures with complex surfaces [49,50]. Everhart et al. from
Cornerstone Research Group Inc. (CRG) fabricated a single
bottle-shaped SMP mandrel using an inflation method [49]. In this work,
a triple-SME segmented SMP tube made from S1-SMP and S2-SMP was
prepared using the two-step curing method and its deformation behavior
was investigated in the context of a smart mandrel. The initial tubular
form was used as the initial shape of the triple-SME mandrel. The tube
was then inflated into a double bottle-shaped form at high temperature
(90 °C) with the aid of an external rigid mold. This deformed shape was
largely retained after cooling to room temperature and removal of the
inflating load. The initial and deformed shapes of the triple-SME smart
mandrel are shown in Fig. 12. The S1-SMP and S2-SMP segments of the
mandrel were subjected to 75% and 50% deformation in the radial di-
rection respectively.

Owing to the well-separated Tgs of the two constituent SMP

Fig. 13. Sequential shape recovery of double bottle-shaped SMP mandrel.
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materials, the double bottle-shaped mandrel was able to remember two
temporary shapes. Fig. 13 records the individual shape recovery process
of the S1-SMP and S2-SMP segments at a heating rate of 5°C/min.
Similar with above-mentioned self-deployed structure, FEM simulations
based on the Generalized Maxwell model were able to provide an
indicative prediction of the sequential shape recovery behavior with
triple-SME for smart mandrel. The element was hybrid, incompatible
element for SMP tube. The two ends of tube were fixed and the interface
of S1-SMP and S2-SMP at the center part of tube was hindered axial
movement. The detailed temperature condition during shape memory
process was same with self-deployed structure expect the rate was 5°C/
min. The good agreement was showed by using both FEM simulation
and experimental observation during total recovery process, a little
more quickly recovery in FEM was due to fitting errors for SMP material
parameters. At temperatures up to 45 °C, the S2-SMP segment largely
retained the deformed shape with only very slight recovery. Continuing
heating to 60 °C, the S2-SMP segment almost completely recovered the
initial tube state while the S1-SMP segment retained its deformation. At
65°C, the S1-SMP segment showed slight recovery and continued
heating to 80 °C allowed the entire structure to almost fully return to the
initial tube state. At the terminal temperature of 90 °C, the residual
deformation of the smart mandrel was also almost fully recovered.

6. Conclusions

In this paper, a segmented styrene-based triple-SMP comprising S1-
SMP and S2-SMP with well-separated Ty (62°C and 43 °C) was pre-
pared. Multi-frequency scan testing, thermal expansion measurements,
static tensile testing and shape memory testing were conducted to
characterize the thermo-mechanical properties of the S1-SMP and S2-
SMP materials. Four-step thermo-mechanical cycle testing demon-
strated the dual-shape memory behavior, with high shape fixity and
shape recovery ratios in excess of 95%. The triple-SMP prepared from
these two constituent materials exhibited the expected triple-SME shape
recovery effect over the range 30 °C-90 °C. Furthermore, triple shape
recovery behavior under uniaxial tensile strain of 20% was in good
agreement with the predictions of constitutive models based on the Liu
and Generalized Maxwell models. Finally, triple-SME behavior was
demonstrated in two engineered implementations: a programmable self-
deployed structure and a double bottle-shaped smart mandrel. In both
cases experimental shape recovery data were in good agreement with
the predictions of FEM simulations.
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