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Fracture toughness of the fibre-matrix interface in
glass—epoxy composites
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The failure process arising at a broken fibre end in polymer matrix composite materials has
been studied experimentally and analytically using the finite element method. A series of
experiments were carried out using S-glass and E-glass single filaments, with different
sizings and/or coupling agents, embedded in epoxy matrices with different moduli. A finite
element analysis was used to simulate the experiments and calculate the change in strain
energy accompanying the observed fracture mode. The strain energy release rate upon
arrest of the crack, G....;, was then calculated. The measured interface debonding energies
varied from G....=57-342J m 2, depending primarily on the nature of the fibre sizing and
the ratio of moduli of the fibre and matrix. Transverse and shear matrix cracks were
characterized by G.... values of 58-103 J m~2 Subtle changes in the constituent properties
or fibre surface treatment resulted in a change in the fracture mode. This measurement and
analysis technique may suggest reasons for the variability of previous measurements of
interfacial adhesion, and provide a standard method for characterizing fracture modes at

broken fibre ends.

1. Introduction

The mechanical properties of fibre reinforced com-
posites strongly depend on the efficiency of stress
transfer between matrix and fibre [ 1-57]. During recent
years a great deal of effort has been expended to
characterize the fibre—matrix interactions, and several
experimental methods have been developed to mea-
sure the interfacial strength in polymeric composite
materials [6, 7]. The most common methods involve
micromechanical tests, such as the “embedded-single
fibre composites” (SFC) test [8,9] and a variety of
single-fibre pull-out [10], microdebond [11] and
microindentation [12] tests. A recent round-robin
programme has shown that large differences exist in
the reported values between different tests, and even
within the same test technique [13]. It is, therefore,
difficult to assess the utility of these parameters as
a characterization property.

Data reduction using the different micromechanical
tests has usually been based on the evaluation of an
“interfacial shear stress”, t, obtained from theories
based on a pure shear stress field (e.g. shear lag
theory). In the SFC test, for example, a single filament
is embedded in a matrix and the specimen is placed
under tension. At a specific level of strain, the fibre will
break when the stress transferred through the matrix
equals the fibre strength. Further breaks are induced
until the fragments are too short to allow the transfer

of a stress higher than their breaking strength. This
point is defined as the saturation of the fragmentation
process. Various methods [8, 14, 157] have been used
to extract an interfacial shear strength value from the
mean fragment length at saturation, all of which are
based on a force equilibrium. To characterize the
maximum stress transferability, a number of authors
[16-23] have recently proposed several alternative
ways based on the evaluation of the mechanical en-
ergy required to decouple a fibre from the matrix.

To understand better the significance of results ob-
tained from an SFC test, one must have information
concerning the fracture behaviour at or near the
fibre/matrix interface. When a continuous filament is
fractured, the stored energy lost in the region around
the fibre break is usually sufficient to generate frac-
tures in the matrix and/or along the interphase. Three
modes of failure are commonly observed, namely,
a disc-shaped matrix crack perpendicular to the fibre,
two inclined conical matrix cracks emanating from
both broken fibre ends, and an interphase crack run-
ning parallel to the fibre surface. Combinations of
these fracture patterns have also been observed.

The objective of this study was to measure the strain
energy release rate at arrest, G, associated with
each observable fracture mode using a combination of
experimental observations and computer simulation
of the process. The effects of composite constituent
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properties and interfacial adhesion on its magnitude,
were considered. A series of experiments were carried
out using S-glass and E-glass single filaments treated
with different sizing and/or coupling agents embedded
in epoxy matrices of different moduli. Samples were
mounted under an optical microscope and loaded
until a single fibre fracture occurs. The strain at break
was monitored and, at constant strain, the fracture
emanating from the broken fibre end was observed
and its dimensions measured. The MARC finite ele-
ment code was used to simulate the experiments and
calculate the change in the elastic strain energy ac-
companying the observed fracture mode. The strain
energy release rate upon arrest of the crack, G, e,
was then calculated.

