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The surface of glass fibres was modified using chemical treatments to improve fibre-matrix
interface properties. Interfacial polycondensation was performed with the fibre acting as the
interface, and nylon-6,6 chains were grafted on the free hydroxyl groups located at the fibre
surface. Grafted nylon was observed through the scanning electron microscope. The effect
of the treatment on the fibre-matrix adhesion was investigated by measuring the interfacial
shear strength in fragmentation micromechanical tests. The two-parameter Weibull
distribution was used to analyse the experimental results. Polarized optical microscopy
showed the existence of a transcrystalline layer in treated samples, indicating better fibre

wettability by the matrix. Scanning electron microscopy confirmed the presence of an
excellent bonding between fibre and matrix in treated samples, whereas in untreated
samples, fibre pull-out was predominant, indicating poorer fibre—matrix adhesion.

1. Introduction
Fibre-matrix adhesion is an essential controlling fac-
tor for mechanical properties of composites. The abil-
ity of the interface to transfer a load from the matrix to
fibres depends on physicochemical properties of both
fibres and matrix. Poor bonding at the interface causes
interfacial debonding and failure of the composites.
Improved interfacial bonding is attainable through
fibre treatments such as chemical and physical proced-
ures. The usefulness of the interface properties can be
viewed within two aspects: first, it is responsible for
good mechanical properties, and second it protects the
composite properties from deterioration when submit-
ted to environmental conditions, such as humidity.
A weak interface allows fibre-matrix discontinuity by
allowing the introduction of water between fibre and
matrix through the interface, resulting in a loss of
expected composite mechanical properties.
Micromechanical test methods have been used for
the determination of the interface properties. The
most used methods are the fragmentation test, the
pull-out test and the micro-indentation test [ 1]. In this
work, fragmentation tests were used to quantify the
effect of chemical treatment (interfacial polycondensa-
tion at the surface of fibres) on glass fibres. The inter-
facial shear strength at the fibre—matrix interface was
determined for treated and untreated fibre composites.
The single-fibre technique [2] has been used to
determine interfacial shear strength as a measure of
stress transferability of the interface. This method
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involves a single fibre totally encapsulated in a matrix.
The matrix is stretched and the force is transferred to
the fibre by a shear mechanism. The fibre breaks into
small pieces until a critical length, [, is reached after
which breakage stops. The shear stress, 1., at the
fibre-matrix interface for a matrix that deforms plasti-
cally, with a perfect adhesion and a constant shear
strength along the fibre length is given by

o Dy

= 1
W= (1

where o; is the maximum stress experienced by the
fibre at the critical length, D; the fibre diameter, and, [,
the critical length of the fibres. Because fragment
lengths are distributed between [, and [ /2, the mean
fragment length, [, which is derived from the experi-
mentally observed fragment length is related to I, by

[3]
I =3/41, 2

The effective shear stress, 1., depends on the cumu-
lative distribution of the fragment lengths. When com-
bining Equations 1 and 2, T, can be expressed as

3o0:D;
T,=——=
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To calculate [; from the experimentally measured
values of [, a distribution function has to be fitted to
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the data. The most commonly used functions are
Gaussian and Weibull distributions. The three-para-
meter Weibull distribution is given by [4]

I—1\"
e (] o

where, in this case, p is the cumulative probability of
failure, [ the experimental values of the fibre fragment
lengths, I, a scale parameter, m the parameter which
simulates the shape of the curve and [, the value below
which the probability of failure is zero. If [, = 0 as, for
example, in the case of tensile stress of brittle materials
[5], this equation simplifies to the two-parameter
Weibull function. To calculate p, the following estima-
tion is generally used [6]

i
N +1

Di ®)
where i represents the order number of the fragment
lengths when classified in an ascending order, and
N the total number of fragments in the sample. To
determine m, [, and [, Equation 4 can be rewritten as

follows
I—I\"
In(1 —p)=— ; (6)
0

and then

ln[]n( ! )}zmln(l—lu)—mlnl0 (7)
l—p

Therefore, the plot of In[In(1/1 — p)] against In(l — [,)
gives a straight line with a slope of m and [, and [,
can be determined by a least-square fitting method.
Finally, the mean value of [ is calculated as follows

T=1,T(1 + 1/m) ®)

where I is the gamma function. Alternatively, the
value of [ can be determined directly by fitting [ and
p to the Weibull function and extracting the value of
Tat p=0.5.

