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Axial compressive behaviour of reinforcing fibres and interphase in glass fibre/epoxy resin
composites were examined. Axial compressive strengths of glass fibres were evaluated by
the tensile recoil method. The effects of silane-based coupling surface treatment agent

on the fibre compressive strengths were investigated. The glass fibres showed higher
compressive strengths when coated by the surface treatment. Interphase behaviour was
also investigated by means of the single-fibre embedded compressive test. The particular
stress and strain distributions inside the specimen were examined by a three-dimensional
finite element analysis. The parameter “interfacial transmissibility’’ instead of the
conventional critical fibre length theory was introduced as an index of interfacial properties.
This parameter was useful to estimate the interfacial properties at the elastic state apart from
the complicated critical state. It was confirmed that the surface treatment improved the
glass/epoxy interphase under axial compressive load. © 7998 Kluwer Academic Publishers

1. Introduction

A current limitation to the broader usage of fibre-
reinforced composite materials is associated with their
inherently poor and complicated compressive behav-
iour along the reinforcing fibre axis. Many researchers
have investigated their tensile behaviour; however, the
compressive behaviour has not been sufficiently elu-
cidated owing to the experimental difficulties. There
has been an urgent demand for separate detailed in-
vestigations of the compressive behaviour of each
component, fibre, matrix and interphase.

Several methods for the longitudinal compressive
test of single fibres have so far been proposed. The
main methods used are the elastic loop method [1-6],
the matrix shrinkage method [7], the bending beam
method [7-9], the single-fibre composite method
[10-14] and the tensile recoil method [15-19].
Among these methods, the tensile recoil method has
been regarded as the most reliable way to evaluate the
axial compressive strengths of fine fibres.

The compressive behaviour of the interphase is par-
ticularly difficult to investigate. In fact, no method has
been standardized or proposed at the moment. How-
ever, several methods have been developed for the
tensile behaviour of the interphase by many re-
searchers. They are the fibre pull-out method [20-22],
the fibre push-in method [23-26] and the single-fibre
embedded composite method [27-30]. The single-
fibre embedded tensile test is widely used for this
purpose because it does not need any sophisticated
specimen preparation. In this method, the critical fibre
length has been mainly measured to evaluate the inter-
facial shear strength [31-34]. Because tensile forces
are transmitted to the fibre through the interphase and
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the strain-to-failure of the fibre is much lower than
that of the matrix, the fibre will be fractured into small
segments within the matrix. As higher tensile loads are
applied, the fracture process continues until the inter-
phase can no longer transfer sufficient forces to induce
fibre fracture. At this point, a minimum segment
length might be obtained as the critical fibre length.
There are some problems concerned with the deter-
mination of the critical fibre length [29, 35-37]. The
first is that the critical state is difficult to define clearly.
Secondly, the availability of a material system in
which brittle fibre and ductile matrix must be used is
limited. Thirdly, the calculation of the interfacial shear
strength is based on the assumption of an ideally
plastic matrix and constant interfacial shear stress
over the fragment length. In fact, various kinds of
interphase model will have to be considered at the
critical state. Many researchers have reported signifi-
cant progress in this field using sophisticated elastic/
plastic analyses [38-40], finite element analyses
[41-45] and even direct measurements of the stress
distributions inside single-fibre embedded composites
[46-51]. Nevertheless, because of the existence of in-
terfacial debonding, the stress distribution at the criti-
cal state should be very complicated. It is desirable
to evaluate the interphase during the elastic range.
A breakthrough in this problem has been discussed by
Hamada et al. [36], and details will be given later.
It would appear that it is also possible to apply the
single-fibre composite technique under compressive
force; however, the reality is not very optimistic. Not
only the problem of the elastic range but also of fibre
misalignments and specimen buckling must be care-
fully removed. Several researchers have succeeded in
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observing compressive fractures of fibres and inter-
facial debonding within properly compressed single
fibre composite specimens [10-14]; however, they
have not been able to determine the interfacial proper-
ties. Detailed analysis of experimental results will also
be needed in addition to the single-fibre embedded
tensile test.

In this study, axial compressive properties of single
glass fibres and the glass/epoxy interphase were
determined by the tensile recoil test and an newly
developed single-fibre embedded composite test, re-
spectively. Results from the composite test were care-
fully examined by means of a three-dimensional finite
element method.

