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ABSTRACT: The barrier properties of short-fiber-rein-
forced epoxy foam are characterized and compared with
unreinforced epoxy foam in terms of moisture absorption,
flammability properties, and impact properties. Compres-
sion and shear properties are also included to place in per-
spective the mechanical behavior of these materials. Com-
pared with conventional epoxy foam, foam reinforced with
aramid fibers exhibits higher moisture absorption and

lower diffusion, while glass-fiber-reinforced foam is signifi-
cantly stiffer and stronger. In addition, the polymeric foam
composites studied present superior fire-resistance com-
pared with conventional epoxy foam systems. � 2006 Wiley
Periodicals, Inc. J Appl Polym Sci 102: 3266–3272, 2006
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erties; moisture

INTRODUCTION

Epoxy resins arehigh-performance thermosettingpoly-
mers widely used in adhesives, flooring and paving
applications, molding products, and composites. The
performance of epoxy resins is often enhanced by the
addition of fillers such as particles (e.g., microspheres)
or/and different types of fibers (e.g., glass, carbon,
aramid). The latter materials—epoxy composites—
merit special attention because they are lightweight
structural materials that exhibit excellent mechanical
performance and attractive dielectric properties.1,2

They are used in a broad range of applications in the
construction, transportation, marine, and aerospace
industries.3–5

Epoxy foams can also be reinforced with fibers. The
extremely low density of foam structures, coupled
with the intrinsic strength and adhesion of epoxy and
high-performance fibers, yields an ultralight struc-
tural material that is strong, durable, and damage-
tolerant.6,7 Such materials constitute a low-cost alter-
native to costly honeycomb core materials commonly
used in sandwich structures.

While mechanical performance is critical to the
design of reinforced epoxy composites, other factors

can be equally important. For example, humidity ex-
posure and resulting water absorption can reduce
fiber adhesion in the material, producing deleterious
effects on mechanical performance and adding un-
wanted weight. Another concern for most aircraft and
marine applications is the fire resistance of compo-
sites, which can affect mechanical performance and
more importantly, diminish human safety.

In this article, we examine the influence of glass and
aramid fibers on mechanical properties, water absorp-
tion, and fire resistance of epoxy foams, and compare
the results with unreinforced foams. The influence of
different loadings and fiber types on foam properties
is also analyzed. The samples are characterized using
compression, shear, and impact tests, as well as water
absorption and flammability, smoke density, and tox-
icity (FST) tests.

EXPERIMENTAL

Materials and synthesis of composite foams

Epoxy foams were formulated using a commercial
system consisting of epoxy, amino hardener, and poly-
dimethylsiloxane as chemical foaming agent (REN
1774, Ciba-Geigy). The epoxy foam was synthesized
with a weight ratio of epoxy : hardener : blowing
agent of 100 : 25 : 2.4. Short aramid fibers were utilized
(Nomex1, DuPont) with chop length of 6.3 mm and
an average diameter of 15 mm. Glass fibers (Owens
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Corning) were also used, with chop length of 6.3 mm
and an average diameter of 17 mm.

The synthesis of reinforced epoxy foams was car-
ried out blending the fibers with the resin in a high-
speed, dual-axis mixer (Keyence HM-101). The fibers
were dispersed in the epoxy resin using the mixer.
After this stage, hardener and siloxane were added
[full details appear in Ref. 6]. The sample was poured
into a mold and maintained at room temperature for
24 h. The sample was postcured for 2 h at 1008C. All
foams were manufactured to achieve a density of
300 kg/m3 (or � 18.5 pcf).

Mechanical testing

Compression testing was performed using a universal
testing machine (INSTRON 8531) in accordance with
ASTM D1621. Specimens were cut with a diamond
blade band saw and polished to a size of 30 � 30
� 25.4 mm3. Samples were compressed between two
stainless steel platens using a crosshead rate of
2.5 mm/min. From the stress–strain curve, the com-
pressive modulus was determined using the steepest
initial slope, and the strength was calculated from the
maximum load.

Shear testing was performed according to ASTM
C273. Sample dimensions were 25.4 � 6.4 � 30.4 mm3.
The polished samples were bonded to stainless steel
plates using a fast-cure epoxy adhesive. The shear
modulus and strength were calculated from the

stress–strain curve according to ASTM standard pro-
cedures.

Instrumented falling weight impact (IFWI) tests
were performed using a falling weight impact tower
(Fractovis Ceast). The plaques, clamped on a sup-
porting ring of 40 mm diameter, were impacted with
a hemispherically tipped dart at an incident speed of
3.33 m/s. An impactor mass of 18.49 kg was used,
and the response of load was recorded for 32 m/s.
At least four plates for each material were impacted.