2. Experimental procedure

2.1. Materials

Glass-fibre yarns with a diameter of 23 pm were sup-
plied by Fiber Glass Canada. The fibres were washed
with acetone in order to remove residual binder and
organic impurities. Nylon-6,6 sheets of 15cm x
15 cm x 0.75 mm used as the matrix, were supplied by
Commercial Plastics (C.P.) Inc.

2.2. Polymer grafting on to the glass fibre
surface

Solutions of 0.01 M hexamethylenediamine in water
and of adipoyl chloride in dichloromethane were pre-
pared. Long fibres (about 30 cm) were immersed first
in the adipoyl chloride solution for 10 min, filtered
and then immersed in the diamine solution. This pro-
cedure was repeated ten times in order to graft nylon-
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6,6 chains on to the fibre surface. The fibres were then
washed with CH,Cl, and water and vacuum dried at
110°C for 24 h.

2.3. Sample preparation

Nylon-6,6 sheets were dried in a vacuum oven at 90 °C
for 3 days prior to use. Single filaments of glass fibres
were carefully extracted from chemically treated fibre
bundles for each composite. Five single fibres were
placed parallel to each other at a constant distance
and held in place between two sheets of nylon. Two
steel plaques covered by aluminium paper were used
in the compression-moulding process, using a Carver
Laboratory press at 285°C. To prevent any physical
damage to the fibres, the compression force was ap-
plied only when nylon began to melt. The mould
pressure was then raised to 600 p.s.i. (10° p.si. =
6.89 Nmm~?) and maintained at that pressure for
5 min at 285°C. Samples were then quenched by
rapidly cooling the mould with water. This process
was also repeated with untreated glass fibres. Samples
were cut using a dumb-bell shaped mould according
to ASTM D638 with fibre position parallel to the
middle of the mould shape.

2.4. Tensile strength at mean fragment
length

To measure the tensile strengths of the fibres at the
mean fragment length, single-fibre tensile strength dis-
tributions were measured at different gauge lengths.
Each monofilament was glued with a cyanoacrylate
glue on a frame of a millimetric paper having a hole in
the centre with a span equal to the desired gauge
length. Tensile strengths were measured using a cross-
head load of 500 g and a speed of 0.05 cmmin~!. For
each gauge length, the tensile strength of 18-20
samples, each containing one monofilament, was
determined.

2.5. Polarizing optical microscopy

Two single, treated and untreated glass fibres were
placed each between two thin films of nylon-6,6 and
were heated together between two glass microscope
slides on a Mettler FP-80 hot stage at a heating rate of
20°Cmin~!. Nylon began to melt near 225 °C and the
temperature was increased to 285°C to remove all
traces of crystallinity. The sample was cooled rapidly
to 160 °C, maintained at this temperature for about
5 min and finally cooled down rapidly by a nitrogen
stream until ambient temperature was reached. Sam-
ples were observed using a Zeiss polarizing optical
microscope. The fibre diameter, D;, was also measured
using the microscope, and a value of 21 um was meas-
ured and used in subsequent calculations.

2.6. Scanning electron microscopy

Fractured surfaces of the microcomposites after the
failure of the samples in the tensile tests were analysed
using a Jeol JSM-840 scanning electron microscope.
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Figure 1 Determination of statistical distribution of fractured length for untreated fibre (a) Typical plot of In[ —In(1 — p)] against In(/), and

(b) Weibull cumulative distribution of fragment lengths.
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Figure 2 Determination of statistical distribution of fractured length for treated fibre (a) Typical plot of In[ —In(1 — p)] against In(/), and (b)

Weibull cumulative distribution of fragment lengths.

