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ARTICLE INFO ABSTRACT

Keywords: Syntactic foam is increasingly used in engineering applications. This paper studies the dynamic mechanical
Syntactic Foam properties and failure of syntactic foam, with emphasis on the influence of pre-strain and the embedded collapsed
Pre-strain

microballons. The epoxy syntactic foam (ESF) with different levels of pre-strain is successfully produced using a
confinement sleeve technique. The initial and pre-strained ESF are tested and compared from quasi-static to high
strain rates about 1000 /s. The dynamic deformation processes of the initial and pre-strained ESF are monitored
using high speed photograph techniques. The stress—strain relationships of the initial and pre-strained ESF show
different strain rate dependence. The pre-strained ESF presents good deformability. The dynamic failure of the
ESF results from shear strain localization, regardless of the pre-strain. The initial ESF shows macro elastic brittle
behaviour, and the fracture surface consists of partially deformed and localized regions. The produced ESF with
pre-strain, however, presents the collapsed microballons surrounded by the flow like behaviour of the severely
deformed matrix, which would be associated with the thermomechanical coupling process. This study indicates

Collapsed Microballon
Dynamic failure

the ESF with embedded collapsed microballons shows deformability and high energy absorption capacity.

1. Introduction

Syntactic foam, which consists of the microballons embedded in the
polymeric matrix, is increasingly employed in automobile, marine and
aerospace engineering applications [1-3]. With the interest in light
weight components, the use of syntactic foam is an important design
approach [4]. The syntactic foam can be a core material in the sandwich
structures [5-8]. The increasing demand for light weight and protective
composite structures under impact loading stimulates the study of dy-
namic behaviour of syntactic foam.

A number of available studies [9-11] focused on the mechanical
properties of syntactic foam under quasi-static condition. The bulk
mechanical responses were quantitatively described by Gupta et al.
[12,13]. Kim et al. [14] produced the syntactic foams with various
densities and reported different failure mechanisms of the syntactic
foams under quasi-static compression. The influence of different factors,
including the cell structure, the porosity on the bulk mechanical
behaviour can be found in Refs. [15-17]. Doddaman et al. [18-20]
pointed out the influence of surface treatment on quasi-static compres-
sion behaviour of syntactic foams. It’s found that the syntactic foams
reinforced with surface modified cenosphere presented superior
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properties and energy absorption. Recently, Carolan et al. [21] devel-
oped a novel numerical method to predict the fracture strength as a
function of microballon volume fraction. It’s shown that the variation in
fracture strength is linked to the randomness of the underlying geome-
try. Although the quasi-static response of syntactic foam has been widely
reported, studies on the mechanical response at high strain rates are
required for the analysis of impact events [22-25]. Li et al. [26] reported
the flow and failure of an epoxy syntactic foam (ESF) from quasi-static to
high strain rates using the split Hopkinson pressure bar (SHPB) [27-30].
In addition to the uniaxial loading, the lateral confinement was found to
influence the compressive response of ESF from quasi-static to high
strain rates [31]. Gupta et al. [32] studied the dynamic behaviour of
various syntactic foams under uniaxial compression using the SHPB
technique. The dynamic compressive strengths were found to be
significantly higher than the quasi-static strength. The Taylor rod impact
test was conducted by Rittel [33] to investigate the adiabatic shear
failure of syntactic foam at higher impact velocities. The forefront of ESF
for functional and structural applications, and the compressive proper-
ties, fracture and impact toughness of ESF can be found in a recent re-
view of Anirudh et al. [34].