2. Experimental procedure

2.1. Materials

Embedded single fibre composite specimens were
made using the following matrices and fibres.

Stiff epoxy: diglycidyl ether of bisphenol-A (DER
331, Dow Chemical) cured with 14 p.h.r. by weight of
tetra-ethylene-pentamine (DEH 26, Dow Chemical).

Soft epoxy: a mixture of 70/30 by weight of DER
331 and diglycidyl-ether of propylene-glycol (DER
732, Dow Chemical) cured with 11.5 p.h.r. by weight
of DEH 26.

S-glass fibres {Owens Corning), with an average
diameter of 10 um. These fibres were supplied with
two different surface treatments, the first being a
starch coating and the second a commercial epoxy-
compatible sizing. The starch-coated fibres were either
used as-received or ultraviolet—ozone cleaned for 1 h
[24]. The cleaned (bare) fibres were then surface
treated in two different ways.

Some of the fibres were coated with an epoxy resin
mixture 50/50 by weight of DER 331 and DER 732
cured with 10 p.h.r. by weight of DEH 26 from a solu-
tion of 0.3 wt/vol% epoxy resin in acetone. The bot-
tom of a glass petri dish was filled with the coating
solution and the fibres were added for a period of
5 min. The fibres were then removed from the solution
and allowed to dry in air for a period of 10 min, after
which they were placed into a vacuum oven and dried
at room temperature under vacuum for 30 min. The
oven was brought up to atmospheric pressure, and the
epoxy resin coating was cured at 80°C for 2 h. The
remaining ultaviolet—ozone-cleaned fibres were
coated with methyl-trimethoxy-silane (United Chem-
ical Technology). The silane was applied by immersing
the fibres for 5 min in a primer solution of 5% silane
and 5% water in 90% methanol by volume. After
removal from the primer solution, the fibres were
dried in air for 10 min and then placed in an oven at
100°C for 30 min.

Water-sized E-glass fibres (Union Carbide), with an
average diameter of 13 pm. These fibres were
ultraviolet—ozone cleaned for 0.5 h in order to remove
organic impurities. Some of the ultraviolet—ozone-
cleaned E-glass fibres were coated with methyl-
trimethoxy-silane following the same procedure
described above for the S-glass fibres.
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2.2. Embedded-single fibre test

The specimens for the SFC test were prepared by
placing a single glass fibre along the centreline of an
ASTM D-638 type V silicone mould using adhesive
tape. The catalysed resin was slowly poured into the
dog-bone shaped mould to fill the cavity. All visible
air bubbles in the gauge area of the sample were then
carefully removed or moved to the ends of the mould.
All the samples were cured for 1h at 80°C, slowly
cooled in an oven and carefully removed from the
silicone mould.

The SFC samples were tested using a handheld
microtensile tester which used a hand-turned screw-
type mechanism for stretching the sample. This unit
was mounted on to a high-powered transmission
optical microscope and the SFC sample was slowly
pulled until the first fibre break was observed. The
strain in the sample gauge length was measured by
monitoring the relative displacement between two
scored markers, using the calibrated eyepiece of the
microscope. In this way the strain at first fibre break
was determined. Crossed polarized light was used to
observe the birefringence patterns at fibre break. At
a power magnification of x 400, a detailed fracture
pattern analysis was carried out at constant strain by
measuring the dimensions of arrested cracks emanat-
ing from the broken fibre ends. At least five specimens
were tested for each experimental situation.