A gold palladium alloy was cast on the fractured
surface prior to investigation.

2.7. Sample fragmentation process

Samples were divided into two groups. The first group
of samples was placed into a desiccator (“dry speci-
mens”) before experiments while the second group was
stored in open air (“wet specimens”) before carrying
out fragmentation tests. For the first group (“dry spec-
imens”), the samples were subjected to the tensile
stress up to 10% strain using an Instron universal test
machine with a force cell of 50 kgf (490.5 N) and a
crosshead speed of 0.05 cmmin ! (8.33 x 10 ¢ ms™1).
The second series of specimens (“wet specimens”) were
pulled using different tensile stresses up to the break-
age of the matrix. The fibre fragment lengths were

observed and measured with the aid of a Zeiss optical
microscope equipped with an eyepiece micrometer
having a precision of 0.0225 mm.

A two-parameter Weibull distribution was exam-
ined in order to verify how well this distribution func-
tion can represent the experimental results. Figs la
and 2a show typical diagrams of In[ —In(1 — p)] ver-
sus In(l) for fragmentation tests of untreated and
treated samples which had been pulled to 10% strain.
As can be seen, straight lines are obtained, which
indicate that the two-parameter Weibull function is
valid. The slope yields the Weibull shape parameter m,
which is then used to calculate [,. The correlation
coefficients, %, determined by least squares when lin-
ear fitting was performed, are given in Tables I and II.

Once the Weibull parameters were found, the
Weibull cumulative distributions of the fibre fragment
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TABLE I Comparison of results using Weibull linear fitting and cumulative distribution, Gaussian distribution and arithmetic mean

calculations for samples submitted to 10% strain

sample m Iy (mm) r? Iy (mm) IGauss (Mm) Lorien (Mm)
T, 4.07 0.52 0.92 0.46 0.47 047

T, 3.82 0.5 0.97 0.45 0.45 0.45

T; 4.42 0.44 0.91 0.4 0.39 04

N, 5.22 0.69 0.94 0.63 0.63 0.65

N, 3.88 0.72 0.96 0.64 0.65 0.65

N 3.75 0.72 0.95 0.65 0.65 0.65

TABLE II Weibull linear fitting and cumulative distribution, Gaussian distribution and arithmetic mean calculations for samples

submitted to different strains

sample m lp (mm) r? Iy (mm) IGauss (MM) Larien (Mm)
T, 3.45 0.75 0.97 0.67 0.67 0.67
Ts 2.7 0.83 0.93 0.73 0.74 0.73
Te 3.47 0.52 0.95 0.46 0.47 0.47
T, 4.09 0.57 0.86 0.51 0.51 0.51
Ts 3.77 0.55 0.93 0.49 0.48 0.49
N, 4.15 0.72 0.94 0.65 0.65 0.65
Ns 4.15 0.72 0.94 0.64 0.65 0.65
N 3.33 0.9 0.97 0.81 0.8 0.8
N, 3.23 0.77 0.96 0.67 0.68 0.69
Ny 3.51 0.74 0.93 0.66 0.66 0.66
lengths were fitted to the experimental values using 1.3
Equation 9
0

P(l) =1 —exp[—(//lo)"] © 127
The cumulative probability, P(l), in Equation 9 for 114
each sample group is depicted in Figs 1b and 2b. From ’
these fittings, the values of [ at P(I) = 0.5 was ob-
tained. This value is equal to the mean fragment & 107 o
length (I;). <

0.9

3. Results and discussion 0.8
3.1. Analysis of the fragment lengths
In order to evaluate the results better, in addition to 0.7 o
Weibull distributions, Gaussian distributions were
also used to analyse the experimental data. A simple 0.6 | , I | | I | ,

arithmetic mean of fragment lengths, [,.;,, was also
calculated for each sample. Table I shows the results of
the Weibull linear fitting and cumulative distribution,
as well as the Gaussian distributions for the samples
pulled up to 10% strain. Mean fragment lengths ob-
tained from Weibull, Gaussian and arithmetic calcu-
lations are presented as Iy, [gauss and l,.in, respectively.
Table II presents the results of samples which have
been submitted to different strains and stresses. Ten-
sile strengths of the fibres at mean fragment lengths
were obtained from the plot of Ino; versus In(ly),
I, being the gauge length, and are reported in Fig. 3.
Four different gauge lengths were used and a linear
fitting was performed by a simple least squares
method. The resulting 7 of 0.94 indicates a good fit.
Once the values of o; were determined, t. was cal-
culated using Equation 3.