Moisture absorption tests

Sample dimensions of 5 � 50 � 50 mm3 long were
used for moisture absorption tests, in accordance with
ASTM D5229, which specifies a nominal-length-of-
one-side to thickness ratio of 10 : 1. The samples were
dried in a vacuum oven at 608C until no weight
change was observed. Dried specimens were placed
in an environmental chamber maintained at 80% rela-
tive humidity and room temperature. The weight of
the samples was monitored until specimens reached
equilibrium conditions.

FST tests

FST tests were performed on composite foams using
a cone calorimeter, in accordance with ASTM E1354.
Sample dimensions were 6.4 � 100 � 100 mm3

4 � 4 in.), as shown in Figure 1. In fire tests, the

Figure 1 Original shape of unreinforced and short-fiber-reinforced epoxy foams before FST tests.
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broad specimen surface was exposed to the elec-
tric radiant heat source in the calorimeter. Com-
posite samples were exposed to an incident heat
flux of 50 kW/m2 generated by the heat source for
times up to 30 min. The heat flux was selected to
approximate the heat intensity from a medium-
sized room fire. The ignitability, peak heat release
rate, the evolution of CO, and the time to sus-
tained ignition were measured.

RESULTS AND DISCUSSION

Mechanical properties

The results of compression and shear tests on the dif-
ferent reinforced foams are summarized in Table I.6 In
general, glass-reinforced epoxy foams exhibit higher
compressive modulus values than aramid-reinforced
foams because of the higher bending stiffness of glass
fibers. However, aramid-reinforced foams exhibit
larger increases in compressive strength, a phenom-
enon attributed to micro-peel phenomenon in the
fibers.9 With respect to shear properties, the reinforced
foams exhibit significant enhancements (20–140%) in
both modulus and strength. Note that the strain energy
density of the foam composite with 5 wt % aramid
fibers shows a 4-fold increase relative to the unrein-
forced foam. The strain energy density is an important
indicator of energy absorption and fracture resistance.

While compressive and shear properties are un-
doubtedly critical factors for core materials in sand-
wich structures, impact resistance is important for
durability and damage tolerance of foams. The IFWI
technique is widely accepted for assessment of out-
of-plane fracture response of plastics and compo-
sites. This method provides an accurate measure of
the material response against impact loads parallel
to the thickness direction. From the IFWI fractograms,
the following parameters were determined by data
reduction:

• The maximum strength (sd).The maximum load
registered (Fmax) in the fractogram can be con-
verted to a stress, which represents the impact
bending strength at crack initiation:

sd ¼ 2:5 Fmax

l2
(1)

where l is the sample thickness.
• The energy at crack initiation, which can be nor-
malized by thickness:

Ei ¼ 1

l

Z Xmax

0

FdX (2)

where X is the displacement.
• The total energy required to penetrate the speci-
men completely, normalized by thickness:

Et ¼ 1

l

Z Xtotal

0

FdX (3)

• The ductile failure mode can be described by the
ductility index (DI). A DI ¼ 0 indicates that the
sample is fully brittle and a DI ¼ 1 that the fail-
ure is fully ductile:10

DI ¼ Et � Ei

Et
¼ Ep

Et
(4)

where Ep is the energy required to complete disk pen-
etration (propagation energy). The equations above
were first derived by Jones et al.,11 and now are com-
monly used in works describing mechanical behavior
of foams.12–14

The measured values of maximum load (Fmax),
maximum energy (Emax), total energy (Etotal), and total
time (ttotal) for the composite foams studied are sum-

TABLE I
Compressive (Parallela) and Shear Properties (Perpendicularb) of Foams

with a Length of 6.3 mm Fiber (Density 5 300 kg/m3)

Foam formulation

Compressive properties Shear properties

Modulus
(MPa)

Strength
(MPa)

Modulus
(MPa)

Strength
(MPa)

Strain energy density
(J) (10�6/m3)

Unreinforced 73.69 2.66 386.83 10.49 14.47
2.5% Aramid reinforced 62.72 2.62 503.67 17.23 31.04
5% Aramid reinforced 92.49 3.21 551.04 24.45 57.06
2.5% Glass reinforced 85.93 2.78 489.48 12.11 16.20
5% Glass reinforced 116.64 2.86 439.54 14.88 23.31
Phenolicc 36.5 0.4 12.3 0.30 –
Polyurethanec 183.29 4.25 32.39 2.82 –