2. Experimental procedure

2.1. Materials

2.1.1. Glass fibres

The glass fibres used in this study were E-glass fibres
treated with y-amino-propyltriethoxysilane (APS)
surface treatment agent. It is well known that the
silane coupling agent is particularly effective for the
adhesion between glass fibre and epoxy resin. The
concentration of APS agent was varied: 0 (blank), 0.1,
0.5 and 1.0w %.

2.1.2. Epoxy resin

The matrix resin was a stoichiometric mixture of
a diglycidyl ether of bisphenol-A (Epon 828, Shell
Chemical Co. Ltd.) cured with 11 p.h.r. tricthylenetet-
ramine.

2.2. Tensile recoil test

Axial compressive strengths of single glass fibres were
measured using the tensile recoil method developed by
Allen [15]. In this method, a filament sample is pulled
under tension in a universal testing machine (Auto-
graph AG-500E, Shimadzu Co. Ltd). When a prede-
termined stress level is reached, the tensile loading is
temporarily stopped and a recoil effect is initiated on
the fibre by cutting at the midpoint. Consequently, the
stored tensile strain energy is converted to kinetic
energy by the cutting, and the wave front eventually
reaches the clamp end of the fibre. Because the clamp
is assumed to be sufficiently rigid, the kinetic energy is
again converted to compressive strain energy. As the
clamp, is assumed to be rigid, there is no energy loss of
heat, sound, etc. Therefore, the recoil compressive
stress induced by the strain energy should be equal to
the tensile stress applied to the sample. If this recoil
compressive stress exceeds the compressive strength of
the fibre, compressive failure occurs. In the case of
brittle materials such as glass fibres, the compressive
failure is catastrophic and easily identified by the eye.
When compressive failure of the fibre occurs, however,
it is not possible to determine the actual compressive
strength of that fibre because the applied stress could
have exceeded the critical compressive strength by an
unknown amount. To overcome this problem, Allen
[15] and Wang et al. [ 18] calculated the recoil com-
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Figure 1 Single fibres embedded in epoxy resin.

pressive strength as the average of each end point
stress in which 100% survival and 100% failure (0%
survival) is observed, respectively.

2.3. Single-fibre embedded compressive
test

Interphase behaviour under axial compression was
examined by means of a single-fibre embedded com-
pressive test. In the specimen preparation, glass fibres
were embedded in an epoxy resin bath by gluing
across a Teflon split mould on an aluminium plate, as
shown in Fig. 1. Another aluminium plate was put on
the mould and then the matrix system was processed
for 80 min at 50°C and 60 min at 100°C followed by
cooling overnight. After curing, the resin block was
removed from the Teflon mould, and a circular-
notched specimen, schematically shown in Fig. 2, was
cut from the resin plate as the single fibre was embed-
ded at the centre of the specimen. Top and bottom
surfaces of each specimen were milled flat and parallel.
Samples in which embedded single fibres were poorly
aligned or otherwise unsuitable for testing, were dis-
carded. Four kinds of APS-treated specimens were
prepared (APS 0, 0.1, 0.5 and 1.0 wt %).

Samples were compressed between parallel anvils
on an Instron universal testing machine (Type 4206,
Instron Co. Ltd,) at 1 mmmin~"' crosshead speed.
Compressive loads were monitored using a load cell
during the tests. Lateral supports by a compression jig
recognized in ASTM D695 [52] were given to each
specimen to prevent any buckling instabilities. All
compressive tests were conducted at room temper-
ature. After the compressive tests, changes or fracture
aspects within the specimens were observed by optical
microscopy.

3. Analytical methods

3.1. Interfacial transmissibility

As mentioned earlier in this paper, the uncertainty of
the critical state in the single-fibre embedded tensile
test is a problem. Hamada et al. [36] focused on the
initial state of fibre fractures inside the specimen in
order to avoid the drawback of the critical fibre length
theory. They assumed a single-fibre composite model
as shown in Fig. 3. It is defined that all the tensile load
applied to the matrix is transmitted to the fibre
through the interphase. If the fibre and matrix are
completely bonded at the interphase, the strain ap-
plied on the matrix, &, is completely transmitted to
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Figure 2 Specimen geometry for the single-fibre composite test.

the fibre and then the fibre strain, g, is equal to the
matrix strain

& = Ew = & (1)

where £, denotes the composite strain. However, the
adhesion in an actual interphase is not perfect. The
fibre strain usually becomes smaller than the applied
strain in the matrix.