When comparing the results of Gaussian and
Weibull distributions, similar values for [ are obtained.
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Figure 3 Variation of mean tensile strengths of single fibres with
respect to gauge lengths.

It is concluded that, for a system of glass fibres
embedded in a nylon-6,6 matrix, these two distribu-
tion functions can be used to fit the experimental
results. Moreover, when comparing these data with
those of simple arithmetic means of fragment lengths,
similar values are also found for I. The same phenom-
enon has been reported in a study on carbon fibres
[6]. The agreement between the three methods used in
determining [ indicates that the number of samples
used in this study is large enough to ensure statist-
ically meaningful results.
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Figure 4 Variation of fibre mean fragment lengths of dry and wet
specimens with strain.

3.2. Effect of grafted molecules on the
interfacial shear strength

Fig. 4 shows the mean fragment lengths of dry and wet
specimens. As mentioned earlier, dry specimens were
submitted to 10% strain and wet specimens were
submitted to different strains. The results obtained
from the fragmentation tests of dry samples indicated
that an important change in the fibre—matrix adhesion
was achieved. It can be seen readily from this figure
that the mean fragment lengths are reduced by 30% as
compared to untreated samples. Using these values to
calculate the effective interfacial shear stress gives an
increase of T, up to 59% due to the chemical treatment
of the glass fibres.

As mentioned earlier, the presence of a good inter-
face is also essential to the retention of the composite
mechanical properties in a real environment in which
humidity and other factors affect composites. In order
to evaluate this effect, a second group of samples was
placed in open air in 50% humidity for 2 weeks and
the results are presented in Table II.

3.3. Effect of humidity on the interface
quality

When comparing the [, values with those of dry sam-
ples, an increase is observed when samples are allowed
to absorb water from the atmosphere for both treated
and untreated samples. Water weakens hydrogen
bonds in nylon-6,6, which results in matrix plastifica-
tion, and an observed lowering of 1. It is therefore not
possible to compare the results at 10% strain for dry
and humid systems because the matrix properties are
changed. It is, however, reasonable to compare the
evolution of the interface with the applied strain, as
illustrated in Fig. 4. A continuous decrease of [, is
observed with increasing strain for the treated fibres
while, in the case of untreated fibres, [, remains almost
unchanged. When comparing /,,, it can be found that,
for a given strain, the value of [, is much lower for the
treated fibres. This is related to the efficiency of the
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Figure 5 Schematic representation of the effect of the humidity on

the fibre-matrix interface: (a) untreated fibre; (b) treated fibre.
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Figure 6 Variation of fibre mean fragment lengths with stress for
(O) untreated and (O) treated fibre.

interface to transfer the strain to the fibre, which
induces fibre breakage when exceeding the maximum
breaking strain of the fibre. The humidity affects t. by
two mechanisms; first, it causes a matrix strength loss,
and second, it directly affects the fibre—matrix inter-
face. Water is proposed to compete in the formation of
hydrogen bonds with OH groups of the glass fibres.
This competition weakens matrix—fibre hydrogen
bonds. However, for treated samples, fibre—matrix in-
teractions are composed of both covalent bonds and
hydrogen bonds. The effect of humidity will therefore
be mainly the plastification of the matrix, while the
interface will remain relatively unaffected. This phe-
nomenon is illustrated in Fig. 5.