An exceptional and novel method, developed by Gupta et al. [35], is
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able to repeatedly load the material at a given strain rate until failure.
The master stress—strain graph, which was measured from the stress—
strain relationship in each cycle, can be used to reveal the rate depen-
dent failure mechanism, such as the matrix cracking and shattering
along with plastic deformation of the matrix. Recently, Kim et al. [36]
also highlighted that the pre-strain changed the deformation mechanism
of the foam. Liu and Subhash [37] compared the polymeric foams sub-
jected to monotonic loading and incremental loading under uniaxial
strain condition [38]. The pre-strained foam was pushed out of the
confinement sleeve for visual observation. However, the mechanical
response and the microstructure of the pre-strained foam are yet to be
studied. In the aerospace industry, the syntactic foam can be used as
structural components in aircraft and space shuttle, see the works of
Walker and Chocron [39,40] in SWRI on discovery of the Columbia
space shuttle. The syntactic foam can become a layered material be-
tween the fan containment casing and the fan blade tip of jet engine. The
syntactic foam can also be used as a core material in the sandwich
structure of the fan containment casing [41-43]. The foam would
deform during assembly processes [42,44], particularly after a certain
period of service arising from the fan blade tip. Likewise, a syntactic
foam component loaded by a projectile consists of the collapsed
microballons. This deformed foam is different from the initial foam.
However, specific studies on the flow and failure of the pre-strained
syntactic foam, are still less reported, including their dependence on
the strain rate. These are important to provide further insight into the
energy absorption and the crushability map of the foam in the following
impact events.

In this work, with the assistance of Digital Image Correlation (DIC)
technique [8,45,46], the flow and failure of an ESF with and without
pre-strain are compared at high strain rates of 1000 /s. Likewise, the
corresponding constitutive responses from quasi-static to high strain
rates are also characterized. The materials and the experimental pro-
tocols are introduced in Section 2. Section 3 shows the experimental
results, followed by the discussion in Section 4 and the conclusion in
Section 5.

2. Experimental protocol
2.1. Materials

The investigated ESF consists of a thermoset epoxy matrix and
amorphous silicate-based glass microballons with an average wall
thickness of 1.10 pm and an average diameter of about 42 pm. The ratio
of the volume occupied by the microballons and the total bulk volume of
the foam is approximately 0.5. The ESF has a density of 715 kg/m°. The
relevant material properties can be found inRef. [47]. The supplied ESF
rod was machined to the cylindrical specimens (5 mm length and 5 mm
diameter). The pre-strained ESF was produced under quasi-static uni-
axial strain condition with the assistance of a rigid confinement tube
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[37]. This technique is adopted here with a very different purpose,that
is, to produce the ESF with pre-strain. Fig. 1 schematically shows the
loading process at different strain levels. An adapter is placed on the top
to apply the compressive loading to the ESF. The surface treatment has
been reported to influence the properties of syntactic foam [18-20]. In
the current work, only the grease lubrication was used between the
confinement tube and the ESF. No other surface preparations were
carried out between the confinement tube and the ESF. The typical en-
gineering stress—strain relationship during the pre-strain loading process
is shown in Fig. 2. The three stages include linear elastic, plastic region
and densification. The densification strain is determined by the strain
corresponding to the maximum energy efficiency [48,49]. Three pre-
strain levels are defined. They correspond to the pre-strain of 0.10,
0.29 and 0.48 respectively. These three strain levels are defined as pre-
strain level 1, pre-strain level 2 and pre-strain level 3. The pre-strain
levels are inspired by the issues related to densification [50]. The
three pre-strain levels correspond to 24 %, 70 % and 117 % of the
densification strain. With the initial foam (0 % of the densification
strain), this work systematically reports the mechanical behaviour and
energy absorption of ESF with different pre-strain levels.

