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Abstract

The aim of this work is to develop a (statistical) predictive model that describes the compression properties of glass-fiber-reinforced
epoxy foams. An analysis of variance was applied in order to determine the behavior of the composite foams. The material variables and
ranges used in the study were density (250-550 kg/m?), fiber weight fraction (1-5 wt%), and fiber length (6-12 mm). The responses ana-
lyzed were the compressive modulus and strength. In addition, the foam size cell distribution was studied as a function of density. The
results showed that the density and the morphology of composite foams exhibit a strong influence on the responses of the model. There-
fore, the utilization of a statistical model for predicting composite foam properties is an appropriate tool that affords a global perspective

of the influence of different effects on material behavior.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Epoxy foams exhibit excellent mechanical properties
and low shrinkage, low density, and low water absorption,
all of which are especially attractive for applications in
transportation and construction industries [1-4]. In recent
years, these cellular materials have been improved by the
incorporation of fillers such as fibers and particles [5-8].
The final properties of these cellular solids depend on foam
density, the type and loading of fibers or particles, fiber
length or particle diameter, and the geometrical structure
of cells. It is a formidable but necessary task to link the
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physical properties of polymeric foams to the density and
complex microstructure in order to understand and opti-
mize such properties.

Considerable effort has been devoted to determining the
behavior of polymeric foams through different models. One
of the simplest approaches is to employ dimensional anal-
ysis. In this method, the mechanical properties of cellular
materials are analyzed and predicted by considering the
influence of relative density but not cell geometry [9]. For
instance, Mourtiz [10] based his work on analytical models
that predict post-fire mechanical properties of burnt com-
posites. The author correlated different operating condi-
tions of fire with flexure, tensile, and compressive
properties of burnt specimens. Zhang and Chen [11] uti-
lized a similar type of model to study the relation between
low-cycle fatigue life of discontinuously reinforced metal
matrix composites and the reinforced particle size.

Several authors have studied the mechanical perfor-
mance of foams as a function of cell irregularity [12,13].
This method is based on analyzing a repeating unit cell,
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Nomenclature

a; regression coefficient
constant

constant

degrees of freedom
compressive modulus (MPa)
fiber length (mm)

density exponent (Eq. (3))
density exponent (Eq. (4))

TS oM wa

SDQ sum of squares

|74 fiber weight fraction (wt%)
X effect

Z response of the model
Greeks

P density (kg/m?)

O compressive strength (MPa)

such as a tetrakaidecahedron. The mathematical tool uti-
lized, in general, is finite elements. The random Voronoi
technique followed by finite element analysis (FEA)
improves the model accuracy and utility, because it pro-
vides a more accurate representation of the cell geometry
of polymeric foams [14,15].

Another approach to modeling the behavior of cellular
materials involves statistical methods. This approach
reduces the number of experimental iterations and at the
same time yields the maximum information about the dif-
ferent variables influencing the whole system. Using this
approach, Sutherland and Soares [16] employed an experi-
mental design to study the effect of energy absorbed by the
specimen, clamp form, grip, and striker head on the impact
response of glass-fiber-reinforced plastic. Similarly, Davim
et al. [17] studied the influence of cutting parameters on the
machining force in the workpiece, delamination factor, sur-
face roughness, and international dimensional precision. In
their work, they applied an orthogonal array 2* experimen-
tal design. Such methods have proven to be useful and
expeditious because of the increased efficiency coupled with
acceptable accuracy.

The aim of this work is to determine the relationship
between composition, final morphology, density, and prop-
erties of epoxy foams. A statistical model was utilized to
describe the behavior of glass-reinforced epoxy foams
when length, weight fraction, and density are changed in
the selected ranges.

2. Experimental
2.1. Materials and synthesis of composite foams

Epoxy foams were formulated using a commercial sys-
tem consisting of epoxy, amino hardener and poly-
dimethylsiloxane as the chemical foaming agent (REN
1774, Ciba-Geigy, K.R. Anderson, USA). The epoxy foam
was synthesized with an epoxy-to-hardener-to-blowing
agent ratio of 100:25:1-4 (by weight). Short glass fibers
were used with chop lengths of 6, 9, and 12 mm and an
average diameter of 11 um (Lauscha Fiber International).
A silane sizing had been applied to the surface of the fibers.