2.3. Strain energy release rate evaluation

The change in elastic strain energy associated with the
observed fracture patterns was evaluated by using
a linecar clastic, axisymmetric finite element method
(FEM) in a way similar to that previously reported by
DiBenedetto et al. [16], by Di Anselmo et al. [18], and
by Jones and DiBenedetto [22]. The FEM code used
in this study was MARC (MARC Analysis Research
Corporation). The embedded single-fibre specimen
was modelled as a cylinder of matrix material sur-
rounding a glass fibre (Fig. 1). Simulation was carried
out on one quadrant of the cylinder with (AB) and
(AFE) as the axes of symmetry. The half-length of the
fibre (AB) was 50 um and the outer radius of the
cylinder (BD) was 30 pm. The outer radius dimension
was chosen sufficiently large to allow the stresses to
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Figure 1 Schematic drawing of the region (ABDE) considered for
the FEM analysis.



return to a uniform field. The fibre radius (AF) was
5 um for the S-glass fibres and 6.5 um for the E-glass
fibres. No slippage between fibre and matrix and lin-
ear elastic behaviour were assumed. The following
boundary conditions were applied to the FEM model:

(1) side AB: displacement equal to zero in the r
direction;

(1) side BCD: prescribed uniform displacement in
the z direction;

(iii) side DE: free surface;

{iv) sides AFE: displacement equal to zero in the
z direction.

Fibre breakage was simulated by releasing the
boundary condition in the side (AF) to produce a free
fibre surface. The matrix and fibre mechanical proper-
ties used for the FEM simulation are reported in
Table 1.

TABLE 1 Composites constituent materials properties used for
the FEM analysis

Material Tensile modulus, Poisson’s ratio,
E (GPa) v

Stiff epoxy® 29 035

Soft epoxy® 1.6 0.35

S glass fibre® 86.9 0.22

E glass fibre® 72.0 0.22

® Values taken from [22].
* Data taken from an Owens Corning technical report.
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Figure 2 (a) Undeformed and (b) 0.01 strain deformed finite cle-
ment mesh used for modelling a 10 pm interfacial crack.

Different crack patterns were simulated by deleting
appropriate mesh elements or by using suitable
boundary conditions,

The model used for interfacial debonding is shown
in Fig.2a and b which represent the undeformed
model before fibre fracture and the deformed (strain
equal to 0.01) counfigurations after fibre fracture,
respectively. An interfacial crack was simulated by
mntroducing a discontinuity (20 um) between the fibre
and matrix elements using duplicate nodes along the
line FC. By progressively connecting the duplicate
interfacial nodes, it is possible progressively to reduce
the interfacial crack length from 20 pm to 0 pm. The
same mesh was used for analysing the transverse
matrix crack. A matrix crack perpendicular to the
fibre was simulated by releasing the displacement
boundary condition at appropriate nodes along the
side EF of the model. The undeformed and the de-
formed (strain equal to 0.01) configurations of the
model used for analysing the conical matrix crack are
shown in Fig 3a and b, respectively. The conical
matrix crack was simulated by introducing a discon-
tinuity (15 um) in the matrix elements using duplicate
nodes along the line FF' which forms an angle with
the fibre axis which has been experimentally deter-
mined. In all the cases studied, the angle was equal to
55°. By progressively connecting the duplicate nodes,
it is possible to reduce the shear matrix crack length
from 15 pm to 0 um.
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Figure 3 (a) Undeformed and (b) 0.01 strain deformed finite ele-
ment mesh used for modelling a 10 um shear matrix crack.
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From the FEM analysis, a plot of the total stored
elastic strain energy, U, as a function of the crack
length, x, can be constructed. A strain energy release
rate, G, was then determined from the relationship

U oU ox

C= AT

(1
where A is the crack area. For each of the three
different fracture patterns, the crack area can be com-
puted as a function of the crack length, x, as follows.

Interfacial debonding: A = 2nrex, where r; is the
fibre radius.

Shear matrix crack: A = n(2rex + x?sina), where
2 is the angle between the conical crack surface and
the fibre axis.
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(d)

Figure 4 Fracture patterns of (a) a starch coated S-glass fibre
embedded in the stiff epoxy matrix (interfacial debonding), (b) a
commercial epoxy-compatible sized S-glass fibre embedded in the
soft epoxy matrix (shear matrix crack), (c) a bare E-glass fibre
embedded in the stiff epoxy matrix (transverse matrix crack), (d) a
bare E-glass fibre embedded in the soft epoxy matrix (asymmetric
transverse matrix crack), and (e) a commercial epoxy-compatible
sized S-glass fibre embedded in the stiff epoxy matrix (shear matrix
crack and transverse matrix crack).