B =2 . B B (2)

Hence, the difference between g and ¢, indicates the
loss of strain at the interphase. The ratio of & to &, K,
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Figure 3 Concept of interfacial transmissibility.

can be regarded as a coeflicient of strain transmissibil-
ity at the interphase

K= = 3)

€m

In the ideal interphase system, k = 1, and in practice
less than 1. If the ultimate strain of the fibre and the
matrix strain which corresponds to the first fibre frac-
ture in the single-fibre embedded composite can be
determined, x can be evaluated as an index of inter-
facial property as the elastic stage. Using the para-
meter of interfacial transmissibility, the interphase
property could be estimated in various systems, apart
from the critical fibre length method.

However, the fibre strain within the composite
specimen will be difficult to measure. The equation
should be modified into Equation 4 by the Hookean
law

Gy
E fsm

where o and E; are compressive strength and elastic
modulus of the fibre, respectively.

The interfacial transmissibility was successfully
evaluated under the axial tensile load by Ikuta and
co-workers [36, 53]. They used the results of single-
fibre tensile tests for o; and E;. & was obtained from
single-fibre embedded tensile tests as the specimen
strain which corresponds to the first fibre fracture

3409

(4)



detected inside. For application under axial compres-
sion, their method could be used by incorporating the
results of the tensile recoil tests for oy and E; should be
identical to the tensile modulus because of the iso-
tropic property of glass fibre. g, will be obtained from
the single-fibre embedded compressive test.

3.2. Macro model

It was expected that the deformation state within the
fibre-embedded specimen would be quite complex due
to the circular notch shape. It is important to under-
stand the strain state properly. The interior strain
state was investigated by a finite element analysis. The
whole shape of the specimen was modelled using
three-dimensional solid elements in order to consider
not only the axial compressive stress but also the
transverse tensile stresses due to the Poisson’s effect.
The initial division of the “macro model” is presented
in Fig. 4. A quarter of the actual specimen was
modelled because of the symmetry. The total number
of three-dimensional solid elements was 1540. The
lateral support by the compression fixture was con-
sidered in the boundary conditions. Matrix resin
properties were given to all the elements, considering
the quite low fibre volume fraction (4.54 x 10 ~*%).

Figure 4 Finite element division of the macro model.

TABLE I Material properties of the macro model

Material Element Elastic modulus Poisson’s Yield strength
(GPa) ratio (MPa)
3.68

Epoxy Isotropic (before fracture)

resin 3D-solid 0.55 0.3 70.07

(after fracture)
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The material properties in the macro model are pre-
sented in Table I. In order to obtain these compressive
properties of epoxy resin, static compressive tests were
preliminarily conducted for rectangular resin plates
with strain gauges attached. The yield strength was
directly measured from the specimens and then the
elastic moduli were estimated in both elastic and plas-
tic ranges.

Non-linear analysis for the macro model was con-
ducted by a displacement incremental method. The
displacement was applied on the top of the macro
model along the longitudinal,Z, direction. Strains
were calculated in all elements at each displacement.

3.3. Micro model

The stress state inside or near the interphase was
examined by another finite element model called the
“micro model” which considers fibre, matrix and in-
terphase. Finite element division of the micro model is
shown in Fig. 5. The strain state of the central element
in the macro model was used as input data for the
micro model. Fibre, interphase and matrix resin were
divided into three portions, namely the upper, inter-
mediate and bottom parts, along the Z direction. The
length was 10 um for each element. The radius of the
fibre element was 8.5 um (from the catalogue value)
and the thickness of the interphase element was as-
sumed to be 1.5 pm. The particular thickness of the
interphase was only supposed as a reasonable value in
this system. The material properties in the micro
model are presented in Table II. Under compression,
apart from tension, the glass fibre is crushed at failure
and subsequently compressed showing a lower elastic
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Figure 5 Finite element division of the micro model.