The synthesis of reinforced epoxy foams was carried out
by blending the resin and the fibers in a high-speed, dual-

axis mixer (Keyence HM-101). After mixing, the hardener
and the siloxane were incorporated into the mixture. The
sample then was poured into a mold and maintained for
24 h at room temperature to expand the foam. Foam
expansion was followed by post-curing for 2 h at 100 °C.

2.2. Statistical experimental design

Experimental design is an useful mathematical tool
which yields a maximum of information for a minimum
investment of experimental resources. In this work, only
a brief description of statistical analysis of experimental
design data is presented. More detailed information is pro-
vided elsewhere [18,19].

The aim of statistical design is to predict the behavior of
a system or to optimize a process, and the first task is to
develop or choose a model. Therefore, it is necessary to
know the independent variables and dependent variables
that study for choosing an appropriate model. The next
step is to decide which factors (or independent variables)
to analyze and to specify the ranges (“maximum’” and
“minimum” value from ranges or levels). In the present
work, a full factorial design was chosen to describe the sys-
tem, designated by 2°. This designation signifies that the
experimental design has two levels with three independent
variables (called factors). The levels are designated as
“high” and “low” or “+1” and “—17, respectively. A 2°
design was chosen because the availability of different glass
fiber lengths was limited, as was the range of lengths suit-
able for foam production. A design with all possible
high/low combinations from the range of the three factors
led to the experiments summarized in Table 1. The ranges
of the three factors considered in the 2° design can be rep-
resented in a 3D space, as shown in Fig. 1. Each one of the
numbers from the “cube” represents an iteration of the
experimental design. In this work, three additional experi-
ments were also preformed, and these runs correspond to
the midpoints of the ranges studied for the independent
variables. The iterations of the central point of the experi-
mental design may be used as an estimate of the experimen-
tal variation [18]. The responses or the dependent variables
of the system are influenced by the factors and the interac-
tions between these (in the present case, the density, fiber
length and fiber weight fraction).
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Table 1

Matrix of two level full factorial design with three central points

Run Factor 1 Factor 2 Factor 3
1 0.0 0.0 0.0
2 -1.0 -1.0 -1.0
3 1.0 —-1.0 —-1.0
4 -1.0 1.0 -1.0
5 1.0 1.0 —-1.0
6 0.0 0.0 0.0
7 -1.0 -1.0 1.0
8 1.0 -1.0 1.0
9 —-1.0 1.0 1.0

10 1.0 1.0 1.0

11 0.0 0.0 0.0

7 9
8
Factor 3
Factor 1

Factor 2 .
3 5

Fig. 1. Experimental design point according to two level full factorial
design and three central points.

Experimental designs are employed to fit a linear statis-
tical model to the response results, with factor levels coded
as “low” or “high” for each factor. Currently, statistical
software packages or spreadsheets allow calculating analy-
sis of variance (ANOVA) and multiple linear regression
methods. Thus, an example of a statistical model that can
be obtained by 2% designs is given by

3 3003
Z:ao+zaiXi+Z Zainin7 (1)
i=1 =1 =1

where Z is the response considered, a;; are the regression
coefficients, and Xj; are the effects studied. Once the regres-
sion coefficients are determined, an estimation or valida-
tion of the results is performed. Thus, each effect yields a
P-value, which signifies the significance of that effect, either
low or high. For instance, a higher P-value (>0.05%) indi-
cates that the effect should be rejected in the variance anal-
ysis, because the effect lacks significance in the model. In
addition, for determining the fit of the model, the data
must show a low scatter and an R? value (fraction of the
variance) near 100%. The responses can be plotted as a
contour map or response surface (2D and/or 3D plot). In
this manner, the graphs offer a visual analysis of the evolu-
tion of several factors that influence the response studied,
which allows one to optimize the conditions of the system
within the ranges considered.

2.3. Plan of experiments

The experimental work was divided in two parts. In the
first part, six epoxy foams with densities between 250 and
550 kg/m> were formulated for determining the dependence
of density on siloxane. These experiments determined the
siloxane amount required for each iteration of the experi-
mental design. In addition, compression tests and scanning
electron microscopy (SEM) inspection were performed on
these specimens. Data from the compression tests were
analyzed using the Gibson—Ashby model [9]. The cell size
distribution for each composite was determined from the
SEM images.

