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The adhesive behaviour of poly(p-phenylene
benzobisthiazole) (PBT)/epoxy composites
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A modified scarf joint specimen was developed for characterizing the adhesive behaviour of
poly( p-phenylene benzobisthiazole) (PBT) film/epoxy composites. This method subjected
samples to varying amounts of normal stress (tensile or compressive) and shear stress. This
resulted in the determination of two adhesive strengths; one in the absence of shear stress and
one in the absence of normal stress. As a result, the dependence of the adhesive strength on
the degree of normal stress was determined. The adhesive behaviour of PBT/epoxy com-
posites was investigated at cure temperatures of 55, 85, 115 and 215°C. Adhesive strengths of
3.5 and 8.2 MPa were measured in the absence of shear and normal stress, respectively, for
samples cured at 55° C. A decrease in adhesive strength with increasing cure temperature was
attributed to residual cure and thermal stresses. The fracture of these composites was predomi-
nantly adhesive, resulting in a clean delamination of the PBT film from the epoxy surface. A

modified Tsai-Wu failure criterion is suggested for these composites.

1. Introduction

High-performance composites are readily replacing
traditional materials in structural applications. This is
largely due to the fact that these composites offer
outstanding mechanical properties when compared to
metals on an equivalent weight basis. There are, how-
ever, some composite properties which are not always
“high performance”. One such deficiency is in the area
of adhesion. Clearly, the success of a composite struc-
ture depends upon the degree of adhesion between the
reinforcement and the matrix. Because structural
components are rarely subjected to simple stress fields,
it is important to understand the adhesive response of
a composite to multi-axial loading geometries.

Previous research on carbon, graphite, and Kevlar
49 fibres has investigated the surface properties, adhe-
sion characteristics and effect of surface treatment on
adhesion for these fibres and their composites [1-4].
The mechanical characterization of these composites
has involved various pull-out, lap shear and short
beam shear experiments. While all three test methods
assume a pure shear loading to determine adhesive
strength, there are normal and residual thermal stresses
present which can complicate the interpretation of the
resulting mechanical data. In addition, simple beam
theory can be inadequate for calculating the adhesive
properties of composite structures. Some of these
inadequacies have been pointed out by Sandorff [5]. In
most cases corrections accounting for these non-
idealities have not been performed.

Recently, Arcan et al. [6] developed a test method
for applying uniform states of plane stress. This method
allowed for varying the amount of normal and shear
stress- that samples experienced. While this method
eliminated many experimental problems it could not
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be used in this study because of special material hand-
ling requirements. For this reason a modified scarf
joint specimen was designed.

This paper will address the adhesive behaviour of
poly( p-phenylene benzobisthiazole) (PBT) film/epoxy
composites. PBT is a new high performance reinforce-
ment not yet commercially available. Extensive mech-
anical and morphological studies of PBT have been
performed [7-13]. The study of the adhesive behaviour
of PBT fibres, however, has been limited to short
beam shear experiments on PBT/epoxy unidirectional
laminates and filament-wound composites. Typical
adhesive strengths of 30 to 40 MPa have been reported
[12, 13].

As a motivation for studying the adhesion of PBT
films, it is suggested that from an engineering perspec-
tive it might be advantageous to design composite
structures using a film or ribbon-based reinforcement
rather than a fibre-based reinforcement. This would
allow for higher volume fractions of reinforcement,
easier lay-ups and might exploit the transverse proper-
ties of the film. This paper presents some preliminary
results on the adhesive characterization of PBT film
composites subjected to combined normal (tensile or
compressive) and shear stresses using a modified scarf
joint specimen.

2. Materials

PBT is an aromatic heterocyclic rigid-rod polymer
developed under the Ordered Polymers Research Pro-
gram at the US Air Force Wright-Patterson Materials
Laboratory. PBT possesses many of the mechanical
and thermal properties typical of polymers in the high
performance class. Its chemical structure is given in
Fig. 1.
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Figure 1 Chemical structure of poly(p-phenylene benzobisthiazole)
(PBT).