TABLE II Material properties of the micro model

Material  Element Elastic modulus Poisson’s Yield strength
(GPa) ratio (MPa)
70.00
Glass Isotropic (before fracture) .
fibre 3D-solid 100 022 Varied
(after fracture)
Varied
Isotropic (before fracture) .
Interphase ID-solid 0 033 Varied
(after fracture)
3.68
Epoxy Isotropic (before fracture)
resin 3D-solid  0.55 0.33 70.07

(after fracture)

TABLE III Compressive strengths of E-glass fibres

Surface treatment  Recoil strength 0% failure  100% failure

condition (MPa) (MPa) (MPa)
No APS 1519 1468 1569
0.1wt % APS 1919 1599 2239
0.5wt % APS 1826 1727 1925
1.0wt % APS 1922 1610 2233

modulus. Therefore, we assume that the glass fibre can
yield. The elastic modulus of the interphase and
strengths of the fibre and interphase were varied. Non-
linear analysis for the micro model was conducted by
a displacement incremental method as well as the
macro model. The normal and shear stress compo-
nents were calculated in all elements at each displace-
ment.

4. Experimental results
4.1. Axial compressive strength of glass
fibre
Recoil compressive strengths of glass fibres are listed
in Table III with their range of strengths (0% and
100% failure stresses). APS-treated glass fibres
showed higher compressive strengths compared with
the non-treated fibre. These results were probably
related to coating effects of the APS surface treatment
agent. It is deduced that crack initiation from a fine
flaw existing on the fibre surface tended to be pre-
vented due to the coating effect.

4.2. Fracture behaviour inside single-fibre
embedded compressive specimens
A typical compressive stress-displacement curve for
the single-fibre embedded compressive specimen is
shown in Fig. 6. It is seen that the slope of the curve
decreased from the displacement of around 3 mm.
This was due to plastic deformation of the matrix
resin, and in fact the notched central portion swelled
at that testing stage. However, the compressive stress
subsequently increased after plastic deformation.
At a displacement of around 3 mm, the first fibre
fracture occurred at the centre of the specimen. The
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Figure 6 Typical compressive stress— displacement curve for single-
fibre composite test.

number of fracture points increased and the location
spread to either side of the centre with increase of
compressive load. Moreover, the fracture aspect
changed, as shown in Fig. 7, in the order of type A,
B and C. The first type A fracture seemed to be a fibre
fracture. Next, the aspect changed to type B fracture,
which included broad interfacial debonding. Finally, it
developed into type C fracture in which the interphase
was further debonded and the surrounding matrix
distorted. It is still not certain whether these fractures
mean fibre fracture, interfacial debonding or matrix
distortion at this stage. This will be identified later by
means of the finite element analysis.

Fig. 8 shows a plot of the number of fracture points
versus crosshead displacement for non-surface treated
specimen. The first fibre fracture occurred at displace-
ment of around 3 mm. After the first fracture, the
number increased with compressive loading.

5. Analytical results

5.1. Strain state in the macro model

The deformed shape of the macro model at a displace-
ment of 3 mm is presented in Fig. 9. Matrix swelling at
the central portion could be expressed theoretically as
well as experimentally. The axial strain distribution
within the macro model is shown in Fig. 10. A
considerable strain concentration occurred at the
centre-notched portion. Fig. 11 shows the relationship
between the normal strain components of the central
element and the applied displacement in the macro
model. Each strain component proportionally in-
creased after a displacement of 3 mm. The compressive
strain along the Z axis, g, was the most considerable
of the three components. Moreover, it was found that
the ratio of €,,, €,, and &,, was almost constant, i.€. £,
Eyy’ €22 = 0.65:0.16: 1.00. The relationship can be used
as input data for the micro model which incorporates
fibre, interphase and matrix elements.
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Figure 7 Fractures inside the single-fibre embedded compressive
specimens. (a) A, (b) B, (c) C.

5.2. Stress state in the micro model

Each strain g,,, &,, and &,, which satisfies the relation-
ship obtained in the macro model was introduced into
the matrix resin elements in the micro model. No
strains were applied to the fibre and interphase ele-
ments because the deformation in this specimen was
strongly concentrated in the particular notched region
of the resin part, and progressively occurred from the
outer surface. Therefore, it was assumed that the fibre
strain was only the transmitted matrix strain through
the interphase.

The analysis was scparated into several steps as
shown in Table IV. Step 6 corresponded to the dis-
placement of 3 mm in the macro model. In the experi-
ment, the first fibre fracture actually occurred around
at this displacement level.
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Figure 8 Plot of the number of fracture points versus displacement
for non-APS treated specimen.

Figure 9 Deformed shape of the macro model.