In the second part of the work, a factorial design was
followed to study the effects of the main variables on the
manufacture of glass-fiber-reinforced epoxy foams. A 2°
central composite design was applied (11 runs: 2° + 3 cen-
ter points), which included three main effects and three
two-factor interactions. The variables studied were density
(p), fiber weight fraction (W), and fiber length (L), and the
respective ranges were 250-550 kg/m® (or 15.4-34 pcf), 1-
5 wt%, and 6-12 mm. The responses measured for model
development were modulus (E) and compressive strength
(00).

The experimental conditions employed and the results
obtained are shown in Table 2. Data processing was
accomplished using commercial software (Statgraphics
plus®5.0). The model equations included first-order terms
to describe main effects, and second-order terms for inter-
actions, as

Z=ay+ayp+al+ayW + oy pL +a,ypW + ap WL.
2)
Analysis of variance for experimental results was
employed to discount non-significant effects, which were
excluded from the model regression, and to check the suit-
ability of the model. Contour maps (three- and two-dimen-

sional response surfaces) from the model were employed to
locate the optimum conditions of the process.

Table 2
The design of experiment generated matrix, along with the compression
test results

Run Density Length Loading Modulus Strength
(kg/m?) (mm) (Wt%) (MPa) (MPa)

1 250 6 1 39.96 2.27
2 250 12 1 62.25 1.96
3 550 12 5 183.48 16.65
4 550 6 5 200.20 16.47
5 550 6 1 149.33 19.55
6 400 9 3 79.90 4.67
7 550 12 1 132.55 17.76
8 400 9 3 80.30 4.72
9 250 12 5 62.94 3.46

10 400 9 3 79.80 4.69

11 250 6 5 40.85 2.85
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Fig. 2. Compressive stress—strain curve of epoxy foam. Loading direction
is parallel to the foam rise direction.

2.4. Compression tests

Compression testing was performed on a universal test-
ing machine (INSTRON 8531) in accordance with ASTM
D1621. Specimens were cut with a diamond blade band
saw and polished to obtain dimensions of 30 mm?> by
25.4 mm thick. The samples were placed between stainless
steel platens and load was applied with a crosshead rate
of 2.5mm/min. Compressive modulus was determined
from the steepest initial slope of the stress—strain curve
and strength was calculated from the maximum load (in
a range of strain <10%), as shown in Fig. 2. Average values
were determined from a minimum of five replicates.

2.5. Scanning electron microscopy

A scanning electron microscope (SEM, Cambridge 360)
was employed to observe the surfaces of foam specimens.
Samples were prepared by cryogenic fracture, which pro-
duced a viewable cross-section perpendicular to the rise
direction to avoid structural deformation of the foams.
Gold sputtering onto the sample surface was used to
impart electrical conductivity. The operation voltage of
the SEM was 10 kV.

3. Results and discussion

3.1. Characterization of unreinforced and reinforced epoxy
foams

The density of the epoxy-amine foam system decreased
sharply as the amount of blowing agent, siloxane, was
increased from 1 to 4 wt%, as shown in Fig. 3. During
the foaming process, the blowing agent reacts with the
amine producing hydrogen gas, which results in foam
expansion. However, the density remains constant and

650

600 - %
550 -
500 -
450 -
400

350 -

Density (kg/m°)
-

300 -

250 - . ¥

200 T T T T T T T T T T T T T T T
0.5 1.0 1.5 20 25 3.0 3.5 4.0 4.5
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Fig. 3. Variation of the density with the weight percent siloxane for
unreinforced epoxy foams.

does not decrease when 3 wt% or more siloxane is added.
In fact, higher siloxane contents (>3 wt%) produced a col-
lapse of cells, as shown in Fig. 4. Thus, formulation of the
epoxy-amine system with a ratio of 100:25 was carried out
with blowing agent contents less than 3 wt%. Therefore,
the range limits of the blowing agent content for the exper-
imental design application were set at 1 and 3 wt%
siloxane.