Transverse matrix crack: A = n[(r; + x)* — r¢].

A third-order polynomial was used to fit all the
energy curves and obtain ¢U/dx values to introduce
into Equation 1. The G values were calculated at 0.01
strain, but because the analysis is linear, they can be
scaled to any other € strain values by using the follow-

ing relationship
2
€
G, = <m> G @

where G, is the strain energy release rate correspond-
ing to a strain e.

3. Results and discussion

The fracture patterns at the broken fibre end were
dependent on the matrix-fibre combination and on
the interphase properties. Interfacial debonding is
characterized by a crack running parallel to the fibre
surface, either along the interface or in the matrix
phase very close to the fibre surface (i.e. in the inter-
phase) (Fig. 4a). It occurred as the primary mode of



failure in most of the stiff matrix microcomposites,
except when using the bare E-glass fibres. It was also
the primary mode of failure in soft matrix microcom-
posites, except when using.the commercial epoxy-
compatible sized or bare S-glass fibres.

Shear matrix cracks are characterized by two coni-
cal-shaped cracks emanating from both the broken
fibre ends (Fig. 4b). These occurred in the soft matrix
microcomposites reinforced with the bare and com-
mercial epoxy-compatible sized S-glass fibres. The
angle between the crack surface and the fibre axis was
always approximately equal to 55°.

As reported in Fig. 4¢, the stiff matrix microcom-
posites reinforced with bare E-glass fibre are charac-
terized by a disc-shape crack propagating perpendicu-
lar to the fibre axis (transverse matrix crack). Most
often only a semicircular crack was propagated in the
matrix (Fig. 4d), most likely as a result of an asymmet-
ric stress concentration in the fracture zone, perhaps,
for example, as the result of a non-perfect fibre align-
ment along the sample centreline. In some cases, the
occurrence of a mixed fracture pattern, such as simul-
taneous shear and transverse crack, have been ob-
served (Fig. 4¢). These last two cases have not been
considered for the strain energy release rate evalu-
ation.

A schematic illustration of the fracture patterns
analysed using the FEM analysis is shown in Fig. 5,
where Ly, L, and L, represent the interfacial debon-
ding length, the shear matrix crack length, and the
transverse matrix crack length, respectively. The strain
at first fibre break and the dimensions of the fracture
patterns observed for various matrix—fibre combina-
tions and fibre surface treatments are reported in
Table II. For the starch, soft epoxy, and methyl-
trimethoxy-silane sized S-glass fibres and for the
methyl-trimethoxy-silane sized E-glass fibres, inter-
facial debonding has been experimentally observed
both with the stiff and soft epoxy matrices. For micro-
composites reinforced with commercial epoxy-com-
patible silane sized S-glass fibre, bare S and E-glass
fibres, shear or transverse matrix cracking occur in-
stead of interfacial debonding. An important observa-
tion is that the S-glass fibres have an average strain at
break equal to 5.2% compared to only 2.4% for the
E-glass fibres. As a consequence, the elastic strain
energy stored in the system before the first fibre frac-
ture is higher for the S-glass reinforced composites
than for the E-glass fibre system.

Plots of the elastic strain energy release rate as
a function of the crack length for the four matrix—fibre
combinations obtained by simulation using the FEM
analysis, are shown in Fig. 6a—d. By using these curves
and the experimental data reported in Table II, we
obtained the elastic strain energy release rate at crack
arrest, G,es, fOr each observable fracture. The
Garrest Values for the various matrix—fibre and inter-
phase combinations are reported in Table III. The
Garrest values for the interfacial debonding are in the
range 57-342 Jm~ 2. These values are in good agree-
ment with other experimental results obtained from
different energy-based approaches to the matrix—fibre
debonding. For an E-glass fibre system, DiBenedetto
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Figure 5 Schematic illustration of the crack dimensions experi-
mentally measured for the various fracture patterns. (a) Interfacial
debonding, (b) shear matrix cracking, (c) transverse matrix
cracking.

