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ABSTRACT: The effect of interfiber distance on the inter-
facial properties in E-glass fiber/epoxy resin composites
has been investigated using one and two fiber with vari-
ous interfiber distance fragmentation test specimens. In
addition, the effect of the fiber surface treatment on the
interfacial properties has been studied. As a result, we
found that the interfacial shear strength increased with the
increasing of interfiber distances from 0 to 50 mm and then
the ones were saturated regardless of sized and unsized
fibers. It was seen that the interfacial shear strengths satu-
rated were in close agreement with those of the single fiber
fragmentation tests. We also found that when the interfiber

distance was very small, the stress distribution pattern
was shown like one fiber, and when the interfiber distance
was greater than 50lm, the stress distribution pattern was
independent on between fibers. Finally, the interfacial
shear strength evaluated using two E-glass fiber/epoxy
resin fragmentation test method is shown as real values
in-site regardless of the fiber surface treatment and inter-
fiber distance. � 2007 Wiley Periodicals, Inc. J Appl Polym Sci
105: 3483–3491, 2007
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INTRODUCTION

The properties of the interphase region between
reinforcing fibers and polymer matrixes play a very
important role in influencing the mechanical proper-
ties and final performance (e.g., strength, failure
behavior) of composites. One of the most critical and
fundamental properties for evaluating the mechani-
cal response and durability of this region, and hence
the composite, is the interfacial shear strength
(IFSS).1

The interphase region transfers the stress from the
matrix to the reinforcing fibers and therefore affects a
composite’s strength and failure behavior. The trans-
fer rate of the stress is related to the IFSS. If the IFSS is
too low (i.e., low transfer rate), fiber failure initiates
extensive debonding along the length of the fiber.
Debonding reduces the effectiveness of the reinforcing
fiber and the composite’s strength. In addition, weak
bonding between the interphase region and the rein-
forcing fiber lowers the transverse strength of the
composite and reduces the resistance of the composite
to environmental conditions. Interestingly, it has been
suggested that a composite’s fracture toughness may
be improved by a proper IFSS.2,3

Interphase properties are generally improved by
the use of coupling agents designed to promote
durable adhesion in the interphase region between
the matrix and the embedded fibers. However, since
strong adhesion minimizes interphase debonding
during fiber fracture and increases a composite’s
strength, the energy released during fiber fracture
creates matrix-cracks perpendicular to the length of
the embedded fibers. Research suggests that these
matrix-cracks promote catastrophic failure in com-
posite lamina, thereby reducing the toughness of the
composite.3–5

Therefore, interphase research is driven by the
need to improve a composite’s toughness while also
improving its strength (longitudinal and transverse).
In principle, one can control the IFSS and other
interphase properties by proper fiber selection, fiber
surface modification, and proper selection of the ma-
trix resin. Therefore, it is also very important to eval-
uate exactly the IFSS thus controlled. For the last
few decades, several techniques, such as the pull-
out,6–8 microbond,9–13 fragmentation14–20 and inden-
tation21 test methods, have been developed to
achieve this goal.

Of the above techniques, only the fragmentation
test loads the fiber in a manner consistent with com-
posite loading. Until 1989, the fragmentation test
had two major shortcomings: (1) the time required
to test a single sample (� 5 h in the NIST laboratory)
and (2) the inability of this test to assess the interac-
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tion between closely space fibers as found in full
composites. This year, Wagner and Steenbakker21

developed a methodology for preparing 2-D closely
spaced multi-fiber test specimens to assess micro-
damage in fibrous composites. This approach admits
the systematic study of how the micromechanics of
stress transfer and composite failure modes are influ-
enced by micromechanics and microstructural prop-
erties. The critical properties that can be investigated
by this technique are chemical modification of the
fiber/matrix interfacial layer, matrix modification,
fiber–fiber interactions (fiber bunching), fiber mis-
alignment or slack, fiber configuration in hybrid
composites, and failure dynamics (crack speed varia-
tions). In addition, this approach has the potential to
assess how the above properties influence failure pa-
rameters (e.g., the critical crack size, k*, or the corre-
lation length d) that are used in composite statistical
failure models.22