Fig. 3 compares the microstructures of the initial ESF and the pre-
strained ESF, using a Carl Zeiss Evo LS 15 VP-Scanning Electron Mi-
croscope (SEM). The microstructure of the initial ESF (Fig. 3a) shows the
microballons distributed in the epoxy matrix. The bulk density of the
ESF increases to about 745 kg/m>, 1175 kg/m? and 1545 kg/m> after
three levels of pre-strained deformation. This is similar to the increase of
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Fig. 2. Typical stress—strain relationship of the ESF under quasi-static uniaxial
strain condition. Three pre-strain levels are marked.
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Fig. 1. Schematic of production process of the pre-strained foam (a) Initial ESF (b) ESF with pre-strain level 1 (c) the ESF with pre-strain level 2 (d) the ESF with pre-

strain level 3.
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Fig. 3. SEM images of (a) ESF without pre-strain (b) ESF with pre-strain level 1 (c) the ESF with pre-strain level 2 (d) the ESF with pre-strain level 3.

density of the pre-strained foam [37]. As reported by Gupta et al.
[51,52] and Irven et al. [53], the density significantly affects the me-
chanical behaviour of syntactic foam. Assuming that the reduced vol-
ume of the bulk foam is solely due to the failed microballons, the
estimated volume fraction of the failed microballons decreases to 48 %,
18 % and about 0 % after three levels of pre-strained deformation.

Fig. 3(b-c) show the microstructures of the ESF with pre-strain level 1
and 2, which consists of the collapsed microballons. As can be seen in
Fig. 3d, the further deformation at pre-strain level 3 results in a more
significant compaction of the microballons. These are different from the
microstructure of the initial ESF.

Computer aided tomography (micro CT-scan) is also a useful tool to
reveal the internal microstructural change of the syntactic foam
[32,54,55]. The X-ray microtomography of the ESF is characterized by
North Star Imaging-X-ray System. Compared to the evenly distributed
microballons in the initial ESF in Fig. 4a, the increase of pre-strain re-
sults in the collapse of the microballons [55], as can be seen from the
gradual spase distribution of the microballons in Fig. 4(b-c). At the pre-
strain level 3, a significantly reduced portion of the collapsed micro-
ballons is shown in Fig. 4d due to microballoon crushing. The SEM and
micro CT-scan characterizations also show that, except for the collapsed
and crushed microballons, no micro cracks are in the epoxy matrix in the
pre-strained ESF. This is similar to the observations in the X-ray
microtomography of the deformed ESF [55].

2.2. Mechanical testing apparatus

The compressive tests at quasi-static 0.01 /s and medium strain rate
of 10-15 /s were performed using a screw driven Zwick 050 machine
and a hydraulic Instron machine 8854. The macro engineering strain of
the ESF specimen was measured from the relative motion of the load

platens painted with speckle pattern. The images were recorded by using
a phantom camera and subsequently analyzed by a commercial DIC
software Lavision Davis. The high strain rate tests (about 1000 /s) were
performed using a 16 mm diameter SHPB [56-59]. Fig. 5 schematically
shows the SHPB setup. The incident bar and transmitted bar are made
from Ti6Al4V alloy. Both bars are 2.7 m long. The length of the Ti6Al4V
strike bar is 2.5 m. The dynamic deformation of the ESF was monitored
by using a high speed Kirana camera at a frame rate of 200, 000 fps. The
high speed images were processed by a Least-Squares Matching algo-
rithm [60] in the DIC analysis. The matching was based on a 6th order
spline sub-pixel image interpolation scheme and an affine shape func-
tion [61] available in Lavision Davis. The pulse shaper is made from a
neoprene rubber sheet with thickness of 0.7 mm-1 mm. The pulse shaper
helps to achieve the force equilibrium of the specimen and increase the
rise time of the incident wave.

3. Experimental results
3.1. Experimental results at quasi-static and medium strain rate

After the pre-strained loading, the ESF was pushed out of the
confinement tube and subsequently subjected to the compressive
testing. Fig. 6 compares the stress—strain relationships of the initial and
pre-strained ESF. The stress of the initial ESF decreases beyond the peak
stress of 52 MPa. This is followed by strain softening, and densification
at a strain of about 0.63. The ESF with pre-strain level 1 presents a
reduced slope in the initial part of the stress—strain curve. After the peak
stress of 49 MPa, the ESF with pre-strain level 1 shows strain hardening,
with a slight drop of stress at a strain of about 0.40. The stress values of
the ESF with pre-strain level 2 and pre-strain level 3 continue to in-
crease, with a slight drop at a strain of 0.48-0.54. The stress increases
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Fig. 4. Two dimensional slices from the X-ray CT three dimensional reconstruction of (a) ESF without pre-strain (b) ESF with pre-strain level 1 (c) the ESF with pre-

strain level 2 (d) the ESF with pre-strain level 3.
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Fig. 5. SHPB setup for the compressive tests at high strain rates.

dramatically in the densification stage.

