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This study explores the effect of interfacial properties on
damage evolution and damage mechanisms in model
glass ﬁber reinforced epoxy matrix composites. The
composite properties were varied by changing the interfacial bond between the ﬁber and the matrix. Doubleedge-notched specimens were tested in tension and
evaluated using thermoelastic stress analysis (TSA) to
observe damage initiation and evolution, and to identify
the operative damage mechanism. Changing the interface properties was found to change the operative damage mechanism. This study conclusively demonstrates
that the damage mechanism in composites can be controlled by judicious changes in the interface properties.
POLYM. COMPOS., 26:241–246, 2005. © 2005 Society of Plastics
Engineers

INTRODUCTION
Continued improvements in thrust-to-weight ratios of
aircraft depend upon the development of new materials that
are lighter, stiffer, and stronger at elevated temperatures. In
order to implement new composites, it is important to understand how stress concentrations, such as holes, notches,
lap joints, and incidental damage, will affect the residual
strength and lifetime of the proposed composite systems.
Furthermore, design guidelines must be developed to facilitate the safe and effective use of new materials. Regardless
of the material used, damage tolerance is a crucial factor in
design and plays a key role in establishing factors of safety.
The current research aims to address the issue of damage
tolerance by investigating two key questions: First, is it
possible to control the damage mechanism by changing the
interface properties? Second, how does the damage mech-
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anism affect damage tolerance and stress redistribution in
the composite?
Fiber reinforced composites redistribute stress around
local sites of strain concentration through a combination of
damage mechanisms, including: ﬁber failure and pullout,
matrix cracking, interface debonding, and shear band development [1– 6]. Several key damage mechanisms have been
identiﬁed in composites, including:
(i) The propagation of a single matrix crack accompanied
by ﬁber fracture and pullout (Class I);
(ii) The formation of multiple matrix cracks in the absence
of ﬁber failure (Class II);
(iii) The formation of shear bands parallel to the loading
axis (Class III) [3].

In any composite, combinations of these damage mechanisms may exist [1, 5–10].
It is well known that the structure and properties of the
ﬁber/matrix interface affect the overall mechanical properties of all types of composites [11–23]. In particular, the
durability characteristics such as strength and fracture
toughness are strongly dependent upon the interfacial properties: a strong bond between ﬁber and matrix facilitates
efﬁcient load transfer between the constituents, while a
weak interface promotes composite toughness by deﬂecting
cracks into the ﬁber/matrix interface. The change in toughness is brought about by a change in micro-mechanisms.
Studies of energy dissipation at the interface have shown
that the toughening contribution from frictional sliding of
the ﬁber is much greater than that of ﬁber debonding [18 –
23]. Bao and Suo [7] showed that mode I fracture toughness
for a composite is explicitly dependent upon the size of the
ﬁber bridging zone. The bridging zone length was in turn
shown to be dependent on not only the ﬁber strength but
also the ﬁber–matrix interface’s capacity to transfer shear
stress before and after debonding.

FIG. 1. Typical stress-strain curves for 636 glass/epoxy composites with
Vf ⬵ 12%.

Damage accumulation in the region of the interface is
responsible for pseudo-ductility in composite materials,
which is a key to stress redistribution. Understanding how
the interfacial properties are correlated with the damage
modes and size of the bridging zone is crucial for designing
a composite for a desired application. For a given damage
mechanism, any changes in constituent properties that improve the composite ductility will improve composite damage tolerance. The role of constituent characteristics on
composite damage evolution and failure mechanisms has
only recently emerged as an important area of study [2,
10 –15]. The present study aims to add to that developing
body of knowledge by investigating the affects of the interphase on damage evolution in model composites.
EXPERIMENTAL
Model Composites
Model composites consisting of unidirectional glass ﬁbers in an epoxy matrix were utilized to study the effect of
composite constituent properties on damage evolution in

FIG. 2. Typical stress-strain curves for 646 glass/epoxy composites with
Vf ⬵ 12%.

brittle matrix composites. The ﬁber volume fraction, the
ﬁber/matrix interface, and the ﬁber strength distribution
were altered in the glass/epoxy system. Fiber volume fractions ranged from 6% to 12% in the model composites.
Though these are low volume fractions, they were sufﬁcient
to illustrate the affect of interface treatments on the operative damage mechanism.
Commercial E-glass ﬁber bundles with two different
as-received surface treatments were obtained from OwensCorning: 636 glass ﬁber utilizes an industry-standard starch
coating that aids in winding, while 646 glass ﬁbers have a
coating composed of starch plus an added silane that helps
protect the ﬁbers from moisture damage. Each bundle consisted of 204 individual G150 type ﬁlaments with a nominal
diameter of nine microns. Due to the presence of the silane
surface treatment, the 646 ﬁbers have a strength advantage
over the 636 ﬁbers [24]. The interface properties in the
model systems were also modiﬁed by adding commercially
available silanes to the matrix. Dow Corning威 coupling
agent Z6032 (aminoproply-trimethoxysilane) and dispersion agent Z6070 (methyl-trimethoxysilane) were utilized to
enhance or weaken the interface bond, respectively.