Highly anisotropic uniaxial ribbons of PBT were
dry-jet wet extruded from lyotropic liquid crystalline
solutions of PBT in polyphosphoric acid by the
Celanese Research Company. As evidence of its ani-
sotropy, a secondary electron image (SEI) of a peeled
PBT ribbon is shown in Fig. 2. The films were
~0.5cm wide and ~ 5 um thick. Details regarding the
extrusion conditions have been published elsewhere
[10]. Typical mechanical properties of the as-extruded
PBT film are given in Table I. The values reported in
Table T have been corrected for the effect of machine
compliance.

Epon 828, a DGEBA (diglycidyl ether of bisphenol-
A) epoxy resin and 62 parts per hundred resin (p.h.r.)
of V-40, an amino-polyamide curing agent, were
chosen as the matrix system. Both materials were
provided by the Shell Chemical Company. According
to the equivalent weights reported in the Shell techni-
cal literature, this corresponds to an amine/epoxy
stoichiometric ratio of 0.8. The chemical structure of
Epon 828 is given in Fig. 3. The choice of V-40 as
curing agent is based upon its use in adhesive appli-
cations [15-17]. V-40 is the product of the conden-
sation of unsaturated fatty acids with triethylene
tetramine. The mechanical properties of the neat
V-40/Epon 828 epoxy system during cure have been
published by Vratsanos and Farris [18, 19].

3. Experimental details
The extreme mechanical anisotropy along the extru-

Figure 2 Secondary electron image (SEI) of a PBT ribbon peeled in
the extrusion direction showing its anisotropic and fibrillar
character.
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TABLE 1 Mechanical properties of the as-extruded PBT film

Tensile modulus 130 GPa
Tensile strength 1 GPa*
Elongation to break 2%
Compressive strength 230 MPat

* 1 cm gauge length.
¥ Determined by cantilever beam bending technique [14]

sion direction made cutting and handling of the films
a very delicate task. It was necessary to find an exper-
imental apparatus which minimized the pressure
applied to a composite laminate and minimized hand-
ling. For this reason the design of Arcan et al. [6] was
not chosen.

The modified scarf joint design allowed one to vary
the relative amount of normal stress (tensile or com-
pressive) to shear stress that the samples experienced.
This experimental design satisfied the requirement of
minimal handling of the PBT films and did not subject
the PBT/epoxy composites to any significant pressure.

The advantage of the modified scarf joint geometry
for an adhesive characterization is two-fold. First is
the determination of two adhesive strengths; one in
the absence of shear stress and one in the absence of
normal stress. Second, the sensitivity of the adhesive
strength to the degree of normal stress can be estab-
lished. As noted, the lap shear and short beam shear
tests ideally offer an interlaminar shear strength only.

Figs 4a and b illustrate the neat epoxy and PBT/
epoxy composite samples, respectively. The following
method was used to prepare the PBT/epoxy samples:

1. &in. x %in. cold rolled steel stock was
machined into pieces measuring 12in. in length.

2. A %in. hole was drilled into each steel piece at a
precise distance, x, measured from the centre of the
steel piece. The distance x ranged from 35 to $5in.

3. The steel substrates were degreased by washing
them in hexane, p-xylene and acetone.

4, Two steel substrates (each having a hole drilled at
the same value of* x) were then coated with a thin (10
to 30 um) layer of the V-40/828 mixture.

5. A lin. ribbon of PBT was placed on one of the
amine/epoxy coated steel substrates. The second
coated steel piece was then placed on top of the PBT
ribbon such that the 1in. holes were on opposite sides
of the sample.

6. A very slight pressure was applied to the
symmetrical composite sandwich.

7. The samples were cured at 55, 85, 115 or 215°C
for 2.5h. This was followed by a slow cool to room
temperature.

8. Samples were then subjected to varying degrees of
normal and shear stresses by virtue of the sample
geometry. ‘

In all cases testing was done at room temperature. In
a similar fashion, samples without PBT were also
prepared. ' .

Tensile normal/shear stress testing was accom-
plished by pinning the steel substrates of the sample in
specially designed sample holders. These sample
holders were mounted in an Instron testing machine
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Figure 3 Chemical structure of Epon 828; 85% n = 0 and 15% n = 1 species.

and a tensile force was applied. Universal joints above
and below the sample holders were used to aid in
alignment. A crosshead speed of 0.05cmmin~' was
used. Fig. 5 illustrates the tension/shear test gecometry
and Fig. 6 is a photograph of the experimental appar-
atus. Equations 1 and 2 describe the angular depen-
dence of the shear stress, 1, and tensile normal stress,

a, respectively:

T = 50050 €))
o = gsinG 2)

where P is the applied load and A is the interfacial
area. Note that A4 is constant for all of the samples.

