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A B S T R A C T   

Shape memory polymer composite (SMPC) not only retains the unique stimuli-responsive ability of shape 
memory polymer (SMP), but also enhances the thermomechanical behavior of SMP. Although relatively com-
plete thermal prediction models of SMPC have been established, the displacement jump due to interface damage 
has hardly been considered in these models. In this work, the thermomechanical constitutive model of SMPC 
considering the interface and micro-damage behavior is derived. The effective mechanical behaviors of SMPC 
under different temperatures and damage conditions are deduced by modifying Eshelby tensor and Mori-Tanaka 
method. Taking MWCNT/SMP composite as an example, the reliability of the model is verified by the thermo-
mechanical coupling tests. More importantly, the model can also predict other reinforced types of SMPC by 
changing the configuration parameters and physical properties of the reinforcement phase.   

1. Introduction 

Shape memory polymer (SMP) has the ability of maintaining a 
deformed temporary shape and recovering to its original shape under 
stimuli (such as heat, light, magnetism, electricity) [1–4]. Due to its high 
strain recovery (~400%), low cost, and biocompatibility, SMP has 
attracted a wide range of research interests, including aerospace, 
biomedicine etc. [5–9]. By introducing reinforcement phase into SMP, 
the thermomechanical properties of shape memory polymer composites 
(SMPC) can be improved to meet the complex service environment [10, 
11]. 

It is necessary to establish effective mechanical models to predict its 
thermomechanical properties before engineering applications. Accord-
ing to the thermodynamic properties of SMP, it can be divided into 
frozen and active phase. Based on viscoelastic theory and phase transi-
tion theory, the constitutive model of SMP can be established [12]. 
Different from the traditional composite, the effective mechanical 
properties of SMPC depend on the mechanical properties and orienta-
tion of the reinforcement phase, as well as the viscoelasticity of SMP 
[13–19]. In addition, the interaction between SMP and reinforcement 

phase should also be considered in the model. However, most of the 
developed prediction models are limited by the idealized assumption: 
the inclusions are in ideal contact with SMP. In fact, SMPC form an 
interface layer through physical interaction and chemical reaction 
during the curing process [20,21]. SMPC experiences large deformation 
at high temperature, and the interface shear stress may cause damage, 
which affects the thermomechanical performance and service life of 
SMPC. 

In this work, a new model describing the change of the interface 
phase properties along the radial gradient was established, and the 
micromechanical model of the viscoelastic interface with micro-damage 
was derived. The displacement jump caused by interface damage was 
investigated by modifying Eshelby tensor. The effective relaxation 
modulus of SMPC with single inclusion at different temperatures was 
calculated by Mori-Tanaka (M-T) method. The reliability of the devel-
oped model was verified by relaxation test, isothermal cycle test, and 
thermomechanical programming test of SMPC. The effect of micro- 
damage on effective mechanical properties and shape memory perfor-
mance was also investigated. 
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2. Materials and method 

The two types of epoxy-based thermosetting shape memory polymer 
(Tg = 170.07 and 188.00 ◦C) used in this work were prepared by the 
group of Prof. Jinsong Leng of Harbin Institute of Technology. Multi- 
walled carbon nanotubes (MWCNT) with a diameter of 20–30 nm was 
purchased from Chengdu Institute of Organic Chemistry. The blend 
containing 2 wt% MWCNT and SMP was mechanically stirred at 25 ◦C 
for 30 min and oscillated in an ultrasonic bath for 15 min to make 
MWCNT evenly dispersed in SMP. 

The thermal dynamic mechanical properties of SMP was tested at a 
constant frequency of 1 Hz at a rate of 2.5 ◦C min− 1 by DMA Q800. 

The stress relaxation behaviors were tested by the ZWICK-010 tensile 
machine with an environmental chamber in accordance with standard 
ASTM D638. 

The isothermal cyclic behavior of SMPC was investigated by ZWICK- 
010 tensile machine. The sample was kept at 150 ◦C for 15 min to 
achieve thermal equilibrium, then the sample was stretched by 2.8% 
(engineering strain) at a loading rate of 2 mm min− 1. When reached the 
target deformation, the sample was immediately unloaded at a rate of 2 
mm min− 1 until the stress reached 0 MPa. 

3. Micromechanical model 

Fig. 1a shows the 3D random distribution of ellipsoidal inclusions 
with an outer surface dimension (a0, c0, c0) in SMP. The slenderness ratio 
(ρ = a0/c0) was used to describe the configuration of the inclusions. In 
local coordinate system (o-x1x2x3), the representative volume element 
(RVE) with a single ellipsoid inclusion was established, which consisted 
of SMP, interface, and ellipsoidal inclusion (Fig. 1b, Section-S1 and 
Section-S2 for details). 

