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ABSTRACT: Syntactic foam made of glass hollow microspheres and epoxy vinyl ester
resin is manufactured by using a new manufacturing method and its impact behavior
is studied in terms of protection parameters. Experimental results for impact force and
stress as functions of specimen diameter were found to be in reasonable agreement with
predictions based on a model. Also, some compression properties of the foam were
investigated. It was found that there is similarity in compressive failure mode between
pseudostatic and impact loadings. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 76:
1324–1328, 2000
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INTRODUCTION

Syntactic foams have been used in such areas
where low densities are required as undersea/
marine equipment for deep ocean current meter-
ing, antisubmarine warfare,1–5 sandwich compos-
ites,6,7 and others.8 Also, their applications in-
clude products in aerospace and automotive
industries.8

The manufacturing process of syntactic foams
is different from that of conventional foams. The
main porosity of the syntactic foams comes from
preformed hollow microspheres. Some consolidat-
ing methods for binder and microspheres include
coating microspheres9 and using inorganic binder
solution and firing,10 dry resin powder,11–14 and
liquid resin.15 The first method (coating) needs
vacuum filtering and rinsing. All the other meth-
ods require heating for various reasons. The last
method using liquid resin would be convenient
and economical if practicable at room tempera-
ture.

The literature on syntactic foam for impact is
sparse despite its great potential for impact ap-

plications. Some considerations in the past in-
clude impact fatigue16 and postimpact dam-
age.17,18 However, impact behavior in terms of
protection has scarcely been considered.

In this article, it is attempted to manufacture a
particular syntactic foam using a new procedure.
Also, since major design considerations for protec-
tion devices include impact force and impact
stress,19–22 the purpose of the work was to inves-
tigate the impact behavior of the syntactic foam
in terms of protection parameters.

EXPERIMENTAL

Materials, Blending, and Specimens Preparation

For manufacturing of syntactic foam, hollow mi-
crospheres and Derakane 441-400 epoxy vinyl es-
ter resin with a density of 1.07 (Dow Plastics,
Midland, MI) was used as filler and matrix, re-
spectively. The hollow microspheres used are Q-
Cel 520 manufactured by PQ Australia Pty.
Ltd., Dandenong, Vic., Australia. For size mea-
surements, the microspheres Malvern 2600C la-
ser particle size analyzer was used. The mean size
of the spheres was found to be 40.16 mm and 90%
of the samples in a range of 17–82 mm. For curing
of the resin, methyl ethyl ketone peroxide
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(MEKP) and CoNap were added into the resin.
Then, hollow microspheres were progressively
added to the resin system while stirring the mix-
ture gently and using a spatula by providing a
shearing action in a mixing pot. The composition
of the mixture is given in Table I. The particle and
bulk densities of spheres were measured using a
pycnometer (Model 930, Bechman) and found to
be 0.22 and 0.13, respectively. The bulk density
was initially time-dependent because of particle
settling time so that the measurement was con-
ducted 30 min after placing hollow microspheres
in a measuring cylinder.

The mixture was charged into a cylindrical
mold with a diameter of 28 mm and then it was
compacted in a press at a pressure of 0.368 MPa.
This was immediately followed by demolding. The
compacting pressure was chosen by noting that
commercial glass microspheres have about a 50%
chance of surviving at a hydrostatic stress of
10.79 MPa.23 The molding was machined into
cylindrical specimens with a height of 20 mm but
various diameters ranging 5, 10, 15, 17.5, and 20
mm. Densities of specimens were found to be 0.76.
A manufactured specimen was broken with a
hammer and a typical fracture surface for the
microstructure is shown in Figure 1. Also, speci-
mens of resin only without inclusion of micro-
spheres were made for comparative use.

Mechanical Testing

Compression testing was conducted on a univer-
sal testing machine (Shimadzu DSS 5000) at a
crosshead speed of 5 mm/min for each diameter.
Graphite fine powder (LC, APS Chemicals, 2459-
500G) was applied to each specimen to reduce
friction in the contact area between specimen and
platens. A typical compressive stress–strain
curve is given in Figure 2 to show a slope selected
for the compressive modulus and a point at which
fracture occurred.

Impact testing setup consisting of flat-ended
impactors, load transducer, and data logging sys-

tem is schematically shown in Figure 3. It con-
sists of a flat-ended impactor, an electromagnet
for the impactor-release mechanism, a load cell
with a capacity of 10 kN, and a computer with
software for data logging (DocuWave, Version
1.10, Tektronix, Inc.). Two different impact en-
ergy levels were employed viz. 1.14 and 2.04 J
using impactors weighing 171 and 306 g, respec-

Table I Composition of Vinyl Ester/Q-Cel Foam

Material Parts by Volume

Derakane 441-400 100
MEKP 2
CoNap 0.2
Q-Cel 520 39

Figure 1 Fracture surface revealing microstructure
of vinyl ester/Q-Cel foam. The scale bar represents
200 mm.

Figure 2 Compression stress–strain curve obtained
from a foam specimen with a diameter of 15 mm.
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tively, but a constant impact height of 780 mm
was kept.