Recent investigations23–31 using the Wagner/Steen-
bakkers approach have focused on carbon fibers, ara-
mid, or Nicalon silicon carbide fibers embedded in
diglycidyl ether of bisphenol-A (DGEBA) and/or
polyglycol diepoxide resins cured with flexible cur-
ing agents (e.g., poly(oxypropylene) triamine and tet-
raethylene pentamine). The major driving force for
using carbon fibers and aramid fibers is the use of
Laser Raman spectroscopy (LRS) to detect the stress
in the embedded fibers.

Although the results from these analyses are ap-
plicable in principle to glass fiber, which is not ame-
nable to LRS, the IFSS and interphase region can be
modified to a much greater extent using silane cross
coupling (SCC) technology. In addition, the matrix
material in structural composites is more brittle and
has a higher glass transition temperature. Results by
Drzal’s research group4 have shown that the use of
SCC technology on glass fibers changes the failure
mode of the interphase region during fiber fracture
from debonding only (bare E-glass (water-sized)
fibers) to debonding with matrix crack formation (E-
glass fibers treated with an epoxy compatible size).
Interestingly, the IFSS between the two systems are
comparable. In addition, the changes in microme-
chanics failure behavior correlated with changes in
macroscopic failure behavior. Unidirectional compo-
sites composed of water-sized fibers failed in a duc-
tile like manner, while unidirectional composites
made with the treated fibers failed in a brittle man-
ner. Since 90% of all composites are composed of
glass, a research program was initiated at NIST to
systematically investigate how the critical properties
mentioned above influence failure initiation and
propagation in glass composites.

The authors14 reported in a previous paper, in the
case of interfiber spacing being too close in the mul-
tiple glass fiber fragmentation test, one fiber breaks,

causing the other fiber to break. So, interfacial shear
strength might be overestimated; but in the case that
interfiber spacing was large enough, there was no
fiber-fiber interaction. However, the authors32 also
reported recently that interfacial shear strength
decreased with the decreasing interfiber distance
using two-dimensionally glass fiber arranged frag-
mentation test sample.

The objective of this article is to gain a fundamen-
tal understanding of the interplay between fiber
breaks in case of the interfiber distance is too close
and large enough using two fiber model composites.

In this article, the effect of interfiber distance on
the interfacial properties in E-glass fiber/epoxy resin
composites has been investigated using one and two
fiber with various interfiber distance fragmentation
test specimens. In addition, the effect of water-sized
E-glass fibers and E-glass fibers coated with an ep-
oxy compatible industrial sizing of known composi-
tion on the interfacial properties has been studied.

EXPERIMENTAL

Materials

OSi Specialties-Crompton Corporation* coated the
E-glass fibers from an aqueous solution consisting of
5 g of g-aminopropyl triethoxysilane dissolved in
995 g of distilled water. The solution was adjusted
to pH 4 using glacial acetic acid. These fibers and
the water-sized (bare) E-glass fibers, also obtained
from OSi Specialties, were used as received. The
water-sized fibers were washed with distilled water
and dried at 808C for 72 h. Hence the fibers con-
tained no processing aids or coupling agents to pro-
mote adhesion.

The diglycidyl ether of bisphenol-A (DGEBA,
Epon 828, Shell) was used as the matrix resin. The
resin was cured with a stoichiometric amount (14.5 g
per 100 g of resin) of meta-phenylene diamine (m-
PDA, Fluka Chemical), and the ultimate tensile
strain of the resin was 7.8%.