Compressive normal/shear stress testing was
accomplished by immobilizing the epoxy and PBT/
epoxy samples in two identically milled steel blocks.
These steel blocks were placed in a cage designed in
such a way that a tensile force could be applied and
measured by a load cell while a compressive deforma-
tion was applied to the sample. Once again a cross-
head speed of 0.05cm min~! was employed. Note that
in addition to a universal joint, a 1in. steel ball was
placed into a hemispherical depression which was
milled on the bottom of one of the steel blocks. This was
done to further aid in alignment. The compression/
shear test geometry and experimental apparatus are
shown in Figs 7 and 8, respectively. Equations 1 and
2 also apply for compressive normal/shear stress test-
ing except that o becomes negative. Angles of 35 and

45° were investigated for compression/shear testing.

The fracture surface of each sample was examined
using optical microscopy. A typical sample was
chosen for viewing in an ETEC Autoscan scanning
electron microscope (SEM). Samples were coated with
35nm of gold/palladium prior to observation in order
to minimize charging. The SEM was operated at an
accelerating voltage of 10kV.

4. Results

The fracture loads were measured for both the epoxy
and PBT/epoxy samples at each angle for each cure
temperature. Six PBT/epoxy and four epoxy samples
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Figure 4 (a) Neat epoxy specimen, and (b) PBT/epoxy composite
specimen.

were tested at each condition. Using Equations | and
2 the fracture loads where converted into stresses t
and o, respectively. Figs 9 to 12 show plots of T against
o for the samples cured at 55, 85, 115 and 215°C,
respectively.

Absent from Figs 9 to 12 are the data on the neat
epoxy samples tested in compression/shear. These
samples did not fracture when loaded to 450 kg, the
capacity of the load cell. This loading corresponded to
a maximum shear and compressive normal stress of 37
and 26 MPa, respectively, for the 35° samples. Simi-
larly, for the 45° samples the maximum shear and
compressive normal stress experienced was 32 MPa.

Such combined stress testing data are amenable to
analysis using failure criteria. Many lamina strength
failure criteria have been derived for composite
materials. Among these are a maximum stress, maxi-
mum strain and quadratic interaction criteria [20].
The maximum stress and strain failure criterion
predict failure when any stress or strain component
reaches its ultimate value. The quadratic interaction
type criterion takes into account the interaction of
stresses in a biaxial stress field.

Tsai and Wu have proposed a general strength
criterion for the failure of anisotropic materials sub-
jected to multi-axial stresses [21]. It assumes that the
stress-space failure surface can be described by a
scalar function of two strength tensors. By using a
criterion based upon strength tensors it is possible to
satisfy the transformation relations of tensors. For
plane states of stress this criterion can be simplified to
the following:

Fio, + F0, + Fyo4 + F, 07 + 2F,0,0,
+ Fyoj + Fgop = 1 3)

where g, is the normal stress in the (1) direction, o, the
normal stress in the (2) direction, and o, the shear

Figure 5 Schematic drawing of tensile normal/shear stress geo-
metry.
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Figure 6 Photograph of tension/shear experimental apparatus.

stress in the (1-2) direction. All of the coefficients in
Equation 3 can be expressed in terms of the ultimate
adhesive strengths of the material:

Fi = 1/o{ — 1o}

F, = 1jo; — 1/6S
F, = 1/tt - 1)1~
F, = ljolat

Fy = ljoyas

Fe = 1/z%7)

where o] is the ultimate tensile adhesive strength in the
(1) direction, ¢% the ultimate compressive adhesive
strength in the (1) direction, o] the ultimate tensile
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Figure 7 Schematic drawing of normal compressive/shear stress
geometry.
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Figure 8 Photograph of the compression/shear experimental
apparatus.

adhesive strength in the (2) direction, 65 the ultimate
compressive adhesive strength in the (2) direction, t+
the ultimate positive in-plane (1-2) adhesive shear
strength, 7 the ultimate negative in-plane (1-2) adhe-
sive shear strength.