Fig. 6 presents the variation of the mean fragment
lengths of both treated and untreated fibres with
stress. For untreated samples, [,, does not vary signifi-
cantly with stress. In the case of treated samples, the
behaviour is completely different. A sharp decrease is
first observed upon increasing the stress and then the
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mean fragment length tends asymptotically towards
a constant value for higher stresses. The results of
Fig. 6 give an average asymptotic value of 0.48 mm for
l,. The corresponding 1., calculated using Equation 3,
is 99.4 MPa. The maximum shear stress of the matrix
has been reported as being 66.2 MPa [7] and the 7,
value calculated using Fig. 6 is therefore considerably
higher than that of the matrix. Moreover, humidity
could effectively contribute to an underestimation of
this value by reducing maximum shear stress of the
matrix.

Higher values of 1. are related to the difference in
shear properties of the bulk matrix and of the inter-
phase [8]. For untreated fibres, a value of 0.65 mm for
l, is obtained, which corresponds to a t, value of
68.4 MPa. This value is, as expected, much lower than
that of treated fibres and very close to that of the pure
matrix. As mentioned previously, when a single fibre
embedded in a matrix is stretched, the force is trans-
mitted to the fibre by a shear mechanism and the fibre
breaks into small pieces. The length of these pieces
becomes shorter with increasing stretching through
additional breaking of the fibre. This will happen only
when the fibre-matrix adhesion is such that the load
transfer from the matrix to the fibre is allowed. Lack of
fibre-matrix adhesion causes the matrix to slip around
the fibre without fibre breakage. This phenomenon
was observed, for example, when a liquid crystalline
fibre was embedded in a polycarbonate matrix [9]. As
seen in Fig. 6, [, does not vary when stress increases
for untreated samples. This indicates that the force
applied to the matrix was not transmitted to the fibre
through the interface and thus, that no further break-
age occurred when the force was increased. It is con-
cluded that the fibre-matrix adhesion was weak when
untreated fibres were used.

Further evidence can be derived when comparing
applied stress on the samples. From Fig. 6, it can be
seen that the stress corresponding to the minimum
fragment length (0.64 mm) for untreated fibres is
63.2 MPa. For the same value of [, for treated sam-
ples, a stress of 52 MPa is obtained, a value consider-
ably lower. This means that, in the case of treated
samples, the fibres carry the applied load transmitted
from the matrix through the interface. This is the
favourable condition expected for composites. For
untreated samples, it is essentially the matrix which
supports the load. Therefore, it can be concluded that
for continuous fibre composites, early failure of the
matrix will cause the failure of composite. This again
confirms the efficiency of the interface to transfer the
load from the matrix to the fibre in treated fibres.

Possible explanations for obtaining higher t. could
be that, in the case of treated samples, properties of the
matrix layer which lies at the interface are quite differ-
ent from those of the bulk matrix. The ability of the
fibre to induce transcrystallinity has to be taken into
account, because the properties of the transcrystalline
layer are known to be different from those of the neat
resin [ 10]. This ability could be due to chemical affin-
ity between the fibre surface and the matrix, which
also could cause the transcrystalline layer observed by
optical polarizing microscopy of the fibres subjected
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to surface treatment [ 11]. In order to analyse the fibre
surface evolution during the grafting procedure, the
fibres were observed through a scanning electron
microscope (SEM). Scanning electron micrographs of
the single fibres are given in Fig. 7. Fig. 7a shows the
surface of acetone-washed glass fibre and Fig. 7b illus-
trates a glass-fibre surface which has been submitted
to the polymer grafting reaction. Nylon-6,6 deposits
are clearly observed. However, these are not distrib-
uted evenly on the fibres, which may indicate the
presence of non-grafted polymer. Washing with tri-
fluoroethanol was performed in order to remove this
fraction. This solvent was chosen for its ability to
dissolve nylon-6,6 while having a low acidity. The use
of an acidic solvent such as trifluoroacetic acid, m-
cresol or sulphuric acid, which are all good solvents
for nylon-6,6, would undoubtedly have hydrolysed
O-C=0 bonds created at the interface. Even with
trifluoroethanol, some hydrolysis may have occurred.
Fig. 7c shows the surface of a grafted fibre after wash-
ing with trifluoroethanol. Remaining structures are
identified as the grafted polymer. These could act as
a nucleating surface and be responsible for enhanced
transcrystallinity.