[17] reported debonding fracture energies of the order
of 60 J m ™2 for poorly bonded interfaces, to 230 Jm 2
for well-bonded interfaces. Wagner et al. [20] evalu-
ated interface energies for the initiation of debonding
equal to 264 and 183 J m ™2, respectively, for sized and
unsized E-glass fibre embedded in an ultraviolet-cured
urethane matrix. Similar fracture mechanics ap-
proaches for measuring the interfacial toughness with
the microbond test led to similar results. Scheer and
Nairn [21] reported an interfacial fracture toughness
of about 220 Jm ™2 for debonding of epoxy resin drop-
lets on E-glass fibres. Analysing a single-fibre puil-out
test on an E-glass fibre—polycarbonate matrix, Hampe
and Marotzke [23] determined an interfacial energy
release rate from 70-130 Jm ™2
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TABLE Il Experimentally measured strain for the first fibre break and fracture pattern dimensions for various matrix—fibre and interphase
combinations. The significance of Ly, L, and L, is shown in Fig. 5

Epoxy/glass Fibre surface Strain at Mode of failure and
treatment first break crack length
(7o) (pm)

Stiff/S Starch 52405 Interfacial debonding
L;=56+03

Stiff/S Soft epoxy coating 48 +04 Interfacial debonding
L;=55+06

Stiff/S Methyltrimethoxysilane 4.6 +03 Interfacial debonding
Ly=94+10

Soft/S Starch 6.1 £0.7 Interfacial debonding
Ly=92+10

Soft/S Soft epoxy coating 5.8 +0.6 Interfacial debonding
L;=93+038

Soft/S Methyltrimethoxysilane 5.1+04 Interfacial debonding
Ly=142423

Soft/S Commercial epoxy 55 +04 Shear matrix crack

compatible sizing Li=113+1.1

Soft/S Bare 49 +04 Shear matrix crack
L,=120+13

Stiff/ E Methyltrimethoxysilane 25402 Interfacial debonding
Li=39406

Soft/E Methyltrimethoxysilane 24402 Interfacial debonding
L;=58+04

Stiff/E Bare 24 Transverse matrix crack
L =48"

* Single experimental result.
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Figure 6 Strain energy release rate as a function of the crack length for various fracture patterns: (a) stiff epoxy—S-glass system; (b) soft

epoxy-S-glass system; (c) stiff epoxy—E-glass system; (d) soft epoxy-E-glass system. (——) Interfacial debonding, (———) shear matrix
cracking, (- - -) transverse matrix cracking.

The experimental data indicate that the interfacial ~ pared to those with the soft matrix. A similar behav-
fracture toughness for a composite with a specific fibre ~ iour has been reported for the interfacial shear
surface treatment, as measured by the G, value, is strength by Asloun et al. [25] and Rao and Drzal [26].
always higher for the stiff matrix composites com- For various polymer matrix composites, these authors

6150



TABLE II1 G, values for various matrix-fibre and interface combinations

Epoxy/glass Fibre surface Fracture pattern Garrest
treatment (Jm™?
Stiff/S Starch Interfacial debonding 342 + 68
Stiff/S Soft epoxy coating Interfacial debonding 281 +48
Stiff/S Methyltrimethoxysilane Interfacial debonding 198 + 23
Soft/S Starch Interfacial debonding 261 + 48
Soft/S Soft epoxy coating Interfacial debonding 233 4+ 55
Soft/S methyltrimethoxysilane Interfacial debonding 127 + 21
Soft/S Commercial epoxy Shear matrix crack 103 + 12
compatible sizing
Soft/S Bare Shear matrix crack 84 + 12
Stiff/E Methyltrimethoxysilane Interfacial debonding 94 + 10
Soft/E Methyltrimethoxysilane Interfacial debonding 57T+ 11
Stiff/E Bare Transverse matrix 582

crack

* Single experimental result.

found that the interfacial shear strength increased with
increasing matrix modulus. When methyl-trimethoxy-
silane, a releasing agent, was used to coat the S-glass
fibres, we obtained the lower G, values for inter-
facial debonding, as expected and as previously re-
ported [27].