In this work, superscripts (0), (1), and (2) represented the rein-
forcement phase, interface phase, and SMP, respectively. It was assumed 
that the interfacial phase was composed of SMP and inclusion, and the 
content of the two phases changed in gradient. The ratio of the volume of 
the SMP at any point in the interface phase to the volume of the interface 
(g(1)SMP(r) = V(1)

SMP(r)/V(1)) satisfied: 

g(1)
SMP(r) =

(r − ζ
1 − ζ

)χ
exp
[(r − ζ

1 − ζ

)χ
− 1

]
ζ =

a
a’ =

c
c’ (1)  

where, r was the ratio of the radial dimension of any point to the outer 
surface of the interface, r ∈ [ζ,1]. The volume fraction of the inclusion at 
this point wasg(1)inclusion(r) = 1 − g(1)SMP(r). 

Hooke’s law was used to describe the deformation behavior of 
reinforcement phase. The generalized Maxwell model (GMM, Fig. 1c) 
was used to describe the viscoelastic behavior of SMP and homogenized 
SMPC. The stiffness of the interface was [22]: 

L(1)(T, t, r)= L(0) −
(
L(0) − L(2)(T, t)

)
g(1)

SMP(r) (2)  

where, L(i) was the stiffness tensor of the i phase. 
The discontinuous displacement of the interface was described by 

inserting the springs (Fig. 1b), and the boundary condition was [22]: 

△ui = nijσjknk nij = Sτδij + (Sn − Sτ)ninj (3)  

where, Sn and Sτ represented the compliance of normal and tangential 
springs respectively. The effective stiffness of the single inclusion in o- 
x1x2x3 can be obtained by M-T method [22]. 

Leff
uni =

(
∑2

i=0
f (i)L(i):A(i)

)

:

[
∑2

i=0
f (i)A(i)

+
∑1

i=0
f (i)H:L(i):A(i)

]− 1

(4) 

Obviously, the orientation of the inclusion with ρ∕=1 affected the 
effective properties of SMPC in the global coordinate system (O-X1X2X3). 
The spherical coordinate system (O-θϕr) was established to describe the 
direction of inclusions in the O-X1X2X3 (Fig. 1d). In particular, SMPC 
with the 3D random distribution of the inclusions can be regarded as 
isotropic material (Section-S4): 

Leff
3D =

1
4π

∫ π

0

∫ 2π

0
Leff sinθdϕdθ =

(
3Keff , 2Geff ) (5)  

where,Keff = 1
9 [4αeff +2(βeff +βeff

′

) +γeff ] Geff = 1
15 [α

eff − (βeff + βeff
′

) +

γeff + 6(ϑeff + ωeff)]. Keff and Geff represent the bulk modulus and shear 
modulus of SMPC after homogenization, respectively. 

Fig. 1. (a) SMPC specimen (left), the inclusions 3D randomly distributed in SMP (middle), and RVE with a single ellipsoid inclusion (right). (b) Schematic diagram of 
micromechanical model. The dotted line is the geometric dimension of the original inclusion. (c) The GMM model. (d) The distribution direction of inclusion in O- 
X1X2X3was described by O-θϕr. 
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4. Results 

4.1. Experimental results 

The glass transition temperature (Tg) of two types of epoxy-based 
thermosetting SMP obtained from the tan δ curves were 170.07 and 
188.00 ◦C (Fig. 2a and b). Here SMP with Tg = 170.07 ◦C was used to 
prepare SMPC. The phase transformation (from the glassy phase to the 
rubbery phase) led to the decrease of the initial relaxation modulus with 
the increased temperature (Fig. 2c). Fig. 2d exhibits the time- 
temperature superposition (TTSP) shifting factor (αT) as the function 
of temperature. Using the Williams-Landel-Ferry (WLF) equation (Eq. S 
(22)) and Arrhenius type behavior (Eq. S(23)) to fit the αT obtained from 
the TTSP, and the intersection of the two fitting curves is the shifting 
temperature (Ts). When the temperature was higher and lower than Ts, 
αT followed Eq. S(22) and Eq. S(23) respectively (Section-S5). The actual 

relaxation behavior of SMP at 150 ◦C for a long time (Tref = 150 ◦C) was 
obtained by time-temperature equivalence principle (Fig. 2e). The GMM 
model can reproduce the master curve with high accuracy (Fig. 2e, 
Table S1). 

