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ABSTRACT

Epoxy-matrix composites are highly brittle and tend to fail catastrophically, which can be
dangerous and costly. Therefore an area of great potential in composite manufacture is improving
the toughness—that is, the energy absorption ability, of the polymer matrix. Including a second,
less brittle polymer phase can increase the toughness of a composite, in turn enhancing the
damping and impact energy absorption. In order to take full advantage of these enhanced
properties, the adhesion must be sufficient that an applied load can be transferred between the two
phases without causing adhesive failure. Adhesion behavior between epoxy and polyamide 6
elastomer is examined for compression molded samples using the wedge test. The influence of
processing conditions on adhesion is also investigated. The strength of the bonds suggests that
these matrix combinations provide viable avenues for toughening existing composite materials.

1. INTRODUCTION

As composites become more widely used for a wider range of applications, there is great interest
in enhancing their mechanical properties and processability. Current high-performance epoxy-
matrix composites tend to be brittle with poor high- and low- velocity impact performance. Though
lower impact rates may not result in failure, parts made from such composites have poor damping
characteristics, often resulting in poor feel and control for the consumer. Therefore, an area of
great potential in composites is improving the energy absorption ability of the polymer matrix.

Based on principles of good adhesion and effective epoxy toughening, polyamide (PA) is an ideal
candidate to serve as a toughening agent. The amide groups are able to react to form strong
covalent bonds with epoxy, and both epoxy and PA are polar molecules. This compatibility
enhances their miscibility, promoting interdiffusion to allow for mechanical as well as chemical
crosslinking. Further, as a semicrystalline polymer, PA is stiff enough to limit debonding at the
interface due to a mismatch in material properties, yet ductile enough to provide damping to epoxy
matrices.
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PA has been successfully incorporated into epoxy-matrix composite systems in various geometries
including as discrete fibers [1-3], interlayers between composite plies [4-12], and particles in the
epoxy matrix [13-15]. In each of these geometries, the PA had the ability to improve the impact
energy absorption, reduce impact damage, and improve the mode-I and mode-II fracture
toughnesses over composites that did not contain PA. These changes in properties rely on the
ability of the PA-epoxy interface to withstand the applied stress and hold the hybrid part intact. In
systems where the interface is not sufficiently strong, stress transfer across the interface is not
possible and the system cannot benefit from the addition of the PA.

In some cases, however, the performance of a PA-reinforced system was limited by a PA-epoxy
bond that was too strong [1, 16, 17]. For systems that must withstand large applied loads, PA
delamination and subsequent deformation are valuable energy absorption mechanisms. If the bond
between the polymers is too strong, the PA phase cannot deform to its full extent and its
contribution to the impact energy absorption is limited. Therefore, neither stronger nor weaker
interfaces are inherently better, as either may be appropriate for a given performance target.

The goal of this work is to quantify the adhesion between epoxy and PA matrices, as well as to
determine the effect of processing on adhesive strength. The strength of the interface between the
two polymer phases is a primary factor that determines the mechanical properties of a part made
from a hybrid composite. Therefore, adjusting the bond strength via the processing parameters
could allow for tuning of macroscale mechanical properties.

2. EXPERIMENTATION
2.1 Materials

Two different polymer-matrix pre-impregnated composite materials (prepregs) were used. The
first was a unidirectional glass fiber (GF) prepreg with a polyamide 6 (PA6) matrix from
Plasticomp. The PA6 prepreg was dried before each processing step to eliminate water from the
hydrophilic PA6. [0]14 layups of the PA6/GF prepreg were pre-consolidated at 260 °C and 690 kPa
for 10 minutes to create fully consolidated PA6/GF plates.

The second material was a unidirectional carbon fiber (CF) prepreg with a toughened epoxy
matrix, CYCOM 977-2. Before combining with other materials, squares of prepreg were laid up
using a [0]22 layup scheme. Epoxy/CF layups remained uncured until the test plates were
manufactured, allowing the epoxy to interact with the other material before curing.

In order for the bending in each half of the beam to be roughly symmetric, the flexural rigidity in
each material must be the same. Flexural rigidity depends on the elastic modulus of the material
and the sample geometry. In this case, where the material selections have already been made,
modifications to flexural rigidity must come from modifications in sample thickness. Sample
thicknesses and layups were chosen to minimize the difference in flexural rigidity on either side
of the bi-material interface.

Samples were made containing two of the above prepreg layups to assess the adhesion between
the dissimilar polymers. A set of samples were also made where material 1 and material 2 were
the same to provide a point of comparison.



2.2 Manufacturing Methods

254 mm x 254 mm square plates were manufactured using compression molding under 690 kPa
of pressure. A 25.4 mm wide strip of polyimide film was placed along one edge of the mold at the
interface, perpendicular to the fiber layup direction. The polyimide does not react with the prepreg
matrices, resulting in a non-bonded region along one end of the square plate. This region served
as a crack initiation site during testing. The plates were cut into 25.4mm wide strips perpendicular
to the polyimide strip to make samples for testing.