Fig. 7 presents the stress—strain relationships of the initial ESF and
pre-strained ESF at medium strain rate of about 10-15 /s. To protect the
load platens of the Instron machine, the applied displacement was
carefully controlled. This corresponds to a maximum strain of 0.66-0.8.
The initial ESF shows a peak stress of 57 MPa. Subsequently, the strain
softening appears until a densification strain of 0.7. After the peak stress
of 59 MPa, the ESF with pre-strain level 1 shows a decrease of stress.

However, no strain softening can be seen in the stress-strain relation-
ships of the ESF with pre-strain level 2 and pre-strain level 3, except for a
slight drop of stress at a strain of about 0.45.

3.2. Experimental results at high strain rate

Fig. 8a presents the typical stress wave signals of a pre-strained ESF.
Since the length of the Ti6Al4V strike bar (2.5 m) is comparable to that
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Fig. 6. Comparison of the constitutive relationships of the initial and pre-
strained ESF at quasi-static loading.

400 T
——Monotonic
—— Pre-strain level 1
—— Pre-strain level 2
120 — Pre-strain level 3

g
S
(=1

Eng stress (MPa)
2

80

0 . . . .
0 0.2 0.4 0.6 0.8 1

Eng strain

Fig. 7. Stress—strain relationships of the initial and pre-strained ESF at medium
strain rate of 10-15 /s.

of the incident bar, two strain gauge sets (1 and 2) are attached to the
incident bar to separate the superimposed waves. The strain gauge set 3
is on the transmitted bar. The stress wave analysis can be found in the
work of Quino et al. [59] and not repeated here. The input and output
forces are compared in Fig. 8b. The force equilibrium is achieved at a
constant strain rate of approximately 1200 /s. The stress of the specimen
is measured directly from the output force.

Fig. 9 presents the constitutive relationships of the initial and pre-
strained ESF at high strain rates. After the initial part and the peak
stress of 70 MPa, the stress of the initial ESF shows a rapid decrease. The
ESF with pre-strain level 1 presents a decrease of stress after the peak
stress of 66 MPa. However, the ESF with pre-strain level 2 shows more
deformability with a nonlinear increase of stress up to a strain of 0.33.
The corresponding peak stress of 90 MPa is higher than that of the ESF
without pre-strain or pre-strain 1. The ESF with pre-strain level 3 also
shows large deformation and a maximum stress of about 150 MPa.
Beyond the maximum stress, the stress of pre-strained ESF decreases
rapidly. Considering three pre-strained levels of 0.1, 0.29 and 0.48, the
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final dynamic failure strain values of the pre-strained ESF are 0.19, 0.62
and 0.85. Such high failure strain values clearly indicate the improved
deformation capacity of the pre-strained foam.

Fig. 10a and Fig. 10b show the stress—strain curves of the ESF without
pre-strain and the ESF with pre-strain level 1 at different strain rates. A
strain rate dependence can be seen from the amplification of peak stress.
Beyond the peak stress, the stress at high strain rate drops rapidly at a
strain of 0.05 for the initial ESF and at a strain of 0.09 for the ESF with
pre-strain level 1.