FIG. 3. Sequence of TSA images shows that damage evolves as multiple matrix cracks in the 636 glass/epoxy
composite with as-received ﬁbers, Vf ⬵ 12%, and a/W ⫽ 0.25.
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FIG. 4. Sequence of TSA images shows that damage evolves as shear bands in the 646 glass/epoxy composite
with as-received ﬁbers, Vf ⬵ 12%, and a/W ⫽ 0.25.

Sample Preparation
Unidirectional glass ﬁber reinforced epoxy specimens
were fabricated using a mini-ﬁlament winder. A counter
was attached to the winder to provide a precise record of the
absolute number of ﬁbers in each composite. Fibers were
dry-wound over silicone rubber molds that were fabricated
according to ASTM standards. However, the ASTM standard shape (D3039/D3039M-95a) [25] was slightly modiﬁed by narrowing the width of the gage section and shouldering the grip sections in order to prevent grip failures

during testing. Epoxy was poured into the molds following
ﬁlament winding. The epoxy matrix was prepared by thoroughly mixing EPON 828 (diglycidyl ether of bisphenol A)
resin with 12% by weight of diethylene-triamine (DETA)
curing agent. For those samples with a modiﬁed interface
bond, 1% by weight of coupling agent (Z6032) or dispersion
agent (Z6070) was added to the epoxy resin before pouring.
Finally, the entire mold was degassed in a vacuum chamber
to minimize the amount of entrained air between the ﬁbers.
The specimens were then cured at room temperature for
four days.
Before testing, the specimen surfaces were milled ﬂat,
sample dimensions were recorded, and the ﬁber volume
fraction was calculated. The grip sections of all samples
were tabbed with sections cut from ﬁberglass PC board in
order to dissipate gripping stresses and prevent crushing of
the sample end-sections in the tensile grips. Specimens for
thermoelastic stress analysis were double-edge notched using a diamond blade at two different notch-to-width ratios:
a/W ⫽ 0.125 and a/W ⫽ 0.25.
Experimental Method
Un-notched specimens were tested in tension at a crosshead rate of 0.03 mm/sec using an Instron 8500 with a 100
kN load cell (Figs. 1 and 2). Photographs were taken during
each test to create a record of damage sequenced to the
stress-strain response. The un-notched tensile curves were
utilized to determine a loading schedule for damage evolution testing.
Thermoelastic stress analysis was used to map stress
redistribution as a result of damage evolution in the composites during loading.1 TSA relates instantaneous changes
in the stress-state to instantaneous changes in the temperature. In the TSA method, a sinusoidal load is applied to the
specimen that generates a cyclic temperature change that is
in-phase with the applied load, according to:

FIG. 5. Out-of-phase damage images clearly indicate that damage appears as multiple matrix cracks in the 636-glass/epoxy (a) and shear bands
in the 646-glass/epoxy (b).

1

Delta Therm 1000 TSA system. Stress Photonics, Inc. Madison, WI.
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FIG. 6. The addition of a strengthening agent (6032) did not change the damage mechanism in the 636-glass/
epoxy (a), while the addition of a weakening agent (6070) changed the damage mechanism to the formation of
shear bands (b).

⌬T ⫽ ⫺共K 䡠 T兲 䡠

⌬kk
3

(1)

where K is the thermoelastic constant.
Equation 1 relates the local temperature change to the
local change in the hydrostatic stress [26 –34]. A Delta
Therm 1000 system was utilized to capture infrared (IR)
temperature maps of each specimen during loading. The
system has a maximum spatial resolution of 120 m and a
temperature resolution of 0.003° K, corresponding to a
stress amplitude of roughly 1 MPa for a typical material.
TSA was performed on double-edge-notched model
composite specimens to study the evolution of damage with
increasing applied load. In preparation for TSA, the tabbed
samples were painted with two coats of ﬂat black paint to
provide uniform surface emissivity. The composites were
tested in a series of damage cycles, each with an increasing
level of applied damage load, and the Delta Therm 1000
system was utilized to image the progression of damage. A
detailed description of the method is described elsewhere
[34].
RESULTS AND DISCUSSION
Typical stress-strain curves for 636 glass/epoxy and 646
glass/epoxy specimens with Vf ⬵ 12% are shown in Figs. 1
244
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and 2, respectively. Both ﬁgures show that the coupling
agents had no signiﬁcant effect on the mechanical properties
of the composites. The as-received 646-glass/epoxy composites (no additional silanes) exhibited a small, but consistently higher elastic modulus and strength than any other
sample. This difference is attributed to a slightly higher ﬁber
volume fraction in the as-received 646-glass/epoxy (16%
vs. 12%), and is not related to any differences in ﬁber,
matrix, or interface properties. This difference is not expected to inﬂuence the results of damage evolution, because
damage is found to saturate long before the composite
ultimate strength is reached. Furthermore, the damage
mechanism in the 646-glass/epoxy was not affected by the
slightly higher volume fraction.
The ﬁrst notable differences in damage evolution arise
when comparing damage evolution in the untreated 636type glass/epoxy composites with damage evolution in the
untreated 646-type glass/epoxy composite (Figs. 3 and 4).
The 636-type composites developed multiple matrix cracks
(Fig. 3), while the 646-type composites developed shear
bands (Fig. 4). The damage mechanisms in these composites are more clearly identiﬁed by utilizing a new method of
damage imaging (Fig. 5) [34]. Figure 5 clearly shows the
mechanism of multiple matrix cracking in the 636-type
samples and shear bands in the 646-type samples.
Figure 6 shows the effect that interface surface treat-