Optical micrographs of the transcrystalline layer
are illustrated in Fig. 8. There is no evidence of a con-
tinuous transcrystallinity in untreated samples while
there is a clear transcrystalline interphase in the sam-
ples containing grafted glass fibres. It can be con-
cluded that, when the conditions allow its growth,
a transcrystalline layer can be formed around the
treated fibres. Under the same conditions, no change
was observed for untreated fibres. Because the aim of
this work was not to study the effect of transcrystallin-
ity on the fibre fragmentation test, samples were not
prepared for this purpose. However, this observation
is an additional indication on the effect of the treat-
ment on fibre-matrix interface.

Further evidence of the effect of the fibre treatment
is obtained through SEM analysis of the fracture
surface of selected samples. Fig. 9 shows the interface
regions of the samples after the failure of the micro-
composites in the fragmentation test. It is obvious
from these pictures that, for the untreated fibre, a hole
has appeared in the matrix indicating that fibre pull-
out has occurred (Fig. 9a). For the treated fibre com-
posite, there is no hole formation and structural units
of leftover fibre fragments and matrix are present
instead. This indicates that the failure mechanism is
primarily fibre failure, which in turn is related to an
excellent adhesion (Fig. 9b). As mentioned earlier in
this paper, in the former case, this type of fibre-matrix
debonding results from poor adhesion between fibre
and matrix, which allows the matrix to slip around the
fibre without fibre failure. This can explain why, in the
case of untreated fibres, the values of [, are higher
than those of treated fibres and why [, does not
change when applied stress and/or strain increases.
However, good adhesion, as shown in Fig. 9b, is
responsible for the load transfer from the matrix to the
fibre, resulting in lower [,, values as well as a lowering
of I, when increasing the applied stress or strain. The
resulting interface could be very different from the



Figure 8 Optical micrographs of a single glass fibre embedded in
nylon,6-6 matrix: (a) untreated fibre, (b) treated fibre.

Figure 7 Scanning electron micrographs of the surface of glass
fibres: (a) washed fibre, (b) grafted fibre; (c) grafted fibre washed with Figure 9 Scanning electron micrographs of fractured surface of
trifluoroethanol. microcomposites: (a) untreated fibre, (b) treated fibre.
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Figure 10 (/) Interfacial shear strength and (@) mean fragment
length as a function of stress in treated fibres.

matrix itself, which could explain why interfacial shear
strengths obtained in this study exceed those of the
matrix. These observations are depicted in Fig. 10, in
which the effects of applied stress or strain on the
mean fragment lengths and resultant interfacial shear
strengths of treated fibres, are demonstrated.

Another factor contributing to higher values of 1. is
the value of o;. In this study, tensile strength of the
fibres at mean fragment length was determined using
different gauge length measurements, as in a previous
work [6]. Another possible way to calculate o; at
short fibre lengths is to use the Weibull equations,
assuming the Weibull parameters are known. This can
be done only when the Weibull parameters are inde-
pendent of gauge lengths. In this study, it was found
that the Weibull parameters change with gauge length
and therefore this approach has not been used to
determine fibre strength at short lengths such as the
mean fragment lengths.

4. Conclusions

Interfacial polymerization of nylon-6,6 on the surface
of glass fibres was used to attach nylon chains to the
fibre surface, which in turn changed fibre surface prop-
erties. Residual nylon-6,6 was observed at the glass
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fibre surface through SEM. The modification in-
creased fibre—matrix adhesion, so that higher values of
interfacial shear strengths were obtained with treated
fibres. Fibre—matrix interface properties observed by
SEM showed clear changes in the behaviour of the
interface. The fracture mechanism changed from fibre
pull-out, in the case of untreated fibre to fibre failure
for treated samples, which clearly indicated a con-
siderable increase in interface adhesion. Finally, it was
shown that the two-parameter Weibull distribution
can be applied to fibre fragment lengths in order to
derive the values of mean fragment length used in the
interfacial shear strength calculations.
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