The compressive modulus (E) and compressive strength
(a.) are plotted as functions of foam density in Figs. 5 and
6, respectively. Both mechanical properties increase sub-
stantially with foam density (which is controlled by the
amount of blowing agent). The compressive modulus and
strength can be fitted to a power-law expression with
respect to foam density [20], as follows:

E=4p", (3)
o. = Bp?, (4)

where 4 and B are constants related to the physical prop-
erties of the foams, and n and p are density exponents re-
lated to the structure and deformation mechanics of the
cellular material. Although Eqgs. (3) and (4) were originally
proposed by Gibson and Ashby for open-cell foams, sev-
eral authors have applied them to closed-cell foams
[20,21]. The compressive modulus and strength data in
the density range studied is accurately described by the
equations. The fits results of Figs. 5 and 6 are 0.98 and
0.97, respectively. The values obtained for the parameters
“n” and “p” were 1.6 and 2.2, respectively, and are consis-
tent with recent reports for similar composite foams [9,21].

These results indicate that the morphology of epoxy
foam changes as a function of density according to Egs.
(3) and (4). Accordingly, SEM samples were prepared to
determine sow the cell size distribution changed with foam
density. Fig. 7 shows typical SEM images of the cell size
distributions in foams with different amounts of siloxane.
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Fig. 4. SEM images of unreinforced epoxy foams: (a) 1 wt% siloxane, (b)
2.5 wt% siloxane, and (c) 4 wt% siloxane.

Cell sizes measured from such images are plotted in
Fig. 7(d), which shows that the distribution of cell sizes
was displaced to higher diameters when the siloxane con-
tent was increased. The average cell diameters increase
from 0.105 to 0.16 mm when the blowing agent is increased
from 1 to 3 wt%.

The effect of different fiber weight fractions and fiber
lengths on cell size distribution was considered in foams
of fixed density. In recent work, it was reported that the cell
size distribution was not significantly modified by different
fiber loadings [22]. In the case of different fiber length, the
cell size in reinforced epoxy foams was not significantly
affected, as shown in Fig. 8. Thus, we conclude that size cell
distribution was not significantly affected by glass fiber
loading or fiber length. These findings provide an excellent
opportunity to study glass-fiber-reinforced epoxy foams
through statistical model, considering that the size distribu-
tion of cell does not change in foams of fixed density. The
following section presents the results of an analysis of var-
iance study (ANOVA) of reinforced epoxy foams.

Modulus (MPa)
3

10

—7r . Tr r 1 r T r 1 r T Tt 1T T T T
200 250 300 350 400 450 500 550 600 650
Density (kg/m?3)

Fig. 5. Variation of the compression modulus with the density for
unreinforced epoxy foams.

Strength (MPa)

0 — T T T T T T " T T T T T T T
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Density (kg/m?3)

Fig. 6. Variation of the compression strength with the density for
unreinforced epoxy foams.

3.2. Statistical model of reinforced epoxy foams

The measured values of compression modulus (£) and
strength (o) provided a basis for evaluating the behavior
of the reinforced composite foams. The values of compres-
sive modulus and strength are summarized in Table 2.
Modulus and strength were increased up to ~40% and
~20%, respectively, when the amount and length of fibers
added were optimized according to statistical model, as
described below.

The influence of density (p), fiber length (L) and fiber
weight fraction (W) was studied through statistical design.
The analysis of variance (ANOVA) for modulus of rein-
forced epoxy foams is shown in Table 3. This analysis
was carried out for a level of confidence of 95%. The last
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Fig. 7. SEM images of epoxy-amine foams with different amount of
siloxane: (a) 100:25:1, (b) 100:25:2, and (c) 100:25:3. (d) Distribution of
cell size for unreinforced epoxy foams (curve A, B and C correspond to
epoxy-amine-siloxane system with a ratio of 100:25:1, 100:25:2 and
100:25:3, respectively).

two columns in Table 3 indicate the distribution F and
P-values of each factor and their influence on the analysis.
The factors with a distribution F> 18.58% and P-val-

14
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Fig. 8. Distribution of cell size for unreinforced and reinforced epoxy
foam samples with 1 wt% siloxane. Curve A: unreinforced epoxy foam,
Curve B: 1 wt% glass fiber reinforced epoxy foam, / = 6 mm, and Curve C:
1 wt% glass fiber reinforced epoxy foam, / = 12 mm.