RESULTS AND DISCUSSION

As noted in Figure 2, the compressive stress–
strain curve is somewhat different from that of
conventional foam in which a plateau regime is
part of the curve as a result of buckling of cell
walls.24 The curve in Figure 2 indicates that the
hollow microspheres of the current syntactic foam
did not get crushed prior to the peak stress. Com-
pressive test results for foam and resin are listed
in Table II. Compressive moduli of the foam with
specimen diameters ranging from 5 to 17.5 mm
appear to be generally low compared to that of
resin, although a specimen with a diameter of 20
mm is higher than that of resin. The 20-mm in-
crease of specimen in modulus seems to be due to

specimen-size effect because the influence of fric-
tion would increase with increasing diameter.25

Not surprisingly, for the same reason, the
strength of specimen with a diameter of 20 mm is
high compared to those of any other foam speci-
mens.

A typical failure mode of foam under compres-
sion is shown in Figure 4. This suggests that the
failure is by shear on planes inclined approxi-
mately 45° to the loading direction and thus by
fracture mode II. Fracture surface of a shear
plane is also shown in Figure 5. Broken spheres
are seen with debris. It is difficult, however, to
find tunneling26 or any other sign of fracture
mode II,27,28 but partially broken spheres seem to
represent two-dimensional surface characteris-
tics. The fracture-surface characteristics appear
to be in contrast with one that was manufactured

Figure 3 Schematic impact test setup.

Table II Compressive Properties of Resin and
Foam

Specimen
Diameter

(mm)

Compressive
Modulus

(GPa)
Strength

(MPa)

5.0 (Pure
resin) 4.20 —

5.0 2.40 22.50
10.0 2.33 22.28
15.0 2.43 25.44
17.5 3.33 22.60
20.0 5.95 29.52

Figure 4 Broken specimens under compression
showing approximately 45° shear planes of fracture
surfaces.

Figure 5 Fracture surface of compressive specimen
(Fig. 1) revealing broken spheres with debris. The scale
bar represents 100 mm. The arrow indicates the shear
direction of the opposite plane.
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by coating spheres and its failure mechanisms are
mainly by structural disintegration for low-resin
content foams.9

The maximum impact force measured as a
function of specimen diameter is given in Figure
6. The symbol F represents pure resin at an im-
pact-energy level of 2.04 J. The other two symbols
} and ■ represent foam at impact-energy levels of
1.14 and 2.04 J, respectively. The impact force
(maximum peak) for resin appears to be much
higher than those of foam for a diameter of 5 mm.
This indicates that the inclusion of hollow micro-
spheres in the resin is beneficial in reducing the
impact force. Furthermore, the two solid lines
represent the best fit curves (converted from log–
log scales) for two different impact energy levels
for foam as a function of specimen diameter. They
show that there is not much difference in the
impact force for the different energy levels. They
also show some degree of nonlinearity. Judging
from the reasonable linearity of stress–strain
curve to the peak where fracture occurs (see Fig.
2), the nonlinearity here would be due to the
strain-rate effect caused by specimen diameter
variation.20–22 This allows the use of a model for
analysis represented by the following equation20–22:

F 5 dmkÎL (1)

where F is the maximum impact force, d is the
diameter, L is the impact energy, and (m, k) are
constants. The obtained values for the con-
stants are given in Table III. The predictions by
eq. (1) is also given as dotted lines in Figure 6.
It is seen that the prediction appears to be
reasonable and there is not much difference
between the two energy levels, although the
difference in prediction is obvious compared to
that in the experiment.

Average impact stresses obtained by convert-
ing the data are shown in Figure 7. Stress levels
for foam and pure resin both with a diameter of 5
mm are easily distinctive with each other. How-
ever, the stress for foam does not appear to vary
as much as the impact force over the range of
diameters. The solid lines represent the best-fit
curves (converted from log–log scales) of data
points for foam at impact energy levels of 1.14 and
2.04 J. The difference in stress between two dif-
ferent impact energy levels is noticeable com-
pared to that in the force shown in Figure 6.
Predictions are made and given as dotted lines in
Figure 7 using the following equation20–22:

Figure 6 Impact force as a function of specimen di-
ameter: F, resin (2.04 J); }, foam (1.14 J); and ■, foam
(2.04 J); ——, best fit line; and —, predicted by eq. (1).

Table III Constants for Foam in F 5 dmk=L and s 5 dm22k*=L

Impact Energy (J) m k k9 Mean m Mean k Mean k9

1.14 1.61 46.39 59.23
2.04 1.77 22.63 28.76 1.69 22.63 44.00

Figure 7 Average impact stress as a function of speci-
men diameter: F, resin (2.04 J); }, foam (1.14 J); ■, foam
(2.04 J); ——, best fit line; and —, predicted by eq. (2).
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s 5 dm22k9ÎL (2)

where s is the stress and k9 is a material con-
stant. The obtained constants are listed in Table
III. The prediction becomes favorable for large
diameters.

It should be noted that the model has some
limitations. For example, it does not consider the
force (F) of postfracture that may be affected by
kinetic energy due to fracture. The smaller the
diameter, the more the kinetic effect is expected.
A posttest examination of impact specimens was
conducted that divided the specimens into two
groups: one is for broken specimens that may
carry some kinetic energy during fracture and the
other is for those with just visible cracks. The
transitional point between the two groups is indi-
cated in Figures 6 and 7. The cracking mode of the
foam under impact loading had been found to be
similar to that under pseudostatic compressive
loading.

CONCLUSIONS

Compression and impact behaviors of a syntactic
foam manufactured by compaction have been
studied. Compressive modulus of the foam was
found to be reduced by a factor of 2 from that of
resin for the same size specimens. Experimental
results for impact force and stress were found to
be in reasonable agreement with predictions.
Also, it was demonstrated that inclusion of glass
hollow microspheres in resin reduces impact
force/stress.
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