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A B S T R A C T   

In previous study, a novel composite foam that possesses cushioning properties is developed by incorporating 
shear stiffening gel (SSG) into Ethylene-vinyl (EVA) foam. In this work, uniaxial compression is used to obtain the 
mechanical properties of the proposed material under static loading. The test results demonstrate the additive 
SSG could effectively enhance the energy absorption capacity. With the aid of in-situ Scanning Electron Mi-
croscope (SEM), two characteristics, the homogeneous microstructural morphology and phase separation be-
tween SSG and EVA, are found that played dominant roles in the improvement of cushioning properties.   

1. Introduction 

Shear stiffening gel (SSG) is a kind of polymer material with impact 
hardening characteristics. SSG behaves as a viscoelastic gel material 
under natural conditions, and its unique B-O bond allows its stiffness to 
rise rapidly when subjected to high velocity impacts [1–2]. 

Ethyl ethylene-acetate (EVA) foam is one of the widely used buffer 
materials for personal protection [3]. To develop novel foam materials 
with better anti-impact performance, incorporating modified agents into 
existing polymers has been an effective approach [4]. Due to its impact- 
hardening characteristic, SSG also has great potential for application in 
the development of cushioning materials [5–6]. 

Only limited studies of SSG modified foams have been reported and 
the reinforcement mechanism has not been distinctly elaborated. Thus, 
this work aims to investigate the mechanical behavior of EVA/SSG 
foams at both macroscopic and microscopic scale. Macroscopic me-
chanical properties, such as the quasi-static compressibility, are tested 
by the corresponding experimental methods. In addition, the authors 
investigate the effect of SSG on the micro-structure and micro- 
deformation behavior of matrix foam by scanning electron microscopy 
and in-situ compression. 

2. Experimental 

2.1. Preparation 

Since the preparation of SSG and EVA/SSG has been elaborated in 
the authors’ previous studies [7], the preparation processes of EVA/SSG 
foam and EVA foam are schematically presented in the Fig. 1(a). All the 
chemicals are supplied by Beijing CAS Mechanical Confidence Science 
and Technology Co., Ltd. 

2.2. Characterization 

Quasi-static compression tests are conducted using E1000 material 
testing machine (INSTRON Corporation) according to national standard 
GB/T 8168 2008. The geometry of specimens is 15 mm (diameter) × 5 
mm (height). Specimens are compressed at three different strain rate 
levels (0.001, 0.01 and 0.1 s− 1). 

The in-situ SEM compression is conducted by using a quantitative 
SEM Picoindenter® system. A displacement-control mode is used at 1 
μm/s. EVA and EVA/SSG foams are manufactured into 5 mm × 5 mm ×
5 mm blocks for testing. 
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3. Results and discussion 

3.1. Cellular structure and surface morphology 

As shown in Fig. 2(a) and (b), the average cell area of EVA/SSG foam 
is smaller than EVA foam, and the distribution of cell area is more 
uniform. The more inhomogeneous the area distribution, the larger the 
difference in the geometrical dimension of the cell. The individual cell 
can be thought of as a frame structure consisting of beams, thin walls, 
and rigid nodes. Considering the plastic buckling theory, the inhomo-
geneous cell structure of the EVA foam makes the critical load on the 
cells vary considerably. During compression, cells with low critical loads 
are the first to be crushed, creating a locally concentrated deformation 
region. The EVA/SSG foam has a smaller and more homogeneous cell 
structure. As a result, the potential failure in the localized regions can be 
suppressed to a certain extent and the bearing capacity to external 
loading is enhanced. 

Fig. 2(d) shows the surface topography of the EVA/SSG foam. In 
contrast to the EVA foam (Fig. 2(c)), a large amount of filamentary SSG 
adhering to the cell wall is observed in the EVA/SSG foam. The micro-
scopical image Fig. 2(c) indicates that EVA/SSG foam possesses a typical 
two-phase separation structure, which is conductive to reserve the ma-
terial properties of SSG and EVA [8]. 