Considering the ESF with pre-strain level 2, Fig. 10c compares the
stress—strain curves from quasi-static to high strain rates. The pre-strain
significantly improves the deformability of the ESF. With the increase of
strain rate, the flow stress increases at corresponding strain values. The
stress-strain curve at high strain rate shows a rapid drop at a strain of
0.33. This is different from those at quasi-static and medium strain rate.
Fig. 10d shows the effect of strain rate on the constitutive response of the
ESF with pre-strain level 3. Compared to the ESF with pre-strain level 2,
the ESF with pre-strain level 3 shows higher flow stress. This indicates
the pre-strain not only improves the deformability but also increases the
flow stress. Different from the slight load drop at a strain of 0.46-0.49 at
quasi-static and medium strain rate, the stress—strain curve at high strain
rate shows a rapid load drop beyond a strain of 0.37.

Fig. 11a and Fig. 11b show the typical stress histories of the ESF
without pre-strain and with pre-strain level 1 at high strain rate of 1000
/s. Fig. 12a and Fig. 12b reveal the deformation process recorded by the
high-speed camera. After the homogeneous deformation at stage 2, the
strain localization (white arrow) starts at stage 3. The intensive strain
localization and the decreasing stress can be seen at stage 4 in the initial
ESF. As the deformation continues, the cracks propagate at stage 5.
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Except for the initial homogeneous deformation, the ESF without pre-
strain shows brittle behaviour due to the early strain localization. For
the ESF with pre-strain level 1, the failure originates from the bottom of
the specimen at stage 3. This is accompanied by the strain (stress)
concentration at two specimen ends at stage 4 and the crack propagation
at stage 5.

Fig. 11c shows the stress as a function of time for the ESF with pre-
strain level 2. The corresponding high speed images are shown in
Fig. 12c. The initial part of the stress history changes beyond the stress of
75 MPa. The uniform deformation can be seen at stage 2. A slight strain
localization (marked by a white arrow) appears close to the right end of
the specimen at stage 3. The further compression results in the strain
localization at stage 4. The crack follows this strain localization path at
stage 5, resulting in the fracture of the specimen.

Fig. 11d shows the stress history of the ESF with pre-strain level 3 at
high strain rate of 1200 /s. The deformation process analyzed by the DIC
is given in Fig. 12d. The flow stress increases to the peak stress at stage 3.
Before the peak stress, a uniform deformation can be observed at stage 2.
A strain (stress) concentration exists at the end of the specimen. How-
ever, the failure initiates from the centre of the slightly barreled spec-
imen at stage 3. This is also followed by the strain localization at stage 4
and the crack propagation at stage 5.

The initial ESF presents elastic-brittle behaviour at higher strain
rates. Fig. 13a shows the strain rate effect on the consistent initial peak
stress of the ESF without pre-strain and pre-strain level 1. For the ductile
ESF with pre-strain level 2 and pre-strain 3, the flow stress at a given
strain of 0.2 as a function of strain rate is plotted in Fig. 13b. The in-
fluence of strain rate on the flow stress is described by a power law
model:
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Fig. 10. Stress-strain curves of (a) the initial ESF, (b) the ESF with pre-strain level 1, (c) the ESF with pre-strain level 2 and (d) the ESF with pre-strain level 3 from

quasi-static to high strain rates.
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Here, o, is the reference flow stress, &, is equal to 0.01 /s which is
the reference strain rate, the parameter C reveals the strain rate
dependence. Fig. 13 shows the comparison of the experimental data and
the model description. The parameter C is between 0.026 and 0.03 for
the initial ESF, the ESF with pre-strain level 1 and 2. The parameter C
increases to 0.0399 for the ESF with pre-strain level 3. The ESF with
large pre-strain seems to show more significant strain rate sensitivity.

The energy absorption under impact is of considerable interest to
engineers. Fig. 14 shows the energy density of the initial ESF and the
pre-strained ESF at different strain rates. The energy density is calcu-
lated by the area under the stress—strain curve up to the densification
(W = [ode). In general, the energy density of the pre-strained ESF is
higher than that of the initial ESF, regardless of the strain rate. This
indicates the energy absorption of the ESF is improved by the pre-strain.
The energy density of the initial ESF and the ESF with pre-strain level 1
decreases from quasi-static to high strain rates. The energy density
values of the ESF with pre-strain level 2 and level 3 are comparable at
quasi-static and high strain rates, except for a moderate variation at
medium strain rate. The comparison of energy absorption illustrates the
brittleness of the ESF is gradually suppressed with the pre-strain.