Fig. 2f and g exhibit the relaxation modulus at different temperatures 
and the relaxation master curve of SMPC. Due to the introduction of 
MWCNT, SMPC had an increased initial relaxation modulus at each test 
temperature compared to the SMP. Fig. 2h reveals the stress-strain (σ-ε) 
curve of SMPC at 150 ◦C for 10 loading cycles. The peak stress of each 
cycle decreased due to the softening of SMPC. The residual strain was 
observed after the first cycle (~ 0.71%) and increased with the increase 
of the number of cycles. After the 8th cycle, the residual strain of SMPC 
tended to be saturated ~ 1.39%. 

Fig. 2. (a)~(b) DMA test curve of SMP. (c) Stress relaxation behaviors of SMP. (d) The relationship between αT and temperature. (e) Comparison of relaxation master 
curve obtained by experiment and the GMM model. (f) Stress relaxation behavior of SMPC. (g) The relaxation master curve of SMPC. (h) σ-ε behavior of SMPC under 
cyclic loading. 
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4.2. Prediction results 

Fig. 3a shows the comparison of the model prediction (point) and 
experiment (line) of the relaxation modulus and the master curve (Tref =

150 ◦C) of SMPC at Sτ = 0 nm/Pa (Table S2). The predicted results were 
in good agreement with the experiment at each temperature. The pa-
rameters were obtained by extracting the αT at different temperatures 
and performing non-linear fitting (Fig. 3b). The predicted values of the 
master curves of the SMPC after homogenization with different interface 
damage parameters were obtained (solid line in Fig. 3c~f), which were 
accurately reproduced by the GMM model (dashed line in Fig. 3c~f). 
Fig. 3g summarizes the master curves with four different damage pa-
rameters (Sτ = 0 nm/Pa, 10− 8 nm/Pa, 10− 6 nm/Pa and 10− 5 nm/Pa), 
which more clearly showed the influence of interface damage on the 
master curve. The relaxation modulus of SMPC decreased with the in-
crease of damage, which was more obvious when T > Tg. 

The σ-ε behaviors of SMPC with different interface damage under 
cyclic tensile load were investigated. Fig. 3h exhibits the comparison 
result between the experimental and the theoretical value of the σ-ε at 
150 ◦C. The evolution of the residual strain and maximum stress of 
SMPC with the increase of the number of cycles is shown in Fig. 3i. As 
the number of cycles increased, the residual strain increased from ~ 
0.6% to ~ 1.6%, and the maximum stress decreased from ~ 14 MPa to ~ 
8 MPa. In addition, after several loading cycles, the elasticity of SMPC 
tended to be stable due to the gradual stabilization of residual strain and 
maximum stress. 

The shape memory cycle behavior of SMPC was investigated, 

including stretching (T = 180 ◦C), cooling, unloading, and free recovery. 
The comparison results between the predicted value and the previous 
work [14] in the process of shape memory programming is shown in 
Fig. 4. The experimental results were in good agreement with Sτ = 0 
nm/Pa, and the maximum stress of SMPC decreased with the increase of 
Sτ. The shape fixation rate (Rf) and shape recovery rate (Rr) of SMPC 
were: 

Rf =
εu

εp
,Rr =

εp − εr

εp
(6)  

where εp was the prescribed axial strain, εu was the strain after 
unloading, and εr was the axial strain of the specimen after recovery. The 
Rf of the experiment, FEM, Sτ = 0 nm/Pa, Sτ = 10− 6 nm/Pa, Sτ = 10− 5 

nm/Pa were 87%, 76%, 99.33%, 98.57%, 98.02%, and Rr were 77%, 
100%, 97.49%, 97.48%, 97.076%. 

5. Conclusion 

In summary, the interface phase was inserted between SMP and in-
clusion phase, and a new model of g(1)matrix was proposed to describe the 
gradient change of mechanical properties of interfacial phase. The 
effective mechanical behavior of SMPC with different interface damages 
was deduced by micromechanical method. The reliability of the model 
was verified. The modulus of SMPC decreased due to interface damage, 
which was more obvious at T > Tg. The increase of interface damage led 
to the decrease of Rf and Rr. It was worth noting that the model can also 
predict the effective thermomechanical behavior of other reinforced 

Fig. 3. (a) Comparison of the experimental and the prediction results. (b) The relationship between αT and temperature. Comparison of the master curve obtained by 
the micromechanical model and the GMM model under different damage (c) Sτ = 0 (d) 10− 8 (e) 10− 6 (f) 10− 5 nm/Pa. (g) Comparison of the master curves of different 
damage obtained by micromechanical model. Experimental and predicted comparison of (h) σ-ε, (i) residual strain and maximum stress of SMPC under cyclic loading. 
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forms of SMPC by changing slenderness ratio and stiffness tensor of the 
reinforcement phase. 
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