Plates were pressed under two different processing times and temperatures to determine the effects
of processing conditions on adhesion. The lower temperature was chosen to be the recommended
processing temperature for the epoxy/CF prepreg, 177 °C (350 °F), and samples were held at
temperature for the manufacturer-recommended 3 hours. Plates were also pressed at 197 °C for 45
minutes—for each 10 °C increase in temperature, the processing time was cut in half. The plates
made from only the PA6/GF prepreg did not adhere to under these processing conditions, so these
plates were processed above the PA6 melting temperature to produce usable samples. A summary
of the samples, along with the sample IDs used in this paper, is contained in table 1.

Table 1. Sample IDs and processing conditions.

197 °C, 45 240 °C, 40 260 °C, 10
Material 1 Material 2 177 °C, 3 hr min min min
PA6/GF PA6/GF PP240 PP260
Epoxy/CF Epoxy/CF EE177 EE197
PA6/GF Epoxy/CF EP177 EP197
2.3 Experimental Procedure
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Figure 1. Asymmetric wedge test setup used.

A wedge test setup based on ASTM D3762 [18] was used to assess the mode I interfacial fracture
toughness of the samples. A 0.52 mm thick razor blade was inserted into the samples at the
interface. The samples were left at ambient conditions until the crack length reached an equilibrium
length and stopped growing. The crack tip was determined to be the point along the sample where
the total sample thickness deviated from the nominal value ho. The equilibrium crack length, a,



was measured from the crack tip to the point of contact between the razor blade and the sample
arms, as shown in figure 1. After crack length measurement, the razor blade was advanced farther
into the sample and the test was repeated. This allowed several fracture toughness measurements
to be taken along the length of each sample.

Mode I interfacial fracture toughness (G1) was calculated using equation 1, from Cognard [19]
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Once the razor blade was advanced to the center of the samples, the testing was stopped and the
wedge was removed. Hinges were attached to the top and bottom of the samples and the two
halves were pulled the rest of the way apart, resulting in fracture surfaces that were not affected
by the razor blade. These neat fracture surfaces were examined using scanning electron
microscopy (SEM) to further characterize the failure modes.

3. RESULTS

3.1 Fracture Toughness

There was significant variation in interfacial fracture toughness results between samples. Since all
of the samples for a given material combination and set of processing conditions came from a
single composite plate, there should be no processing variations between samples from the same
plate. Some of the variation may be due to the test method, as even small inaccuracies in the
measured crack length could have a large impact on the calculated Gi1 value.

Despite these large sample-to-sample variations in fracture toughness, meaningful conclusions can
still be drawn from the data. Due to the length of the samples, the wedge test was repeated many
times per sample, yielding large sample populations that allow for statistical differentiation
between the mean values. All of the reported sample means are statistically different from one
another.



3.1.1 Effect of processing temperature
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Figure 2. Average interfacial fracture toughness of samples with respect to temperature.

For all material combinations, the plates that were processed at higher temperatures exhibited
stronger interfacial fracture toughnesses than the same combination of materials processed at lower
temperatures. Figure 2 shows the average Gi values for each material combination and set of
processing conditions. It is likely that the interfacial fracture toughness will reach a maximum
value as processing temperature is further increased, because eventually the processing time will
become too short for polymer chains to diffuse and interact with the material on the other side of
the interface. The epoxy will also begin to cure too quickly, preventing interaction across the
interface.

Both PP260 and PP240 were processed above the PA6 melting temperature of 220 °C, but there is
still a significant difference in the resulting Gi values. The PP240 plates exhibited little to no fiber
bridging across the interface, while the PP260 samples had a high degree of fiber bridging. This
difference in fracture toughness and failure mode suggests that at the higher processing
temperature, the PA6 chains are more free to move and interact across the plate interface.

Though the difference between Gi as a result of different processing conditions is less extreme in
the EE177 and EE197, it is still clear that the higher processing temperature leads to stronger
bonding. This is interesting to note, as the lower temperature was the manufacturer-recommended
processing condition for the epoxy.

Even though both EP/PA plates were processed below the PA6 melt temperature of 220 °C, there
is still a clearly visible improvement in interfacial fracture toughness with the increase in
processing temperature. Some of this improvement may come from the decrease in viscosity of
the epoxy at the elevated temperature, but it is also possible that the higher temperature allows for
increased PA6 chain mobility in the solid PA6, allowing for more interaction between the epoxy
and PAG6 chains.



3.1.2 Comparison between different material combinations
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Figure 3. Average G1 values for all material combinations.