Based on stability considerations Tsai and Wu
[21] have suggested that F;, = 0. Since g, = 0 for
these experiments, Equation 3 can be simplified to
Equation 4:

Fio, + Feoq + F 0 + Fop = 1 “)

Assuming the positive and negative in-plane adhesive
shear strengths to be the same yields Equations 5
and 6:

Fo =0 (5)
Fio, + F 6} + Feo5 = 1 (6)

If the ultimate compressive adhesive strength is taken
as oo then the following simplifications can be made:

F /o7 = 1/o,
F, =0

This leads to the failure criterion given in Equation 7;
Fio, + Fyo: = 1 Y

Letting 6, = 0,0, = tand t* = 13, Equation 7 may
be equivalently written as:

olo, + Y13 = 1 )
Rearranging Equation 8 yields:
T = 7 — (5/a)e )

From such an analysis two intrinsic adhesive strengths
can be predicted. These are o,, the adhesive strength



SAMPLES CURED AT 55° C

Figure 9 Plot of ¢ against ¢ for the epoxy and PBT/epoxy

samples cured at 55° C. The dashed line is the least-squares
fit of the data using a modified Tsai—Wu failure criterion.
4 The solid line is the least-squares fit using a Coulomb-type
failure criterion.
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in the absence of shear stress and 7,, the adhesive
strength in the absence of normal stress. In addition to
a, and 1,, Equation 9 can be used to determine the
sensitivity of the adhesive strength to the degree of
normal stress. While information of this kind is
important in the design of composite structures, such
adhesive data are difficult to find in the literature.
Performing a least-squares fit of the PBT/epoxy data
using the modified Tsai—Wu failure criterion given in
Equation 9 results in the dashed lines plotted on Figs
9 to 12. The agreement between the data and the fit is
good.

For comparison, a least-squares fit of the epoxy and
PBT/epoxy data is also plotted using a Coulomb-type
failure criterion [22]. Derived for the fracture of soils,
it assumes a shear failure. This criterion has been
suggested by Kadotani and Aki [23] for the fracture of
mica/epoxy composites. The Coulomb-type failure
criterion is given by Equation 10:

T = ‘[0 —_— ‘u,O' (10)

where 1, is the intrinsic adhesive shear strength and u
is a frictional coefficient which describes the depen-
dence of the adhesive strength on the degree of normal
stress o. The intrinsic adhesive strength in the absence
of shear stress may be determined by evaluating the
ratio of 7o/u.

Table II summarizes the results of the least-squares
analyses using the modified Tsai-Wu and the
Coulomb-type failure criteria. The Tsai-Wu criterion

5.0

fits the PBT/epoxy data better. Using this failure
criterion adhesive strengths of 3.5 and 8.2 MPa were
predicted in the absence of shear and normal stress,
respectively for the PBT/epoxy samples cured at
55°C. It appears that the Coulomb-type criterion
overestimates both the ultimate tensile adhesive
strength and the effect of compressive normal stress
for the composite samples.

5. Discussion

Optical microscopy and SEM were used to study the
resulting fracture surfaces after testing. From these
observations it was possible to qualitatively ascertain
whether the fractures were the result of cohesive or
adhesive failures. The neat epoxy fractures were both
adhesive and cohesive; i.e. there was a debonding from
the steel substrate as well as a cohesive fracture of the
epoxy. Figs 13a and b are SEI of a typical epoxy
fracture surface.

In contrast to the neat epoxy fractures, the com-
posite fractures were primarily adhesive; i.e. there was
a relatively clean delamination of the PBT ribbon
from the epoxy. An SEI of a cleanly delaminated PBT
ribbon and a corresponding epoxy fracture surface are
shown in Figs 14a and b. Note how the epoxy forms
a negative replica of the PBT surface. For comparison,
an SEI of the as-extruded PBT ribbon is shown in
Fig. 14c. The oval surface depressions, which are
oriented in the extrusion direction, are believed to be
induced during the extrusion processes. In limited

