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A B S T R A C T   

A comprehensive and detailed experimental study has been conducted on shape memory polymer composites 
(SMPCs) with different reinforcements, thicknesses, fibre volume fractions and distributions. Monotonic test 
results show temperature-dependent mechanical properties. Cyclic loading–unloading tests, including constant 
and incremental strain-controlled tests, were conducted in three-point bending and transverse tension to 
investigate softening and reusable characteristics. The fibre postbuckling behaviour for samples undergoing 
bending deformation combines geometrical and material nonlinearities. While for transverse tension, all possible 
sources of nonlinearity are due to the material responses. The energy properties were highly fibre volume 
fraction- and strain amplitude-dependent. The stiffness was also sensitive to the degree of fibre clustering. The 
focus of this work is not on the examination of basic elastic constants, but on the nonlinear and reusable re
sponses of SMPCs, which can be used for both the design of aerospace deployable mechanisms and analyses of 
the damage process.   

1. Introduction 

Shape memory polymers (SMPs) are typical smart materials which 
can maintain a temporary shape and recover their initial configuration 
under certain external stimuli as shown in Fig. 1 [1–3]. Carbon fibre- 
reinforced plastics (CFRPs) are gaining more and more attention in en
gineering communities primarily because they have the advantages of 
high strength and low weight [4]. Carbon fibre-reinforced shape mem
ory polymer composites (SMPCs) offer a synergetic combination of 
mechanical enhancement and shape memory effect [5]. The 
temperature-dependent stiffness [6] and fibre post microbuckling 
behaviour [7] provide SMPCs with a highly nonlinear mechanical 
response, which is essential for deployable structures. Therefore, their 
applications have spread into many areas, especially in aerospace [8]. 
They have been verified suitable by orbital qualifications in 2016 as a 
sunlight-stimulated substrate [9], and in 2019 in the form of a flexible 
solar array system [10]. Compared with traditional composites, the 
design of SMPCs is more complex because the mechanical issues and 
deformable aspects related to the shape memory behaviour must be 
taken into account simultaneously. 

Solid progress has been made in theoretical models regarding the 

mechanisms of SMPs, including three categories: viscoelastic rheological 
methods [11,12], mesomechanical phase transition theory [13,14] and 
models combining these two [15–18]. SMPs become soft when the 
temperature is higher than its glass transition temperature (Tg), and the 
slender but stiff fibres in Fig. 1 buckle when the composite undergoes 
compression. This microbuckling is regarded as a failure mode for reg
ular CFRPs, however, for SMPCs, the fibre microbuckling is a stress relief 
mechanism that allows the material to deform far beyond the critical 
elongation of fibres. Consequently, the prediction of fibre microbuckling 
behaviour plays a key role in the design of deployable structures based 
on SMPCs. Aiming at the constitutive behaviour of the reinforcement 
and matrix under the limited deformation, theoretical methods include 
homogenisation theory [19], Bloch Wave theory [20] and strain energy 
function method [7,21]. Among them, the strain energy method is 
widely used. The total strain energy includes the tensile, compressive, 
and shear strain energies of each phase and the shear strain energy of the 
interaction between phases. The deformation behaviour can be solved 
by the minimum energy principle and variational approach. 

In terms of experimental studies, the existing literature could be 
grouped into two categories: thermo-mechanical behaviour of SMPs 
[22–24] and mechanisms of the unidirectional (UD) fibre-reinforced 
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