Single fiber tensile test

The tensile strength was measured on single fibers
using a United Model FM-10 tensile tester equipped
with a 100 g load cell. The specimens had a gauge
length of 20 mm and the specimens were tested at a
crosshead speed of 2.0 mm/min. Before testing, the

1Certain commercial materials and equipment are identi-
fied in this article in order to specify adequately the exper-
imental procedure. In no case does such identification
imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply
necessarily that the items are the best available for the pur-
pose.
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diameter of every sample was measured with an op-
tical micrometer (VIA-100, Boeckeler).

Preparation of fragmentation test samples

The sample preparation for single- and two-fiber test
specimens were similar to that described by Drzal
et al.,14 and a brief description follows. The silicone
(GE silicone RTV-664) mold with eight dog-bone-
shaped cavities was used for the preparation of frag-
mentation test samples. Each cavity in the mold has
400-lm-wide sprue slots in the center of each cavity
end to aid in aligning the fiber in the center of the
cavity. Single fibers were aligned in the sprue slots
by hand. Two fiber specimens were placed in each
cavity using the device. This device utilizes the
fiber-positioning concept outlined by Wagner and
Steenbakker21 to alter the spacing between the fibers.
However, the device was modified to admit place-
ment of the fibers into the dog bone shaped cavities
of the RTV-664 mold. A detail description of this ap-
paratus is in preparation. In each case, the fiber ends
were fixed in place by putting a small drop of five-
minute epoxy resin (Hardman Adhesives) at the far
end of each sprue slot.

The single- and two-fiber specimens were pre-
pared with DGEBA epoxy resin cured using m-PDA.
One hundred grams of DGEBA and 14.5 g of m-PDA
were weighed out in separate beakers. To lower the
viscosity of the resin and melt the m-PDA crystals,
both beakers were placed in separate vacuum ovens
(Fisher Scientific Isotemp Vacuum Oven, model 281
A) set at 658C. After the m-PDA crystals were com-
pletely melted, the silicone rubber molds containing
the fibers were placed into another vacuum oven
(Fisher Scientific Isotemp Vacuum Oven, model
281 B) that was preheated to 758C at �20 KPa, for
20 min. This last procedure dries the molds and
minimizes the formation of air bubbles during the
curing process. At � 9 min before the preheated
molds were removed from the oven, the m-PDA is
poured into the DGEBA and mixed thoroughly. The
mixture was placed into the vacuum oven and
degassed for � 7 min. After 20 min, the preheated
molds were removed from the oven and filled with
the DGEBA/m-PDA resin mixture using 10 mL dis-
posable syringes. The filled molds were then placed
into a programmable oven (Blue M, General Signal,
model MP-256-1, GOP). A cure cycle of 2 h at 758C
followed by 2 h of post curing at 1258C was used.

Fragmentation test

Fragmentation tests were carried out on an auto-
mated fragmentation test machine (Gaithersberg,
MD). Sheldon Wesson, formerly at Textile Research
Institute, built this machine to NIST specifications. A

detailed description of this machine is in prepara-
tion.

Before testing, samples were polished by emery
paper of Nos. 800 and 2400 to remove stress concen-
tration sites at the edge part of the sample. To facili-
tate strain measurements, transverse fiducial marks
(� 10 mm apart) were applied to each end of the
specimen gauge length by a blue color permanent
pen. Strains at each step were calculated using the
scanned images of each step. The total strain in the
sample at the end of the test was about 6.0%.

Specimen slippage during testing was minimized
by installing the specimen in the grips with moder-
ate tightness. The specimen was then loaded in ten-
sion by the sequential application of step-strains.
During the test, twenty-eight step-strains were
applied and total deformation was � 2.4 mm. Each
step-strain was applied at a rate of 85 lm/s and the
average deformation in the specimen during each
step-strain was 85.7 lm. The delay time between the
applications of successive step-strains was 10 min.
The image was scanned before and after every step-
strain using a movable camera. The digital image
was saved automatically on the computer. The scan-
ning length was 23 mm. After 28 steps, the sample
was unstressed and removed.