The density is an important parameter to describe the mechanical
behaviour of syntactic foam, as can be seen in the studies of Gupta et al.

d
[51,52] and Irven et al. [53]. Here, the specific energy absorption I : ‘

which is the strain energy density ([ ode) divided by the foam density p,
is compared in Fig. 15 to illustrate energy-mass issue of the ESF at
different strain rates. The specific energy absorption is comparable for

the ESF with a similar density of 715-745 kg/m®. A different trend at
high strain rates can be observed in the ESF with higher densities. For
instance, the specific energy absorption is about 20 kJ/kg for the initial
foam and the ESF with a similar density of 715-745 kg/m°>. However,
the specific energy absorption increases to 28 kJ/kg in the ESF with a
higher density of 1175 kg/m?, and increases to 45 kJ/kg in the ESF with
a highest density of 1545 kg/m°. Consequently, the specific energy ab-
sorption also shows that the deformation capacity of the pre-strained
ESF is gradually improved, particularly under impact loading condition.

3.3. Microstructural characterization

The fracture morphology of dynamically failed ESF specimens was
characterized. The fracture surface of the initial ESF consists of the
partially deformed region and the localized region (white arrow in
Fig. 16a) with collapsed microballos. This corresponds to the strain
localization induced brittle failure of the initial ESF. For the pre-strained
ESF, the fracture surfaces in Fig. 16(b-d) are characterized by evenly
distributed fractured microballons with debris [12,62,63].

Fig. 17 presents the magnified fracture surfaces of the dynamically
failed ESF shown in Fig. 16. Specifically, the initial ESF shows the
fractured microballons and the almost intact microballons (white arrow
in Fig. 17a) embedded in the matrix (dashed arrow in Fig. 17a). For the
pre-strained ESF, the microballons are not clearly visible. The fracture
surface of the ESF with pre-strain level 2 shows a microballon covered by
the debris [63], as shown in Fig. 17b. The fracture surface of the ESF
with pre-strain level 3 consists of partially fractured microballons sur-
rounded by the matrix with debris (Fig. 17c). A closer view of the dashed
rectangle area in Fig. 17cis provided in Fig. 17d. The matrix (white color
filled arrow) shows the flow like characteristics.



L. Zhang and D. Townsend Composites Part A 165 (2023) 107360

0.0
0.1
02
03
¢)) @ 3) “4)
0.0
0.1
02
03
ey @) 3) 0.4

@ (©)) “ )

0.0

0.1

0.2

03

-0.4
6] 2) 3 )

Fig. 12. High speed deformation process (axial engineering strain contour from DIC analysis is given) of the ESF (a) without pre-strain, (b) with pre-strain level 1, (c)
pre-strain level 2 (d) and pre-strain level 3. Note that a slight barreling occurs during the dynamic deformation for the ESF (b) with pre-strain level 1, (c) pre-strain
level 2 (d) and pre-strain level 3.

4. Discussion loaded by a projectile. However, the information on the microstructure
and the mechanical behavior of the pre-strained syntactic foam, are

With the increasing interest in the light weight and impact resistant rarely reported in the literature, except for the recent studies of Kim
aircraft structural components, the use of polymeric syntactic foam is an et al. [36] and Sanborn et al. [64]. These are important to understand
important design strategy. The syntactic foam used as structural com- the final crushability of the foam in the following impact events. This
ponents would be subjected to deformation in service, for instance, paper investigates the dynamic flow and failure of ESF with three levels
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Fig. 13. Flow stress as a function of strain rate of (a-b) the initial ESF and the
ESF with pre-strain level 1 (c-d) the ESF with pre-strain level 2 and level 3. The
points are the experimental data and the dashed lines are the model
descriptions.

of pre-strain. Likewise, the constitutive relationships of the pre-strained
ESF are characterized from quasi-static to high strain rates.