a Loading direction with respect to the 2 foam rise direction.
b ‘Perpendicular’ means the shear plane is perpendicular to the foaming direction.
c Data from the manufacturer’s datasheets.8
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marized in Table II. Note that the maximum load for
epoxy foam with 5 wt % glass fiber is slightly lower
than the unreinforced counterpart, while the foam
containing only 2.5 wt % glass fiber showed increases
in maximum load and energy of 23 and 16%, respec-
tively. Similarly, the foam with 5 wt % aramid fiber
showed only a modest increase in maximum load
point (� 5%), while the foam 2.5 wt % aramid fibers
showed an increase in maximum load of 20% relative
to the unreinforced foam. Thus, while glass fibers
were more effective than aramid fibers in enhancing
impact properties, higher fiber loadings caused a
decrease in impact properties relative to the unrein-
forced foam. At lower fiber loadings, fibers increase
the resistance to impact damage, presumably by
bridging cracks and by pullout. However, at higher
loadings, fibers facilitate impact damage, a phenom-
enon that might be related to inadequate fiber disper-
sion. The initiation of fracture during impact loading
of unreinforced foam is caused mainly by craze for-
mation,15 while in composite foams, additional mech-
anisms are activated, such as pullout, deflection, and
debonding. The effects of the high loading rates on
fracture mechanisms in composite foams is presently
not well understood, and will require further study.

Moisture absorption

Presentation and discussion of the moisture absorption
data requires a brief description of the theory of mois-
ture diffusion in polymeric materials. More detailed
descriptions are provided elsewhere.16–18 The mecha-
nism of moisture diffusion can be described by Fick’s
second law with a diffusivity constant (D), which nor-
mally represents nonsteady state diffusion in a poly-
mer in three dimensions such as follows:

Mt

M1
¼ 1�

X1
0

8

ð2nþ 1Þ2 p2 exp
�Dp2

4:12
ð2nþ 1Þ2 t

� �

(5)

In our work, one-dimensional diffusion through a sam-
ple of thickness 2lwas measured, and thus the relative
moisture uptake was approximated by the following
expression (where only the terms for n¼ 0 appear):

Mt

M1
¼ 1� 8

p2
exp

�Dp2

4l2
t

� �
(6)

where Mt is the weight gained at time t, and M! is the
maximum weight gained at the equilibrium state. An
expression similar to eq. (5) was used to predict the
moisture content,17,18 given by:

Mt

M1
¼ 1� exp �7:3 � Dt

4l2

8>: 9>;0:75
� �

(7)

Fick’s second law is based on a linear relationship
between the moisture gain (Mt/M!) and time (t1/2).
Consequently, the diffusivity coefficient can be deter-
mined from the resultant slope of the following equa-
tion7,16 for small values of times (M!/Mt„ 0.5).

Mt

M1
¼ 4 � Dt

p4l2

8>: 9>;0:5 (8)

On the other hand, in an ideal, void-free composite, the
process of diffusionwill depend primarily on:19,20

a. The diffusivity of the continuous matrix, Dm

and that of the reinforcement, Df.
b. The volume concentration of the matrix (1 � Vf)

and the filler Vf, and
c. The spatial distribution and orientation of the

fibers in the matrix (in the case of fiber rein-
forcement).

In the last case, the effective conductivity, Dc, of the
composite will also depend on the dimensions of the
fibers and the degree of anisotropy of the relevant
properties of the fibers and matrix materials. Further-
more, because the composites prepared in this work
are foams, they are not void-free and thus, the effective
diffusivity also depends on void concentration. More-
over, the effective diffusion coefficients used through-
out this article may include non-Fickian effects present
in the system (e.g., capillary transfer of moisture and
water diffusion through the microscopic and submi-
croscopic structure of the foams).

Typical plots of percentage weight gain as a func-
tion of root time for epoxy foams with different fiber
contents are shown in Figure 2. The moisture ab-
sorption behavior is well-fitted in M? [eq. (7)] for all
foams tested. On the other hand, the nonsteady-state
moisture absorption of the specimens is also well-
described by this model. However, data from epoxy
foams do not conform to the steady-state predictions
because of the morphological features of this mate-
rial,18 which presents preferred pathways for diffu-
sion of water molecules.

Glass-fiber reinforced epoxy foams reach moisture
saturation after about 2.5 days, independent of fiber

TABLE II
Impact Properties of Foams with a Length of 6.3 mm

Fiber (Density 5 300 kg/m3)

Foam formulation Fmax (N) Emax (J) Etotal (J) ttotal (ms)

Unreinforced 2309.75 20.80 42.47 12.68
2.5% aramid reinforced 2836.62 19.39 39.06 11.37
5% aramid reinforced 2426.99 13.11 35.31 12.63
2.5% glass reinforced 2993.64 24.86 53.05 13.06
5% glass reinforced 2211.95 12.94 33.78 10.01
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loading [Fig. 2(a)]. The unreinforced epoxy foam
required � 6 days and reinforced epoxy foam with
2.5 wt % aramid-fiber required � 8 days to achieve
moisture saturation. The moisture absorption rates
for glass-reinforced epoxy foams were greater than
that of unreinforced and aramid-reinforced epoxy
foams. However, epoxy foam with 2.5 wt % aramid
fiber exhibited a higher moisture content after reach-
ing the equilibrium state [Fig. 2(b)]. In general, the
saturated humidity content of the composite foams
is predicted by the model.