The tested specimen was then mounted on the
manual fiber fragmentation testing machine (manual

Figure 1 Schematic of manual fiber fragmentation test
machine.
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FFTM) to measure fragment lengths and photograph
birefringence enhanced images of the fiber breaks
(Fig. 1). The procedure for measuring fragments has
been described previously.33 The images were ob-
tained by installing a CCD camera (Optronics LX-
450 RGB Remote-Head microscopic camera) on the
manual FFTM.

Interfacial shear strength calculations

The interfacial shear strength was calculated using
the Drzal variant14 of the Kelly-Tyson formulism,
where the matrix is assumed to conform to the elas-
tic-perfectly plastic constitutive law. In the original
formulation [eq. (1)], the fiber diameter (Df), critical
transfer length (lc), and fiber strength at the critical
transfer length (rf) are used to calculate the interfa-
cial shear strength. Typically, lc is estimated from
the average length of the fragments at saturation,
i.e., the point where no additional fragments fracture
with increasing strain. Drzal advocates obtaining
Weibull type parameters (a and b) by using the two-
parameter Weibull model to fit a plot of the failure
probability relative to the fiber fragment length at
saturation. The distribution of fiber fragment lengths
have been satisfactorily described by a two parame-
ter Weibull analysis (Figs. 3 and 4). Therefore, fol-
lowing eq. (2) is used in this article to determine the
interfacial shear strength.14

t ¼ sfDf

2lc
(1)

t ¼ sf

2b
G 1� 1

a

� �
(2)

In the eq. (2), a and b are the shape and scale parame-
ter, respectively, and G is the Gamma function. To
eliminate contributions to sf that may arise from
changes in the interfiber spacing, rf was estimated
from the single fiber tensile test using 20 mm of gauge
length specimens. A recent review of single fiber test
methodologies by Holmes34 compares this analysis
approach to other analysis methods that have been
used to determine the interfacial shear strength.

TABLE I
Tensile Strength of Single Fiber E-Glass Specimens

Fiber treatment Sized fiber Unsized fiber

Tensile strength, GPa 2.10 6 0.57 1.63 6 0.44
Shape parameter, a 3.998 3.993
Scale parameter, b 2.266 1.820

Figure 2 Failure probability plots of sized and unsized
single fiber strength distributions for 20 mm gauge
lengths. The data are fit to the 2-parameter Weibull proba-
bility distribution function.

Figure 3 Failure probability versus fiber fragment aspect
ratio for sized E-glass fibers tested by the single fiber frag-
mentation test. The data are fit to the 2-parameter Weibull
probability distribution function.

Figure 4 Failure probability versus fiber fragment aspect
ratio for unsized E-glass fibers tested by the single-fiber
fragmentation test. The data are fit to the 2-parameter Wei-
bull probability distribution function.
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RESULTS AND DISCUSSION

Single fiber tensile test

In Table I, the tensile strengths of sized and unsized
E-glass single fibers are given. Since it is known that
sizing protects glass fibers from damage during
processing operations, the higher tensile strength of
the sized fiber is expected. Figure 2 shows the rela-
tionship between failure probability and single fiber
tensile strength. Solid lines, obtained by the Weibull
distribution function with two parameters, exhibit an
excellent fit to the experimental data.

Single-fiber fragmentation test

Figures 3 and 4 represent plots of failure probability
as a function of fiber fragment aspect ratio for data
obtained from the single fiber fragmentation test.
Solid line plots, obtained from the 2-parameter Wei-
bull distribution function, fit these data. For the
sized fibers shown in Figure 3, the aspect ratio
ranges from 15 to 37, while the unsized fibers shown
in Figure 4 ranges from 12 to 33.

Figure 5 represents the normalized number of
fiber breaks as a function of applied strain from the
data obtained from the SFFT of the sized and
unsized test specimens. Consistent with the lower
fiber strength obtained from the single fiber tensile
tests above, the initial fiber breaks in the unsized

test specimens occurred at a lower strain value
(� 2%) than the sized fiber test specimens (� 3%).
As a result, saturation in the un-sized test specimens
was achieved at a lower strain value than the sized
specimens. Using these data and the fiber strengths
determined from single fiber tensile tests, the interfa-
cial shear strength of the sized fiber test specimens
were on average only 15% higher than the unsized
fiber specimens (Table II).