The shear and transverse matrix cracking
Garrese Values were in the range from 58-103 Jm ™2 It
is interesting to observe that for an epoxy resin (DER
332) similar to the cured matrix used in this work,
Mostovoy and Ripling [28] found that the measured
mode I fracture toughness, Gy, as a function of the
curing agent (tetra-ethylene-pentamine) ranged from
70-100 Jm 2.

When one compares the elastic strain energy release
rate, G, fOT interfacial debonding using the same
matrix and the methyl-trimethoxy-silane fibre sizing
treatment, but different fibres, one finds that the S-
glass fibre system results in calculated values of
Garres that are higher by approximately two times that
of the E-glass fibre system. The modulus of elasticity
of the S-glass is about 1.2 times higher than that of the
E-glass, and its strain-to-break is approximately 2.1
times higher than E-glass. Thus, the strain energy
stored in the fibre prior to the first fibre fracture
is approximately 5.3 times (1.2 x 2.1%) higher in the
S-glass fibre. The apparent increase in interfacial frac-
ture toughness may be caused by one or all of the
following three factors.

1. Because there is a difference between the chem-
ical composition of the two glass fibres, there is a dif-
ference in the work of adhesion with the epoxy matrix.
Nardin and Schultz reported the following relation
between work of adhesion and the interfacial shear

stress [29]
E:\!
Wa = At <Ei>z (3)

m

where W, is work of adhesion, A is a characteristic
intermolecular distance, t is the shear strength of the
interface in an SFC test and (E¢/E,) is the ratio of the
fibre and the matrix moduli.

From a molecular interaction analysis, one can
show that the work of adhesion is also related to the

work of cohesion of the matrix material near the
interface by the following equation [30]

1

Wa = e 22 @
where {z is a dimensionless reduced intermolecular
distance parameter, W, is work of adhesion, W is
work of cohesion and (Ei/E.); is the ratio of the
theoretical maximum moduli of the fibre and the
matrix near the interface. In light of the fact that the
sizing thickness is of the order of nanometres, it is not
expected that this factor can account for the large
difference in the G, values.

2. The interfacial debonding occurs in a complic-
ated multicomponent stress field and thus should be
described in terms of a combined mode I and mode II
displacement. The FEM calculation of the ratio of the
tensile component (mode I) to the shear component
(mode II) near the crack tip shows that the relative
shear component is about 15% higher in the S-glass
system. Thus, this factor may account for part of the
difference in the G, values.

3. After the fibre fractures, there is a radial com-
pression imposed on the fibre end caused by the
expansion of the fibre diameter and the contraction of
the matrix around the fibre end due to Poisson’s
effects and an increase in the level of strain locally in
the matrix. Fig. 7a—d show the results of the finite
element analysis of the shear and radial stresses
around the crack tips in the two cases considered,
using a technique for maintaining contact of the mesh
points at the debonded surfaces. The radial stresses
were found to be independent of the magnitude of the
friction coefficient utilized in the analysis. We empha-
size, however, that the analysis is dependent on the
mesh geometry and thus gives only a crude estimate of
the stress gradients.