A confinement technique is adopted to produce the pre-strained ESF
(Fig. 1). A similar method was used by Kully [38], Liu and Subhash [37]
for the study of the energy absorption of the pre-strained foam with
confinement. Although the pre-strained foam of Liu and Subhash [37]
was pushed out of the confinement tube for visual observation, the
microstructure and mechanical properties of this pre-strained foam were
not characterized further. The present paper studies the microstructure
of the pre-strained ESF (Fig. 3 and Fig. 4). The microballons and the
matrix are compacted, which results in a higher bulk foam density. Note
that all the selected pre-strain levels provide the plastic deformation of
ESF, which lead to failure of some microballons and their densification.
In the initial stages, the space created by the fracture of microballons
may be sufficient to accommodate compressive material and there may
not be significant internal stresses generated because of the confine-
ment. With the embeded colloapsed microballsons and the potentially
absent internal stress, the ESF is subsequently subjected to the
compressive loading from quasi-static to high strain rates.

Composites Part A 165 (2023) 107360

100

3.
~
w

1

Energy Absorption (MJ/m’)
3
1

0+

Pre-strain 1 Pre-strain 2 Pre-strain 3

Monotonic

Fig. 14. Energy absorption vs strain rate of the initial ESF and the pre-strained
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Fig. 15. Specific energy absorption vs strain rate of the ESF with different
densities. The average values with the corresponding standard error are shown
at quasi-static (QS), medium rate (MR) and high strain rate (HR).

The constant strain rate loading is an important technique to mea-
sure the mechanical properties of materials. The strain rate affects the
deformation and failure of composite materials [65-68]. Based on the
SHPB system, a pulse shaping technique, intensively used by Chen and
Song [69], was adopted to achieve the compressive loading at constant
strain rates of about 1000 /s. Likewise, the deformation of the ESF was
monitored by using the high-speed photograph technique. The ESF
specimens were slightly lubricated by grease, in order to reduce the
friction between the interface of the specimen and the bars, a subject
studied by Siviour and Walley [70]. These efforts enable accurate
measurements of the stress-strain relationship of the initial and pre-
strained ESF at high strain rates.

The slope of the initial part of the stress—strain curves of the ESF is
influenced by the pre-strain (Fig. 9). This is similar to the observation of
Kim et al. [36,71]. This initial part of ESF is governed by the volume
fraction of the microballon, according to the recent studies of Carolan
etal. [21], Huang and Li [72,73] The collapsed microballons in the pre-
strained ESF affect the slope of the initial part in the stress-strain curve.
Although the pre-strained foam was suggested as a fresh foam with a
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Fig. 16. Fracture morphology of the dynamically failed ESF (a) initial ESF (b) ESF with pre-strain level 1 (c) ESF with pre-strain level 2 (d) ESF with pre-strain
level 3.

Fig. 17. Fracture morphology at a higher level of magnification (a) initial ESF (b) ESF with pre-strain level 2. The microballon is arrowed. (c) ESF with pre-strain
level 3. The microballon is arrowed. (d) Magnified dashed rectangle area in (c).
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higher bulk density [37], the present work clearly shows that, the pre-
strained foam is actually not equivalent to a fresh foam, due to the
damaged microballons and the change of the initial part of the stress—
strain curve. In addition, the pre-strained ESF is more deformable,
instead of the early strain localization of the initial ESF.