Consistent with these results, polarized transmit-
ted light micrographs of the sized and unsized
E-glass fibers at saturation were found to be similar
(compare Figs. 6 and 7). Although some fiber breaks
in the sized test specimens occurred with debonding
only [Fig. 6(c)], fiber breaks were most often accom-
panied by debonding with matrix crack formation
[Fig. 6(b)]. In contrast, fiber breaks in the unsized
fiber specimens occurred with debonding only
[Fig. 7(b)]. In the unsized specimens, the only fiber
breaks with matrix cracks were associated with fiber
breaks that occurred during the curing of the speci-

Figure 5 Plots of normalized number of fiber breaks as
a function of applied strain for E-glass fiber/DGEBA/
m-PDA single-fiber fragmentation test specimens. The solid
squares represent data from sized fibers and the open
squares represent data from unsized fibers.

TABLE II
Interfacial Shear Strength of E-Glass Fiber/Epoxy Resin

Fiber treatment Sized fiber Unsized fiber

Interfacial shear
strength, MPa 46.70 6 2.59 40.69 6 2.60

Figure 6 Polarized transmitted light micrographs of the
sized E-glass fiber/epoxy resin fragmentation test (a) at
saturation, (b) fiber break with matrix crack, (c) fiber break
with debonding only.

Figure 7 Polarized transmitted light micrographs of the
un-sized E-glass fiber/epoxy resin fragmentation test (a) at
saturation, (b) fiber break with debonding only, and (c)
fiber break with matrix crack.
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men [Fig. 7(c)]. These results are consistent with sim-
ilar results obtained by Drzal et al.4 for epoxy-sized
and unsized E-glass fibers embedded in a DER 383
DGEBA epoxy resin cured with 1,2-diaminocyclo-
hexane curing agent. Drzal suggested that differen-
ces in the macroscopic failure behavior of unidirec-
tional sized and unsized E-glass fiber laminates
when deformed in flexure were associated with fail-
ure behavior differences observed in the single fiber
fragmentation tests.

Two-fiber fragmentation test

Figures 8 and 9 show plots of the failure probability
as a function of aspect ratio and interfiber distance

for the sized and unsized two-fiber fragmentation
test specimens. As before, the solid lines are plotted
from the two-parameter Weibull distribution func-
tion. In both cases, the probability curve shifts to
longer aspect ratios with decreasing interfiber dis-
tance. In statistics failure models, this would corre-
spond to a change in the correlation length d with
interfiber distance.22

Although the two sets of curves overlap at interfiber
distances greater than 30 lm (2 fiber diameters), com-
paring the location of the 4 lm interfiber spacing
curve for the unsized fibers with the 10 lm interfiber
curve for the sized fibers indicates a significant
increase in the average fragment length size of the
sized fiber specimens and suggests a more pro-
nounced interaction between the two sized fibers with
an interfiber spacing of less than 2 fiber diameters.

In Figures 10 and 11 plot of the normalized num-
ber of fiber breaks as a function of applied strain
and interfiber distance for the sized and unsized,
respectively, E-glass fiber/DGEBA/m-PDA two-fiber
fragmentation test specimens are shown in Figures
10 and 11, respectively. In Figure 10, initial fiber
breaks in the two-fiber sized specimens occur at
� 3% strain, while those for the two-fiber unsized
specimens (Fig. 11) occur between strains of 2 to
2.5%. These results are consistent with the initial
fiber breaks as they occur in the single-fiber test
specimens (Fig. 5). From the data the interfiber spac-
ing does not appear to influence the strain where the
initial fiber break occurs. However, below 50 lm
interfiber spacing does influence the interfacial shear
strength as determined from the two-fiber fragment
length data at saturation (Fig. 12). Above 50 lm, the
interfacial shear strength from the two-fiber frag-

Figure 8 Plots of failure probability versus fiber fragment
aspect ratio and interfiber distance for sized E-glass fibers
tested by the two-fiber fragmentation test. The data are fit
to the 2-parameter Weibull probability distribution func-
tion. The numbers show an interfiber distances (lm).