TABLE II A summary of the adhesive parameters determined by a least-squares fit of the epoxy and PBT/epoxy data using a

modified Tsai-Wu and a Coulomb-type failure criterion

Sample Modified Tsai~Wu criterion Coulomb-type criterion
Ty gy Correl. T oy u Correl.
(MPa) (MPa) coeff, (MPa) (MPa) coeff.
55°C cure
Epoxy - - - 19.4 8.6 2.25 —0.884
PBT/epoxy 8.2 35 —0.993 5.8 7.3 0.80 —0.987
85°C cure
Epoxy - - - 14.9 11.8 1.26 —0.951
PBT/epoxy 6.4 3.1 —0.993 49 6.8 0.72 —0.980
115°C cure
Epoxy - - - 20.9 10.6 1.96 —-0.892
PBT/epoxy 6.4 34 —0.997 5.0 6.9 0.72 —-0.976
215°C cure
Epoxy - - - 27.2 8.3 3.25 —0.973
PBT/epoxy 6.0 3.0 —-0.993 4.7 6.5 0.72 —0.992
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SAMPLES CURED AT 85° C

Figure 10 Plot of 7 against ¢ for the epoxy and PBT/epoxy
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samples cured at 85° C. The dashed line is the least-squares
fit of the data using a modified Tsai-Wu failure criterion.
4 The solid line is the least-squares fit using a Coulomb-type
failure criterion.
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areas, there was cohesive fracture of the PBT ribbon
as indicated by fibrillation, together with adhesively
fractured surfaces. Figs 15a and b are SEI of such
mixed-mode fracture morphologies. The composite
fracture surfaces showed no evidence of any epoxy
fracture or debonding from the steel substrate. This
observation is in agreement with the results presented
in Figs 9 to 12.

Figs 9 to 12 indicate that the degree of adhesion
between PBT and epoxy is low. This may, however, be
advantageous in filament-wound composites where
release agents are sometimes used to minimize fibre—
matrix adhesion. For applications which require high
adhesive strengths it might be possible to superimpose
a compressive normal stress across the PBT/epoxy
composite interface via design or manufacturing
modifications. Such approaches would effectively
increase the apparent adhesive strength.

From Table II the adhesive strengths determined by
a least-squares analysis using the modified Tsai-Wu
failure criterion suggest that adhesive strength
decreases with increasing cure temperature. It would
be expected that the degree of chemical adhesion
should increase with cure temperature or at least
remain the same. If this is true for the PBT/epoxy
system, then some other effect must be present which
predominates over the effect of chemical adhesion in
order to explain the observed decrease in adhesive
strength with cure temperature. Assuming no change
in chemical adhesion with cure temperature then
residual stresses may explain the observed adhesive

SAMPLES CURED AT II5° C

150

behaviour. Ongoing epoxy cure research on the neat
V-40/828 system by Vratsanos and Farris [18, 19]
suggests that the residual cure and thermal stress at
room temperature is least for the 55° C cure. Greater
residual stresses are generated at the higher cure tem-
peratures. The 85 and 115° C cure temperatures. result
in almost identical room temperature residual stress
behaviour. 215° C cures would be expected to have the
greatest residual stresses at room temperature. Epoxy
degradation, which also takes place at this cure tem-
perature, increases the residual stress. For all cure
temperatures it has been shown that cure stresses were
negligibly small in comparison to thermal stresses
(18, 19].

Upon cooling from the cure temperature in-plane
thermal stresses are generated in each layer of the
samples. By virtue of the sample geometry there are no
thermal stresses which act through the thickness, i.e.
across the steel/epoxy or PBT/epoxy interface. From
a linear thermoelastic model it is easy to show that
since the steel substrate is present in such a large
amount it is free to expand and contract with tem-
perature. Fig. 16 schematically illustrates the thermal
stress behaviour for the composite samples as a result
of the constraint imposed by the steel substrate.
Assuming the steel to be stress-free, Equations 11 and
12 approximately express the thermal strains in the
epoxy &g, and PBT e&py; layers, respectively:

(aEp - aSt)(TCure - TRoom)

(epar — %5)(Tcuwe — Troom)

(1
(12)
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Figure 11 Plot of 7 against o for the epoxy and PBT/epoxy
samples cured at 115°C. The dashed line is the least-
squares fit of the data using a modified Tsai~Wu failure
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5.0 criterion. The solid line is the least-squares fit using a

Coulomb-type failure criterion.