The effective diffusivity values predicted by Fick’s
second law for the epoxy foams are displayed in Fig-
ure 3. A remarkable � 22% reduction in effective dif-
fusivity relative to the unreinforced epoxy foam was
achieved with addition of 2.5 wt % glass fiber. In
general, the effective diffusivity decreased with
increasing fiber content because moisture absorption

of reinforced composites presents complex phenom-
ena. Thus, the effective diffusivity for glass-rein-
forced epoxy foam is influenced by crosslinking and
the cell size reduction that results from glass fiber
additions. Note that epoxy foam with 2.5 wt % ara-
mid fiber exhibits a 5% increase in effective diffusiv-
ity with respect to unreinforced epoxy foam because
of the hydrophilic character of the fibers. In contrast,
the addition of 2.5% glass fibers causes a reduction
in effective diffusivity, reflecting the hydrophilic
behavior of the glass fibers in the foam. Epoxy foam
with 5 wt % glass fiber exhibits a diffusivity that is
25% greater than epoxy foam with 2.5% glass fiber
(but similar to the diffusivity in 2.5 wt % aramid-re-
inforced epoxy foam). An increase in the glass fiber
loading provides more pathways for accelerated dif-
fusion of water molecules in the foam, which also
reduces the adhesion between glass fibers and the
matrix. Note that excessive moisture uptake in epoxy
foams is expected to adversely affect corrosion pro-
cesses and degrade thermomechanical properties,21,22

factors that are particularly important in electronic
applications for foams.

Fire resistance

The burning behavior of reinforced epoxy foams was
studied by cone calorimetry, and the flammability
properties are shown in Table III. The time to ignition
(TTI) for the composite foams was low relative to phe-
nolic laminates, which typically show TTIs of 170 s.23

This finding was not unexpected, because flammabil-
ity properties of phenolic compounds are generally
far superior to those of epoxy systems. However, the
composite foams were formulated with epoxy REN
1774, which exhibits a delay in TTI of � 20% relative
to epoxy Epon826 (Table III). Note that the epoxy
resin used contains proprietary fire-retardant addi-
tives to improve FST properties.

Figure 3 Evolution of moisture diffusivity as a function
of fiber contents for epoxy foams.

Figure 2 Plots of weight gain versus square root time, for
(a) epoxy foam and aramid reinforced epoxy foam and (b)
glass reinforced epoxy foams.
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The heat release rate (HRR) curves for the compos-
ite foams show an initial peak at about 1 min (Fig. 4),
which is attributed to fiber and matrix decomposition
near the heated surface.25 The second large peak is
caused by matrix decomposition (unreinforced epoxy
foam) and fiber decomposition (reinforced epoxy
foams). The foam reinforced with 2.5 wt % glass fiber
displayed a lower average HRR than the unreinforced
foam. However, phenolic foams exhibit much greater
fire resistance and much lower total heat release
(THR). The weight loss of the different epoxy foams,
in general, show similar values, which indicates good
fiber–matrix adhesion. Finally, the average CO/CO2

yield value for the foam with 2.5% glass decreased by
35 and 43% with respect to the unreinforced epoxy
foams (REN 1774 and Epon826), respectively. These
reductions indicate decreased toxicity as a result of
the glass fiber additions.

CONCLUSIONS

Epoxy composite foams reinforced with 2.5 wt % ara-
mid or glass fibers exhibit superior impact properties
relative to unreinforced and 5 wt % fiber reinforced
epoxy foams. Glass fiber (2.5 wt %) additions reduce
both moisture absorption and effective diffusivity in

the reinforced composite foam. This may translate
into improved corrosion resistance for such materials,
an important consideration for electronic applications.
The addition of glass fibers improves fire resistance,
reducing both CO and CO2 emissions during combus-
tion of reinforced foam. However, the TTI of the rein-
forced epoxy foams are relatively short, particularly
when compared with phenolic foams.

Several issues require further investigation, includ-
ing more extensive characterization of mechanical
and physical properties, the effects of moisture on
thermomechanical properties, and the effects of new
additives in the epoxy resin for improving the overall
FST fire properties of composite foams.

NOMENCLATURE

D diffusivity constant
DI ductility index
Ei energy at crack initiation
Ep propagation energy
Etotal total energy
Fmax maximum load
HRR average heat release rate
Mt weight gained at time t
M? maximum weight gained at the equilibrium

state
ttotal total time
TTI time to ignition
X displacement

Greek letters

r density
sd maximum strength
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