The interfacial fracture toughness was greatest in the PP260 samples. The relatively ductile PA6
matrix is able to dissipate a large amount of energy, resulting in matrix deformation relatively far
from the interface that allows the material to support a greater interface load. This energy
absorption mechanism is available to all PA6-containing samples provided that the interface is
strong enough to withstand the applied load long enough to transfer the load to the PA6 matrix. In
PA6-containing samples where the interfacial bond was not sufficiently strong, the two beams
separated before energy could be transferred away from the interface. Therefore, it is essential that
the processing conditions allow the bond strength to be sufficiently strong to the load away from
the interface.

The EP197 interfaces are stronger than both the EE177 and EE197 interfaces, so the presence of
the PA6 enhanced the mode I behavior over the neat epoxy matrix. As the cracks extended through
the EP197 samples, the PA6 matrix began to fail cohesively, away from the epoxy/PA6 interface.
This suggests that improving bonding at the interface may not improve part performance in mode
I testing, as the bonding at the interface was stronger than the bulk PA6/GF material.



3.2 Microscopy

Figure 4. SEM images of PA6/GF fracture surfaces from EP 177(left) and EP197 (right) samples
at 1000x magnification.
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Figure 5. SEM images of epoxy/CF fracture surfaces from EP 177(left) and EP197 (right)
samples at 1000x magnification.

EP177, has a neat, planar fracture surface with little evidence of interaction between the epoxy and
PA6 matrices. EP197, on the other hand, has plastic deformation in the both the epoxy and the
PA6 matrices, as well as signs of cohesive failure in the PA6 near the fracture surface. This is an
indication that the local bond between the epoxy and the PA6 near the fracture surface was
sufficiently strong to drive the crack growth into the PA6 matrix. Neither hybrid sample appears
to have interaction between the two halves of the samples beyond the matrix-rich region right at
the interface, as indicated by the lack of bare fibers on the fracture surfaces. This could be due to
several factors, including the disparate sizes of the reinforcing fibers and the fact that the
processing temperatures were below the PA6 melting temperature, limiting fiber mobility within
the PA6 matrix.
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Figure 6. SEM images of fracture surfaces of EE177 (left) and EE197 (right) samples at 1000x
magnification.

The EE197 sample has regions of plastic deformation, visible in the upper right corner of the
SEM image. The EE177 sample, which had lower measured interfacial fracture toughness, has
less visible plastic deformation in the matrix, indicating that matrix plastic deformation may play
a role in improving fracture toughness. Both samples have some fiber breakage at the interface,
but the damage is largely confined to the resin-rich region.
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Figure 7. SEM images of fracture surfaces of PP240 (left) and PP260 (right) at 500x
magnification.

Though both PP240 and PP260 appear to have a large degree of plastic deformation in the PA6
matrices based on the SEM images, the damage in the PP240 sample seems largely superficial,
with large areas of largely intact PA6 matrix still covering the glass fibers (as on the right side of
the image) . This indicates that the bonding between the two halves on the sample was confined to
a shallow region around the interface. By contrast, the PP260 sample has multiple visible layers
of glass fibers and deformed PA6 matrix, suggesting that the damage zone (and, by extension, the
bonded region) extended deeper into the sample, away from the immediate vicinity of the interface.



Perhaps the greater bond strength in the PP260 sample can be partially attributed to this larger
interface region.

Based on the SEM images of the fracture surfaces, surface roughness does not appear to be the
only factor in determining interfacial fracture toughness, as the EP197 sample has a relatively
smooth fracture surface compared to the EE and PP samples, yet it has one of the highest G1 values.
It seems that the interfacial failure mechanism depends greatly on the material system. However,
the apparent depth of the damaged interface region, the degree of plastic deformation, and the
amount of fiber breakage and pullout can give an indication of the expected relative Gi values for
samples with the same combination of materials.

4. CONCLUSIONS

It has been shown that the bond between compression molded epoxy and PAG6 is sufficiently strong
to create an interface that is stronger than the neat epoxy-epoxy interface. This strong bond was
achieved without any surface pretreatments on either polymer matrix, making this combination of
polymers well-suited for manufacturing processes that require efficiency and few processing steps.

There is a clear dependence of bond strength on processing temperature, particularly for samples
that include PA6. At higher temperatures, the PA6 chains are increasingly mobile and able to
interact with epoxy and PA6 chains across the interface.

It is worth noting that the epoxy matrix used in this study has a relatively long cure cycle. Even
when the cure time is decreased with higher processing temperature, there is still ample time for
polymer chains to interact across the interface. Faster-curing epoxies may not exhibit an increase
in interfacial fracture toughness with increasing processing temperature, as the cure time may be
insufficient for mechanical and chemical interlocking to occur.

Future work will examine the effect of combining composites with disparate polymer matrices on
mechanical properties including impact energy absorption and fatigue, as well as the effect of
interfacial bond strength on the resultant macroscopic properties of such composites. Further,
double cantilever beam (DCB) tests will be conducted to validate and provide a comparison with
G1 values determined using the wedge test.
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