The interfacial modulus should be approximately
determined for subsequent analysis here. Fig. 12
shows a plot of the normal stress along the fibre axis,
C.., in the bottom fibre element versus interfacial
modulus at Step 6. Considering the compressive
strengths of glass fibres obtained from the tensile
recoil tests (1519-1922 MPa), the elastic modulus
of interphase element should be approximately
10-30 GPa.
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Figure 11 Relationship between strains of the centre element,
(X,Y,Z) = (0,0,40), and the applied displacement in the macro
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TABLE IV Input data increment in the analysis of the macro
model and the micro model

Step Applied displacement
in the whole model (mm)

Applied strain components
in the micro model (%)

€ 4 €

xx vy 2z
1 0.5 1.28 0.32 —1.95
2 1.0 2.61 0.65 —3.98
3 1.5 3.91 0.97 - 597
4 2.0 5.22 1.29 — 795
5 2.5 6.52 1.61 —994
6 3.0 7.83 1.94 —11.93
7 4.0 10.44 2.58 — 1591
8 5.0 13.05 3.23 —19.88
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Figure 12 Relationship between the longitudinal stress in the bot-
tom fibre element and the interphase modulus.

As mentioned before, Step 6 in the micro model
analysis corresponded to the displacement of 3 mm in
which the first fibre fracture occurred. However, it is
not still clear if this fracture really means fibre fracture;
it could be interfacial debonding which occurred be-
fore any fibre fracture. In this case, the concept of the
interfacial transmissibility is not applicable, because it
aims to evaluate the interfacial property in the elastic
range, without any damage to the interphase itself. We
now need to investigate which component, fibre,
matrix and interphase, first or subsequently fractured
at the testing stage of the first fracture.

For this purpose, the analysis was broken down
into three cases at Step 6. First, no fracture was sup-
posed within the micro model (perfect model). Second,
a fibre fracture occurs at Step 6 (fibre fracture model).
Third, an interfacial fracture (debonding) occurs
at Step 6 (interphase fracture model). Basically,
each fracture was introduced in the bottom fibre or
interphase element as shown in Fig. 13. The difference
in stress states after Step 6 was the examined
and compared for each fracture model. The elastic
modulus of the interphase element was taken as
20 GPa.

Fig. 14 shows the change of von Mises equivalent
stress in the bottom fibre element in each fracture
model. In the prefect model, the equivalent stress
increased until the end of the analysis. In the fibre
fracture model, the equivalent stress did not increase
after the bottom fibre fracture, because the bottom
fibre element itself failed at Step 6. In the interphase
fracture model, there was no change of the equivalent
stress in the bottom fibre element at the Step 6. Fig. 15
shows the change of the equivalent stress in the bot-
tom interphase element. In the fibre fracture model,
the equivalent stress rapidly increased after the bot-
tom fibre fracture at Step 6. In the interphase fracture
model, there was no increase of the equivalent stress in
the bottom interphase element, because the bottom
interphase element itself failed at Step 6.
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Figure 13 Location of fracture in each fracture model.
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Figure 14 Change of equivalent stress in the bottom fibre element
in each fracture model: (—e—) no fracture, (——) fibre fracture,
(—o—) interphase fracture.

Changes in the equivalent stresses were similarly
examined for other elements considering each fracture
model. Summarizing the results, the change of stress
state in each fracture model could be illustrated as
shown in Fig. 16. In the fibre fracture model, the
equivalent stress significantly increased in the bottom
interphase and resin elements which were adjacent to
the broken fibre element. Therefore, it is expected that
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Figure 16 Expected failure state in each fracture model.

the bottom fibre, interphase and resin elements tend to
fail at the ultimate stage. This tendency was quite
similar to the experimental results, because the fibre
fracture, interfacial debonding and matrix resin distor-
tion occurred at the same position. On the other hand,
in the interphase fracture model, there was no increase
of equivalent stress in the surrounding elements.
Therefore, the first interfacial debonding did not in-
duce any fracture in the surrounding elements. This
tendency was different from the experimental results.

From these analytical results, it was deduced that
the assumption which supports the first fibre fracture
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with elastic interphase is correct. The photographed
type A, B and C aspects were probably fibre fracture,
interfacial debonding and matrix distortion, respec-
tively. Therefore, the evaluation of interfacial property
based on the interfacial transmissibility was found to
be applicable for the single-fibre embedded compres-
sive tests conducted in this study.