The dynamic deformation processes of the initial and pre-strained
ESF are monitored by using the high speed DIC technique. A homoge-
neous deformation can be seen in the dynamically deforming initial ESF
and pre-strained ESF. This macro observation confirms no micro cracks
in the matrix of the pre-strained ESF (Fig. 3 and Fig. 4). The initial foam
presents an elastic-brittle behaviour with a rapid drop, due to the early
onset of crushing of the microballons [26,74]. In contrast, the pre-
strained ESF can undergo larger strain deformation with a slight bar-
reling, until the occurrence of intensive strain localization. For the initial
ESF, the intact microballons are the constituents which bear most of the
compressive loading [72,73]. In the pre-strained foam, however, the
compacted microballons and matrix jointly play roles in carrying the
applied loading. The macro responses of the pre-strained ESF show
improved deformability and high energy absorption (Figs. 14-15). This
is very different from the gradually deteriorated properties (such as the
energy absorption) of the polyisocyanurate foam with pre-strain
[36,71], which could be related to the type of matrix material [75,76].

As can be seen from the microstructural characterizations of the
dynamically failed ESF in Fig. 16a, more microballons exist in the failed
ESF without pre-strain. This is different from those in the pre-strained
ESF with evenly distributed debris in Fig. 16(b-d). The existence of
more microballons would cause an earlier brittle failure of the bulk
material. The compacted microstructure in the pre-strained ESF pre-
vents the crushing of the remaining microballons and suppresses the
brittle failure. This can be observed in the fracture morphology of the
pre-strained ESF in Fig. 17c. The remaining microballons are surrounded
by the flow like matrix. The flow like characteristic indicates an inten-
sive plastic deformation feature of the matrix, a point highlighted in the
works of Rittel [33], Gupta et al. [35] and Orbulov et al. [77]. At high
strain rates under adiabatic condition, the deforming polymeric matrix
is associated with thermomechanical coupling, a subject studied by
Trojanowski et al. [78], Rittel [79], Li and Lambros [80]. The thermo-
mechanical conversion from the mechanical work of deforming matrix
contributes to the energy absorption and the structural integrity of the
pre-strain foam. This microstructural observation agrees with the macro
response of the pre-strained ESF.

By considering the embedded collapsed microballons, this study
provides additional information on the variation of fracture strength and
the density issue of syntactic foam, as can be seen in the recent works of
Carolan et al. [21] and Irven et al. [53]. From a practical point of view,
the evaluation of the crushability of the pre-strained foam would be
considered as a means to study the behaviour of the foam under large
deformation. In addition, the syntactic foam with embedded collapsed
microballons doesn’t show significantly weak properties in terms of
deformability and energy absorption capacity. However, the syntactic
foam with collapsed microballons might affect the stiffness of the
structural component. This issue is suggested to be addressed carefully.
The study would provide insight into impact resistant structures for the
engineering community.

5. Conclusion

This paper systematically compares the strain rate dependent
constitutive responses and dynamic failure mechanism of the ESF
without and with pre-strain. The main outcomes are as follows:

o Different types of pre-strained ESF are produced. The SEM and micro
CT-scan characterizations show that the pre-strain loading results in
the collapsed microballons without micro cracks in the matrix of the
ESF.
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The stress-strain relationships of the pre-strained ESF show more

significant strain rate dependence than that of the initial ESF.

The initial ESF presents dynamic brittle behaviour due to the collapse

of large microballons. The ESF with compacted microballons pre-

sents deformation capability instead of brittleness.

e At high strain rates, the pre-strained ESF deforms uniformly before
the shear localization, regardless of the existence of the collapsed
microballons.

o The microstructure shows partially deformed and localized regions
in the dynamically failed ESF without pre-strain. However, the
microstructure presents evenly crushed microballons surrounded by
the matrix with flow like behaviour in the dynamically failed ESF
with pre-strain.

e The thermomechanical conversion from the severely deformed ma-

trix would play a role in the structural integrity and the energy ab-

sorption of the foam with pre-strain. This corresponds to the
improved energy absorption capacity of the pre-strained ESF.

The present work provides a better understanding of the final

crushability of ESF for practical engineering applications, with the

consideration of the embedded collapsed microballons through the
carefully designed pre-loading.
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