Figure 9 Plots of failure probability versus fiber fragment
aspect ratio and interfiber distance for un-sized E-glass
fibers tested by the two-fiber fragmentation test. The data
are fit to the 2-parameter Weibull probability distribution
function. The numbers show interfiber distances (lm).

Figure 10 Plots of normalized number of fiber breaks as
a function of applied strain and interfiber spacing for sized
E-glass fiber/DGEBA/m-PDA two-fiber fragmentation test
specimens. The numbers show interfiber distances (lm).
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ment test is constant and consistent with results
from the single-fiber fragmentation test.

In the other words, in case of the interfiber dis-
tance of under 50 lm, the interfacial shear strength
decreased with decreasing the interfiber distance
and the extent of the decreasing was more serious as
the increasing of the number of adjacent fiber. This
is probably that the interface between the fiber and
the resin was damaged by the adjacent fiber breaks
and the damage increased with closing the interfiber
spacing and the number of adjacent fiber. We can
guess from this interfacial shear strength in real
composites is much smaller than that of multifiber
fragmentation sample with touched fiber.

It was seen that the interfacial shear strengths sat-
urated when the interfiber distance was over 50 lm,
the ones were saturated regardless of fiber surface

treatment and the ones were in close agreement with
those of the single fiber fragmentation test.

The damaging factors considered owing to fibers
break and debonding are strain energy release, stress
transfer and stress concentration, etc.35 The extent of
stress concentration depends on mainly exiting matrix
crack in case of sized fiber sample. Therefore, it was
shown that when the interfiber distance is small, the
decreasing of interfacial shear strength in sized fiber
fragmentation was more serious than the decreasing
of the one in the desized fiber fragmentation test.

To better understand how fiber–fiber interactions
influence interfacial shear strength, collages of the
polarized transmitted light micrographs as a function
of interfiber distance for the sized and unsized two-
fiber fragmentation specimens are shown in Figures
13 and 14, respectively. In both cases, the birefrin-
gence patterns in the matrix of closely-spaced fibers
overlap extensively in the region between the fibers
yielding a combined birefringence pattern suggestive
of a single fiber. As the interfiber spacing increases
the intensity of this interaction decreases, yielding in-
dependent separate birefringence patterns for each
fiber. Consistent with these observations, the location
of fiber breaks between fibers goes from coordinated
to random as the interfiber spacing increases.

A close examination of the data from the two-fiber
sized specimens suggests that this shift from coordi-
nate to random fracture sites between fibers corre-

Figure 12 Interfacial shear strength versus interfiber dis-
tance as determined from two-fiber fragmentation test.

Figure 13 Collage of polarized transmitted light micro-
graphs of sized two fibers E-glass/DGEBA/m-PDA frag-
mentation test specimens as a function of interfiber dis-
tance at saturation.

Figure 11 Plots of normalized number of fiber breaks as
a function of applied strain and interfiber spacing for
unsized E-glass fiber/DGEBA/m-PDA two-fiber fragmen-
tation test specimens. The numbers show an interfiber dis-
tances (lm).
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lates with interfiber spacing up to � 50 lm. When
40 breaks in each test specimen were analyzed, all
the breaks were coordinated when the interfiber
distance is 10 lm or less. From interfiber spacing of
16 to 22 lm all but one set of breaks were coordi-
nated. At an interfiber spacing of 34 lm, six sets of
breaks were found to be random. Above 45 lm, all
the break positions were independent of the adjacent
fiber crack location.