5.3. Evaluation of the interfacial
transmissibility

The number of the fibre fracture points observed in
experiments was plotted against axial compressive
strain obtained from the finite element analysis of the
macro model. Fig. 17 shows a plot for non-surface
treated fibre composites. Results were best fitted on to
a two-dimensional function curve using the least-

TABLE V Interfacial transmissibility for each surface treatment
condition

Surface treatment  «* sﬁ‘ (%) o; (MPa) E? (GPa)
condition

No APS 0.1629  11.72 1519 79.54
0.1wt % APS 0.2299  12.00 1919 69.56
0.5wt % APS 0.2196 11.29 1826 73.66
1.0wt % APS 02156 11.65 1922 76.52

kK = 6, /(Ec£, ).
g, = single fibre composite strain.
o, = fibre compressive strength.

b
4E, = fibre elastic modulus.

squares method. The best fit result for each treatment
condition was compared in Fig. 18. It was seen that
the first fibre fracture occurred at different strain for
each case.

Interfacial transmissibilities calculated from Equa-
tion 4 are listed in Table V. It was found that the
interfacial property was improved by the APS surface
treatment agent and showed a maximum value for the
0.1wt % APS treated specimen. Surface treatments
with higher concentration resulted in rather lower
interfacial properties.

6. Discussion

Glass fibre/epoxy resin interfacial properties were
quantitatively estimated and compared by means of
the interfacial transmissibility. The interfacial trans-
missibility showed the maximum value at 0.1 wt %
APS treatment. Regarding to the tensile behaviour of
the interphase in a similar composite system, Ikuta
[53] obtained the maximum interfacial transmissibil-
ity for the 0.5wt % treated specimen.

Ikuta proposed a reinforcing mechanism of the in-
terphase based on the surface wettability theory, the
chemical bonding theory and the deformable layer
theory. At low concentrations of saline coupling treat-
ment, physisorbed silanes enhance the interfacial
transmissibility owing to the surface wettability effect.
However, the interfacial transmissibility is not so high
because the silane molecules are few at the low con-
centration. At intermediate concentrations, where the
maximum interfacial transmissibility is obtained, the
network structure of silanes is completed. The impreg-
nation of the adjacent resin is thought to be excellent
in this condition. The interfacial strength is improved
because the rigid siloxane network and many of silane
agents react with the matrix resin in such an inter-
phase region, i.e. the chemical bonding theory. At high
concentration, the thick interphase behaves like a de-
formable layer, which leads to rather low interfacial
transmissibility. It is difficult for the matrix resin to
impregnate the interphase network structure owing to
the large thickness of the interphase. The matrix resin
reacts with silane agents at outer side of the inter-
phase, and the deformable behaviour of the interphase
becomes significant.

The discrepancy of the maximum interfacial trans-
missibility between tension and compression states is
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probably associated with the difference in the trans-
verse stress within the interphase. In compression,
a high transverse tensile stress occurs due to the plas-
tic deformation of the specimen. During the compres-
sive loading, the interphase could be thick due to the
large Poisson’s effect. Therefore, the interphase be-
haves like a deformable layer even at the intermediate
concentrations of APS.

Thus, the results were strongly dependent on speci-
men geometry. However, it is valuable to evaluate and
compare interfacial properties for different materials
without any sophisticated apparatus under compres-
sive loading.

7. Conclusion

Axial compressive strengths of single glass fibres were
estimated by means of the tensile recoil method. It was
found that the APS surface treatment agent could
provide glass fibres with some coating effects and
improve the compressive strengths.

The compressive behaviour of the interphase in the
glass fibre/epoxy resin system was investigated by the
single-fibre embedded compression technique. Quite
unique fracture aspects of fibre, interphase and matrix
were observed inside the specimen. Depending on the
applied strain, the fracture aspects changed. Firstly,
only fibre fracture occurred. Next, the interphase and
matrix resin which was adjacent to the failed fibre,
were distorted.

The interfacial property could be quantitatively
evaluated as a parameter of interfacial transmissibil-
ity. It was confirmed that the interfacial property was
improved by the surface treatment and the maximum
adhesion was achieved in 0.1 wt % APS treated speci-
men. The result showed a discrepancy compared with
that of the single-fibre embedded tensile test. This led
to a problem with this method in which the result was
dependent on specimen geometry; however, the com-
parison and qualitative discussion are still valuable for
discussing various interphase conditions.
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