FIG. 7. The addition of surface treatments to the 646-glass/epoxy composite did not change the damage
mechanism. However, the onset and absolute growth of damage was delayed by the addition of a strengthening
agent (6032) (a) and enhanced by the addition of a weakening agent (6070) (b).

ments had on the ensuing damage mechanism in 636-type
glass/epoxy composites. The addition of an interfacestrengthening agent (Z6032) had no effect on the damage
mechanism (Fig. 6a). However, the addition of an interface
weakening agent (Z6070) shifted the damage mechanism
from multiple matrix cracking to the development of shear
bands (Fig. 6b). The shift in damage mechanism from one
of multiple matrix cracking for untreated ﬁbers and strong
interfaces to one of shear banding for weak interfaces
(Z6070 treated ﬁbers) is consistent with the expected effects
of the Z6070 silane additive. The Z6070 additive is expected to weaken the interface bond, making crack deﬂection into the interface more likely.
Figure 7 shows the effect of interface treatments on
damage evolution in the 646-type glass/epoxy composite
(Vf ⬵ 12%). In each case, shear bands develop with increasing applied load. Recall that shear banding was also
observed in the untreated 646-type composite. The use of
the Z6032 coupling agent is expected to improve the ﬁber/
matrix interface bond, making it more likely for multiple
matrix cracking to occur. In this case, however, no shift in
damage mechanism was observed with use of the Z6032
silane treatment. As such, the coupling agent that is applied
to the ﬁbers at ﬁber production supercedes the addition of
matrix additives and dominates the resulting interface properties. No shift in damage mechanisms was anticipated with
the use of the Z6070 ﬁber treatment because this coupling
agent is designed to weaken the interface bond. A weaker

interface bond facilitates the deﬂection of cracks into the
ﬁber/matrix interface, making shear banding more likely.
Comparing Fig. 7a and b with Fig. 4 reveals that the shear
bands form at lower load and extend further from the notch
plane for composites treated with the weakening agent
(Z6070).
CONCLUSIONS
Model glass ﬁber reinforced epoxy composites were
utilized to explore the effect of interface properties on
damage evolution. Composites using 636-type glass ﬁbers
exhibited multiple matrix cracking, while 646-type glass
ﬁber composites developed shear bands. The observed differences in damage evolution could be attributed to two
possible causes: 1) the 646 ﬁbers are known to be stronger
than 636 ﬁbers, and 2) the 646 ﬁbers are produced with a
silane coupling agent that is applied during ﬁber fabrication.
Because damage was found to saturate before ﬁber failure,
the reason for the differences in damage mechanism is
attributed to the difference in ﬁber surface treatments.
Coupling agents were added to the epoxy resin to alter
the interface properties. Composites fabricated with 646type glass exhibited shear band formation regardless of the
addition of matrix additives. This damage mechanism and
the insensitivity to additives is attributed to the ﬁber coating
that is used during production of the 646-type ﬁbers. The
636-type glass ﬁbers have a starch coating, while the 646POLYMER COMPOSITES—2005
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type glass ﬁbers have a coating composed of starch plus an
added silane coupling agent. The results show that the
effects of the as-processed ﬁber coating on the 646-type
ﬁbers supercede the effects of the coupling agents that were
utilized during composite fabrication.
Addition of a weakening agent to the 636-glass/epoxy
composite was found to alter the operative damage mechanism from multiple matrix cracking to shear band formation. This change in mechanism is postulated to arise from
a weakening of the interface. As can be seen in Fig. 1, the
change in damage mechanism was not at the expense of
composite strength or ductility. As such, the damage mechanism can be altered to suit the end-use needs of the composite application without compromising the baseline mechanical properties. Similar favorable outcomes can be
expected in ceramic matrix composites.
The present study shows that the damage mechanism in
a composite can be altered by changing the ﬁber/matrix
interface properties. Furthermore, these results indicate that
the damage mechanism can be changed without affecting
the tensile strength or ductility of the composite. As such, a
more favorable mechanism can be processed into the composite to allow for better stress redistribution and decreased
notch sensitivity. In short, there is strong evidence that the
damage mechanism can be engineered to suit the particular
application, making it more likely that brittle constituent
composites can be utilized in structural applications.
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