Table 3

Analysis of variance for the compression modulus (E)

Source SDQ Mean square  df  Test F P-values
o 26398.80 26398.80 1 377126.43  0.0000
w 14.81 14.81 1 211.58  0.0047
L 1335.80 1335.80 1 19082.84  0.0001
oW 758.26 758.26 1 10832.27  0.0001
pL 1255.63 1255.63 1 17937.59  0.0001
WL 0.00263 0.00263 1 0.04 0.8643
Lack of fit 1828.04 914.022 2 13057.45  0.0001
Error 0.14 0.07 2 - -
Total 31591.5 - 100 - -

SDQ: sum of squares, df: degrees of freedom.

ues < 0.05 exhibit statistical significance level higher than
95% for compression modulus. However, in cases where
the factor had a distribution F<18.58% and P-val-
ues > 0.05, the factor or factors must be rejected because
the effects present a significance level less than 95%. Thus,
as shown in Table 3, the factor WL must be rejected from
the analysis of variance. The new ANOVA values for the
modulus are shown in Table 4. All factors display a confi-
dence level of 95%. The corresponding revised model
obtained describing the modulus for the composite foams
(in the range studied), is given by

E (MPa) = —103.371 4 0.452394 - p + 9.10743 - L
—10.2432 - W — 0.0216347 - pL
+0.0417604 - pI¥. (5)

The response surfaces of the modulus as a function of
fiber weight fraction and fiber length are shown in
Fig. 9(a)—(c), for a density of 250, 400, and 550 kg/m?,
respectively. The surface plots show that the effects of fiber
weight fraction and fiber length affect the modulus differ-
ently when the density value is modified. For example,
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Table 4
Analysis of variance for the compression modulus (E) with all significance
effects

Source SDQ Mean square  df  Test F P-values
P 26398.80  26398.80 1 377126.43  0.0000
w 14.81 14.81 1 211.58  0.0047
L 1335.80 1335.80 1 19082.84  0.0001
124 758.26 758.26 1 10832.27  0.0001
pL 1255.63 1255.63 1 17937.59  0.0001
Lack of fit 1828.04 609.35 3 8704.98  0.0001
Error 0.14 0.07 2 - -

Total 31591.5 - 10 - -

SDQ: sum of squares, df: degrees of freedom.

for composite foams of low density (250 kg/m?), only fiber
length exhibits a marked influence on the modulus
(Fig. 9(a)). However, for intermediate density foams
(~400 kg/m?), the fiber weight fraction effects have a
greater influence on modulus (Fig. 9(b)). And when the
foam density is higher (550 kg/m?), the influence of fiber
length and fiber weight fraction on the modulus is greater
still, as shown in Fig. 9(c). In this case, both effects exert
similar influences on the composite foam modulus. On
the other hand, the magnitude of the effect these factors
have on foam modulus depends also on the foam density.
Thus, the main effect that influences foam modulus is den-
sity, and the variation in cell morphology with density is
the main cause. In addition, density produces a different
response in modulus and consequently, the effect of fiber
weight fraction and length change with the density.

The analysis of variance for compressive strength of
glass-reinforced epoxy foams is shown in Table 5. The val-
ues of distribution F and P-values for all factors are
>18.58% and <0.05, respectively. Therefore, the factors
present a significance level higher than 95% and no factor
was rejected. The model obtained for compressive strength
is expressed by

o. (MPa) = —13.8545 + 0.0625208 - p — 0.0229861 - L
+0.37125 - W — 0.000530556 - pL
—0.0026125 - pW + 0.0602083 - WL. (6)

The response surface plots of compressive strength for
two densities are shown in Fig. 10. The evolution of com-
pressive strength with foam density, fiber weight fraction
and fiber length displays behavior different than that of
the modulus. The tendency of compressive strength can
be defined for density values lower than 350 kg/m® and
for densities =350 kg/m°. In the first (low-density) regime,
high values of fiber weight fraction and length are required
to yield high compressive strength values. In the second
(higher-density) regime, the response surface exhibits a
“saddle” (Fig. 10(b)).

Details of the saddle are shown more clearly in the 2D
contour map shown in Fig. 11. In this figure, high strength
values are obtained when the composite epoxy foam con-
tains a high fiber weight fraction with high fiber lengths,
or a low fiber weight fraction and with low fiber lengths.