Within these limitations, one sees that the fibre/
matrix interfaces behind the crack tips still support
shear and compressive radial stresses. As a crack tip
advances, the fibre behind the tip retracts to a fraction
of the initial strain under a frictional force generated
by the radial stress. We used a friction coefficient of
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Figure 7 (a) Shear stress along the surface of an S-glass fibre embedded in the stiff epoxy matrix. The FEM model contains a 9.4 um
interfacial crack and is deformed at a strain of 0.046. (b} Shear stress along the surface of an E-glass fibre embedded in the stiff epoxy matrix.
The FEM model contains a 3.9 um interfacial crack and is deformed at a strain of 0.025. (c) Radial stress along the surface of an S-glass fibre
embedded in the stiff epoxy matrix. The FEM model contains a 9.4 pm interfacial crack and is deformed at a strain of 0.046.(d) Radial stress
along the surface of an E-glass fibre embedded in the stiff epoxy matrix. The FEM model contains a 3.9 um interfacial crack and is deformed

at a strain of 0.025.

u = 1.2, (as measured by Wu for a glass fibre-rein-
forced epoxy composite laminate [31]), to estimate the
frictional work done during retraction of the fibre end.

Fig. 7a and b show maximum shear stresses of
about 500 and 350 MPa at the crack tips of the S-glass
and E-glass composites, respectively. The shear stresses
decrease rapidly towards 0-50 MPa as one moves
toward the fibre ends. We estimate that under these
conditions the fibre ends behind the crack tips will
retract approximately 50-75% of the original strain
prior to filament fracture. The work done against
friction is estimated to be:

Wfriction = uGrrlc(As) (5)

where u is the frictional coefficient, &, is the compres-
sive radial stress, [, is the crack length and (Ag) is the
change of the strain from the original level.

Fig. 7¢ and d show maximum compressive radial
stresses of 325 and 250 MPa behind the advancing
crack tips of the S-glass and E-glass composites, res-
pectively. Using these maxima in Equation 5, one
obtains values of 84-127 Jm ™2 for the frictional work
in the S-glass composite and 15-22 Jm ™2 for the fric-
tional work in the E-glass composite. Subtracting the
higher values from the total G, values of 198 and
94 Jm ™ ? (Table 1II), one obtains a residual value of
72 Jm~? for the debonding energy in the two com-
posites, which is of the order of magnitude of the
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Gorrese values for the observed shear matrix cracks.
Using the lower values for the frictional work, one
obtains a residual value of 114 Jm ™2 for the debon-
ding energy in the S-glass composite and 80 Jm ™2 for
the debonding energy in the E-glass composite. As
stated previously, these values are within the range of
fracture toughness found by Mostovoy and Ripling
for similar epoxy resins [28]. Within the level of confi-
dence of the analysis, it appears to us that the
Gaest Values for debonding consist primarily of the
sum of the fracture energy of the matrix in the vicinity
of the interface and the work of friction associated
with the retraction of the broken fibre ends.

4. Conclusion

In this study, an experimental method for evaluating
the strain energy release rate at crack arrest, Gyreq
associated with various fracture patterns at the bro-
ken fibre end of polymeric composite materials, has
been assessed. A series of experiments have been car-
ried out using S-glass and E-glass single filaments with
different sizing and or coupling agent treatments em-
bedded in epoxy matrices of different moduli. An
axisymmetric finite element analysis was used to simu-
late the experiments and evaluate the change in strain
energy accompanying the observed fracture mode.
When a fibre filament breaks, cracks have been



observed to propagate from the broken fibre end
either by interfacial debonding, shear conical matrix
cracks, transverse matrix cracking, or a combination
of the three modes. We have measured interfacial
debonding energies varying from 57-342Jm™2, de-
pending primarily on the nature of the fibre sizing and
the ratio of moduli of the fibre and matrix. When the
adhesion is weak, the higher breaking strain of the
S-glass fibre composite provides a higher interface
debonding  energy, 194Jm~2 compared to
57-93Jm~? when E-glass is used. Transverse and
shear matrix cracks were characterized by
Gasrest values of 58-103 Jm™2. Subtle changes in the
constituent properties of fibre surface treatment re-
sulted 1in a change in the fracture mode. This measure-
ment and analysis technique may suggest reasons for
the variability of previous measurements of interface
adhesion and provide a standard method for charac-
terizing fracture modes at a broken fibre end.
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