SAMPLES CURED AT 215° C

Figure 12 Plot of 7 against ¢ for the epoxy and PBT/epoxy

samples cured at 215°C. The dashed line is the least-
squares fit of the data using a modified Tsai-Wu failure
. criterion. The solid line is the least-squares fit using a
Coulomb-type failure criterion.
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where
%, = 5 x 107°°C~' = linear thermal
expansion coefficient
of epoxy
apsr = —1 x 107%°C~! = linear thermal
expansion
coefficient of PBT
[24]
g, = 1 x 107°°C~! = linear thermal
expansion coefficient
of steel
Tewe = 55,85, 115 0r 215°C
Troom = 20°C

Table IT1I summarizes the thermal strains predicted
in these experiments using this simple thermoelastic
model. Multiplying the tensile modulus of PBT with
the thermal strains in Table III gives an approximate
measure of the thermal stress in the PBT film as a

5.0

function of cure temperature. From Table I, the com-
pressive stress needed to buckle PBT is 230 MPa. Thus
a AT of 195°C (cure temperature of 215°C) is-large
enough to thermally induce compressive buckling.
Cure temperatures over 200° C can easily be realized
commercially since many of the thermosetting matrices
now employed in high performance appiications
require post-curing at elevated temperatures. Since
Kevlar fibres have compressive buckling character-
istics similar to that of PBT, thermally induced buck-
ling may also be expected for Kevlar composites.
Similarly, PBT or Kevlar composites using high-
melting thermoplastics such as poly(ether ether
ketone) (PEEK) as a matrix may suffer from the same
buckling problems.

Work by DeTeresa [14] on the compressive behav-
iour of high-performance fibres has shown that PBT
fibres form distinct periodic kink bands which bulge
from the surface. A similar, but not quite as distinct,
non-periodic bulging occurs with the compression of
PBT films. Fig. 17 is an SEI of a fractured PBT/epoxy

Figure 13 Secondary electron image (SEI) of a typical neat epoxy fracture surface at (a) low magnification showing both debonding from
the steel substrate and cohesive fracture of the epoxy, and (b) an enlargement of the region outlined in (a).
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sample showing these thermally induced compressive
kink bands on the surface of the PBT ribbon. Since the
onset of buckling occurs when the epoxy is glassy, it is
no longer possible for the epoxy to conform to the
PBT surface. Thus, in order for the kink bands to
form it may be necessary for the PBT film to locally
delaminate from the epoxy. The stresses required to
fracture the PBT/epoxy interface under these con-
ditions would be less as compared to fracturing a
non-buckled PBT/epoxy interface. While this may
help explain the decrease in adhesive strength for the
PBT/epoxy samples cured at the 215°C cure tem-
perature, it is difficult, however, to differentiate among
the effects of buckling, residual stress or epoxy
degradation on the adhesive behaviour. One possible
way these effects could be isolated would be to use
substrates of higher thermal expansion coefficient
than steel. Compressive buckling could then be

TABLE III Resulting room temperature thermal strains in the
€poxy &g, and PBT e,y layers for each cure temperature as a result
of cooling from the cure temperature

Cure temperature £gp EpRT
O (107%) (107%)
55 1.4 —04
85 26 —-0.7
115 3.8 —1.1
215 7.8 —2.2
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Figure 14 SEI of (a) a PBT/epoxy adhesive fracture showing a
cleanly delaminated PBT ribbon, (b) a corresponding epoxy frac-
ture surface showing that it forms a negative replica of the PBT
surface, and (c) the as-extruded PBT ribbon. The oval surface
depressions, which are oriented along the extrusion direction, are
the result of the extrusion process.

induced at lower temperatures where the thermal
stress behaviour would be known and the epoxy
would not degrade. Similarly, one could vary the
curing time at 215°C. Since the thermal stress is
independent of cure time, it would be possible to vary
the residual stress due to degradation. Further work in
this area is required.