Figure 15 shows coordinated pairs of breaks from
sized and unsized fragmentation specimens. The
damage induced by the matrix crack on the adjacent
fiber is greater in the sized specimen (observe rough-
ness around fiber break) than in the unsized fiber.
This occurs despite the closer spacing between fibers
in the un-sized specimen (2 versus 3 fiber diame-
ters). Additional evidence of damage induced by
matrix cracks can be found in the collage shown in
Figure 16.

In subparts (a) and (b) of this collage, the fiber
break appears to penetrate through the touching ad-
jacent fibers. Based on our analysis of the fractured
surfaces of test specimens that broke during testing,
this is an optical effect caused by the directional
nature of the penny shaped matrix crack (Figs. 4 and
5 of Ref. 36). However, it should be noted that frac-
turing of closely spaced adjacent fibers has been
observed in the NIST laboratory for E-glass fibers

Figure 16 Collage of micrographs showing interactions
between fiber breaks in sized E-glass/DGEBA/m-PDA
fragmentation test specimens.

Figure 15 Micrographs comparing fiber-fiber interaction
in sized and unsized E-glass/DGEBA/m-PDA fragmenta-
tion test specimens.

Figure 14 Collage of polarized transmitted light micro-
graphs of unsized two fiber E-glass/DGEBA/m-PDA frag-
mentation test specimens as a function of interfiber dis-
tance at saturation.
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coated with a similar sizing. The damage observed
in the touching fibers has also been observed in
touching unsized E-glass/DGEBA/m-PDA systems.
However, the damage induced on the adjacent fibers
by the matrix cracks shown in subparts (e) and (f) of
this collage have not been observed in nontouching
unsized E-glass/DGEBA/m-PDA systems of compa-
rable interfiber spacing.

At present, it is assumed that the 6458 shear
bands emanating from the tips of the matrix crack in
tension influence the stress state in the adjacent fiber
and its surrounding matrix.36 Initial finite element
analysis (FEA) results (not shown) suggests that the
most intense interaction between the shear bands
emanating from the matrix crack shown in Figure
16(e) and the adjacent fiber occurs at a distance of
� 15 lm. In micrographs (e) and (f), the tips of the
matrix crack are clearly within 1 fiber diameter
(15 lm) of the adjacent fiber. The exact manner in
which these shear bands perturb the stresses in the ad-
jacent fiber and cause damage to the matrix surround-
ing the adjacent fiber is still under investigation.

CONCLUSIONS

The effect of interfiber distance and fiber surface
treatment on the interfacial properties in E-glass
fiber/epoxy resin composites has been studied and
the findings made from this study can be summar-
ized as follows.

1. Consistent with the results published by the
Drzal group,4 the interfacial shear strength of
bare E-glass fibers was found to be lower than
observed for E-glass fibers coated with an ep-
oxy-compatible size. In addition, during fiber
fracture, the bare E-glass fibers failed by fiber-
matrix debonding only, while the sized fiber
failed by debonding with matrix crack forma-
tion.

2. Data from multi-fiber tests revealed a coordi-
nated fracture pattern when the interfiber dis-
tance was below 50 lm. Above 50 lm, the crack
positions in adjacent fibers were random (i.e.,
independent of adjacent fiber crack location).

3. Consistent with these results, the stress distribu-
tion pattern in the multi-fiber saturated test
specimens mimicked those of a single fiber at
very close interfiber spacing. The stress distri-
butions of adjacent fibers were decoupled above
an interfiber distance of 50 lm.

4. Between (0 and 50) lm, the interfacial shear
strength increased with increasing interfiber dis-
tance. Above 50 lm, the interfacial shear
strengths of fibers in multifiber test specimens
were constant and consistent with those from
the single fiber fragmentation test.

5. At comparable interfiber distances, collateral
damage to adjacent fibers arising from fiber frac-
ture appeared to be more pronounced in sized
fibers that fracture withmatrix crack formation.
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