3.2. Quasi-static compression experiments 

Fig. 3(a) displays the stress–strain curves of EVA foam and EVA/SSG 
foam under different rates of compression. As clearly shown in the 
figure, the stress–strain curves of EVA/SSG foams can be divided into 
three regions. In region I, foams behave as linear elastic material. In 
region II, plastic deformation is observed with long stress plateau, which 
is caused by plastic deformation of cellular structures [9]. Moreover, 
plastic deformations can absorb large amounts of energy. In region III, 
foams begin to enter the densification stage and the stiffness rises 

Fig. 1. (a) Preparation process of EVA/SSG foam. (b) Schematic diagram of SSG network cross-linked by boron-oxygen bonds.  

Fig. 2. (a) and (b) Cell area distribution of EVA foam and EVA/SSG foam. (c) SEM images of EVA foam and EVA/SSG foam. (d) Two-phase structure of SSG and EVA.  
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sharply. 
Compared to EVA foam, EVA/SSG foam has higher yield stress and 

plastic plateau stress. This phenomenon indicates that the SSG can assist 
the EVA to resist external loading during compression and the EVA/SSG 
foam has a better energy absorption capacity during compression. 

3.3. In-situ SEM compression 

Fig. 4(a) and (b) are a set of microstructural images of EVA foam and 
EVA/SSG foam during in-situ compression. In the elastic region, EVA 
foam (Fig. 4(a-1)) and EVA/SSG foam (Fig. 4(b-1)) undergo overall 
elastic deformation, where elastic bending of cell walls is observed 
(Fig. 3(b-3)). At yield point of EVA foam (Fig. 4(a-2)), plastic defor-
mation occurs first in cells with lower yield strength, and these cells are 
connected to each other to form an inclined plastic yield band. EVA/SSG 
(Fig. 4(b-2)) foam began to exhibit regional plastic deformation. With 
the continuing compression, cells of EVA foam and EVA/SSG foam begin 
to enter the plastic deformation stage as the patterns shown in Fig. 4(a- 
3) and Fig. 4(b-3), and the cells with higher strength in EVA foam begin 
to undergo gradual plastic deformation. Unlike the EVA foams, the EVA/ 
SSG foams have a distinct feature of region yielding, which is attributed 
to the non-uniform distribution of SSG in the EVA/SSG foams. SSG also 
influences the deformation mode of EVA foam. As shown in Fig. 4, the 

cells of EVA foam exhibit plastic bending mode (Fig. 3(b-2)), where its 
cell edges and cell walls undergo plastic bending deformation and form 
plastic hinges. For EVA/SSG foams, cell edges and cell walls undergo 
plastic collapse (Fig. 3(b-1)). 

The crushed cells of the EVA foam in the concentrated region do not 
favor the transfer of impact energy to the surrounding region. In the 
composite foam, SSG significantly increases the connectivity between 
cell structures, which contributes to shock wave propagation and impact 
energy consumption. At the same time, SSG effectively affects the plastic 
deformation mode of the cell and improv its energy absorption capacity. 

4. Conclusions 

Based on the test results, it is found that the addition of SSG signif-
icantly improves the yield strength and plastic platform stress, and thus 
the EVA/SSG foam has better energy absorption. In addition, SEM im-
ages demonstrate a uniform distribution of cells in the EVA/SSG foam 
and filamentous SSG attachment to the cell walls. 

Furthermore, the experimental results of in -situ compression test 
shows that SSG affects the microscopic deformation behavior of EVA 
foams in two ways. First, SSG changes the cell from plastic bending 
mode to plastic crushing mode, which improves the energy absorption 
efficiency of the cell. Second, SSG modifies the plastic deformation 

Fig. 3. (a) Stress–strain curve of compression test at 0.001, 0.01 and 0.1 s-1 strain rate. (b) Three basic deformation modes of single cell structure, 1: plastic crushing 
deformation, 2: plastic bending deformation, 3: elastic bending deformation. 

Fig. 4. In-situ SEM micrographs of EVA foam and EVA/SSG foam (a) and (b), reflecting 1: the elastic region, 2: yield point, 3: plastic crushing.  
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evolution of the EVA foam, such that EVA foam changes from localized 
concentrated deformation to regional global deformation. 
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