Modulus (MPa)
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Fig. 9. The variation of compressive modulus with fiber length and fiber
weight fraction: (a) foam density = 250 kg/m?, (b) foam density = 400 kg/
m?, and (c) foam density = 550 kg/m?>.

This raises a question of why the strength decreases as
one moves towards either of two corners of the surface
(upper left or lower right), and whether or not this consti-
tutes an artifact of the statistical model. Accordingly, two
additional experiments were performed with glass fiber
weight fractions of 1 and 2 wt% and fiber lengths of 9
and 12 mm, respectively, to produce composite foams of
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Table 5

Analysis of variance for the compression strength (o)

Source SDQ Mean square  df  Test F P-values

P 448.352 448.352 1 854002.88  0.0000 Q
w 0.214 0.214 1 408.60  0.0024 <
L 0.557 0.557 1 1060.02  0.0009 E«
oW 0.456 0.456 1 868.60  0.0011 g
pL 4914 4914 1 9360.21  0.0001 B
WL 1.044 1.044 1 1988.60  0.0005 ©
Lack-of-fit 64.379 32.189 2 61313.98  0.0000 -
Error 0.00105 0.000525 2 - - '5-,
Total 519917 - 0 - - 2

SDQ: sum of squares, df: degrees of freedom.

Strength (MPa) T 6 7 8 9 10 11 12
22 [ ‘ Length (mm)
2071 :
1817 : Fig. 11. Contour plot of the compression strength (p = 350 kg/m?).
161
1.4
1.2 Understanding the evolution of compressive modulus

: and strength and the dependence on simple material
08 ?zfa;}ifg{,;.;,:,ﬁi:',"ii pa_rameters er}ables on to select process conditions to opt@-
22 N ] mize mechanical performance required for the final appli-
'%}?i:’.’,':"' cation. For instance, epoxy foam reinforced with 5 wt%
AL of glass fibers of length ~9 mm (p = 350 kg/m®) will yield

a compressive modulus and a strength of 90 and

6.2 MPa, respectively. These properties are competitive

a Length (mm) 12 1 with commercially phenolic and polyurethane foams [23].
Strength (MPa) Thus, experimental design can be used as a predictive
68 \ design tool and as an experimental aid to reduce the num-

ber of experiments required and to select optimized process
5.510 parameters to yield the performance required by specific
::gg applications.
5.994
::;f: 4. Conclusions
6.477
g:ggz In the present work, an epoxy-amine system was used to
produce structural foams, and the compression properties
were well-described by a simple power law. However, com-
A g posite foam systems are more complex, and a more power-
Vi ,72 Weight fraction (wt%) ful tool such as statistical design is required to predict
0 T~ mechanical performance. This tool was employed in the
b Length (mm) 12! present study to investigate the effects of several simple
Fig. 10. The variation of compressive strength with fiber length and fiber ~ and controllable variables on the properties of epoxy com-
weight fraction: (a) Foam density =250 kg/m® and (b) foam den- posite foams.
sity = 350 kg/m’. Although this work demonstrates the utility of this type
of statistical design for optimizing the properties of rein-
forced epoxy foams, there is ample room for refinement
fixed density (p =350 kg/m’). These samples exhibited  of models to yield improved accuracy. Clearly, materials
strength values of 5.54 and 5.23 MPa for 1 and 2 wt% glass ~ with characteristics similar to epoxy foams can be analyzed
fiber weight fractions, respectively. The values predicted for ~ and optimized with statistical design to reduce the number
these samples are 6.14 and 5.51 MPa for 1 and 2 wt% glass  of experiments and to predict the influence of several con-
fiber weight fractions, respectively. Therefore, the differ-  trollable effects on the properties. In the case of reinforced
ence between the experimental value and the predicted  epoxy foams, it would useful to extend the method to more
value was ~10%, demonstrating the predictive accuracy  complex statistical designs. This could lead to a determina-
of the proposed model and validating the prediction. tion of the influence of multiple effects such as fiber type,



2134 M.V. Alonso et al. | Composites Science and Technology 66 (2006) 2126-2134

fiber aspect ratio, fiber orientation, and strength/stiffness
ratio. In addition, the approach could be extended to deter-
mine the influence of these effects on other mechanical
properties.
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