The relatively low adhesive strengths for PBT/
epoxy composites suggest that secondary bonds such
as van der Waals interactions or mechanical adhesion
may be responsible for the observed degree of adhe-
sion between PBT film and epoxy. Mammone and Uy
[12] have suggested that secondary bonds are respons-
ible for the adhesion of PBT fibres to epoxy. This is
not surprising when one considers that PBT is nearly
chemically and thermally inert under the conditions
used in these experiments. In an attempt to increase
the surface polarity of PBT, Mammone and Uy etched
PBT fibre in a sulphuric acid solution. However, the
resulting acid-etched PBT/epoxy composites showed
no improvement in interlaminar shear strength over
untreated PBT/epoxy composites [12]. With regard to
adhesion, if PBT is similar to other high-performance
reinforcements then improvements in adhesive
strength might only result from severe surface
treatments such as corona or plasma etches [25, 26].

An alternative explanation to the low adhesive
strengths measured is the fact that these composites
offer a simple fracture path. If there is any local
delamination it would be expected that the propa-
gation of the delamination would be rapid. This is in
contrast-to the path available to delamination in com-
posite structures based upon PBT fibres where delami-
nation might be arrested locally by virtue of the com-
posite microstructure. Such explanations, however, do
not account for the discrepancy between the adhesive
strengths reported here and by others [12, 13] for
PBT/epoxy composites. It should be noted, however,
that the adhesive strengths measured by the short



Figure 15 SEI of mixed-mode fracture morphologies of PBT/epoxy composites showing (a) a delaminated PBT ribbon with some regions
of cohesively fractured PBT as evidenced by fibrillation, and (b) a corresponding adhesively fractured epoxy surface with some surface fibrils
of PBT attached.

beam shear test used in the other PBT/epoxy studies
have not been corrected for the effect of compressive
normal stress or load transfer. As shown in Figs 9 to
12 the effect of compressive loading can be significant.
Comparing the modified Tsai-Wu fit of the data
with the Coulomb-type fit indicates that the frictional
coefficient y, derived from the Coulomb analysis, is an
average dependence of the adhesive strength on the
normal stress. For PBT/epoxy composites the use of
the Coulomb criterion can lead to errors at large
tensile and compressive normal stresses. Thus, it is not
surprising then that y of the PBT/epoxy composites
appears to be insensitive to cure temperature. By com-
parison, the neat epoxy samples are more sensitive to
normal stress at all four cure temperatures. The effect
of compressive normal stress on the adhesive perfor-
mance of a composite is similar to the effect of inter-
facial pressure which can develop between fibre and
matrix during the cure process [27]. A similar analogy
may be drawn for tensile normal stress and any
interfacial tension which may develop due to cure.

6. Conclusions

A simple test method, based upon a modified scarf
joint specimen, was developed in order to measure
adhesive strengths in the presence of normal (tensile or
compressive) and shear stresses. In addition, this
method permits determinations of the sensitivity of
the adhesive strength to the degree of normal stress.
The experimental method included the use of both
tensile and compressive normal stresses in com-

STEEL
EPOXY
PBT cooL

STEEL | STRESS FREE
EPOXY | TENSILE STRESS
PBT | COMPRESSIVE STRESS

—CONSTRANED .

COOLING

Figure 16 Schematic drawing of the thermal stress behaviour for the
PBT/epoxy composite for unconstrained and constrained cooling.

bination with shear stresses. This test method was
applied to epoxy and PBT/epoxy composites.

A modified Tsai-Wu failure criterion accurately
describes the adhesive failure envelope of PBT/epoxy
composites. This criterion predicts adhesive strengths
of 3.5 and 8.2 MPa in the absence of shear and normal
stress, respectively, for these composites. Tensile nor-
mal stresses were found to be deleterious to the perfor-
mance of these composites. A decrease in adhesive
strength with cure temperature was attributed to
residual cure and thermal stresses.

The mechanism of adhesion between PBT and
epoxy is via secondary bonds and mechanical adhe-
sion. As a result, the fracture of these composites is
predominantly adhesive with delamination of the PBT
from the epoxy.

Future work will investigate the effects of surface
treatment, residual stress and hydrostatic pressure on
the adhesive behaviour of PBT/epoxy composites.
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Figure 17 SEI of fractured PBT/epoxy composite cured at 215°C
showing PBT film with thermally induced compressive kink bands.
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