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SYNOPSIS

Electrocopolymerization of a high-temperature 3-carboxyphenylmaleimide-styrene inter-
phase onto graphite fibers was carried out in an effort to toughen graphite—epoxy composites.
The effects of the interphase and its thickness on the mechanical properties and the failure
modes were investigated. The optimum interphase thickness was found to be about 0.16
um. At this thickness, the average value of the DCB Mode I critical strain energy release
rate is improved by about 100%, the average notched Izod impact resistance is improved
by about 60%, and the average interlaminar shear strength is maintained at about the same
value as the control composites. The failure mode was shifted toward more ductile failure
with the inclusion of an interphase. © 1992 John Wiley & Sons, Inc.

INTRODUCTION

Toughening of many graphite-epoxy composites is
highly desirable due to their relatively brittle nature.
However, attempts to toughen these composites
have usually resulted in a tradeoff between the
toughness and the shear strength.'® This has
prompted many researchers to work on optimizing
the interfacial adhesion,” resulting in a compromise
between the two properties. Others have approached
the problem by rubber-toughening the brittle matrix
while holding a strong fiber-matrix adhesion,®® or
by hybridizing ductile fibers with brittle fibers.*-2?
Recently, increasing interest has been paid to other
approaches such as (a) switching from brittle ther-
mosetting matrices to high-performance, tougher
thermoplastic matrices,?? (b) the use of interpe-
netrating network matrices that offer improved
toughness and easy processing,*** and (c) the ap-
plication of a tough interfacial interlayer or inter-
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phase onto the fibers before the matrix impregna-
tion.}®46-%1 In general, these approaches have been
more or less successful in imparting toughness and /
or shear strength to the materials. Research on all
these approaches is still ongoing.

For a number of years now, a research effort has
been established in our laboratory to investigate the
use of an electrocopolymerized interphase to
toughen brittle graphite-epoxy composites, while
maintaining or improving the interfacial or inter-
laminar shear strength. The idea in this approach
is to use the tough polymer coatings (which can form
strong physical and/or chemical bonds with the
matrix) to absorb the impact energy. The advan-
tages of such coatings on the composite properties
are: {a) the interphase can absorb the crack prop-
agation energy and blunt the crack tip, (b) the in-
terphase is capable of relieving the stress concen-
tration around the fibers, which results from the
curing process or from the external applied load,
and (c) the interphase can heal the fiber surface
flaws and help to protect the brittle fibers from
breaking when being handled. Details of these ad-
vantages have been discussed.****® This interphase
approach has been demonstrated to be effective for
low glass transition temperature (7T,) acrylic inter-
phases,2%6:58
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Since advanced composites are often used in high-
temperature applications, it is desirable for the in-
terphase to withstand high temperature. It has been
found that the composite toughness can be enhanced
by the incorporation of high T, thermoplastics in a
thermosetting polymer in the form of a semi-inter-
penetrating network.?**5 In the interphase tough-
ening approach, a tough but high T, interphase may
provide for improved toughness, better temperature
stability, better environmental resistance, and better
stress transfer capacity. Ideally, the interphase
should have perfect bonding at the interfaces, be
able to absorb the impact and fracture energy effi-
ciently, perform well at high temperatures and under
hygrothermal conditions, and yet be easy to process.
The recently electrocopolymerized 3-carboxyphenyl
maleimide-co-styrene, 3cmi-s,®? interphase should
have many of the above features. Composites made
from Hercules AS4 graphite fibers, using this co-
polymer as a matrix, have been found to have a T,
of about 227°C and are very tough.%” The effects of
3cmi-s as an interphase on the mode I critical strain
energy release rate (Gic), the notched Izod impact
resistance (IMPR), and the short-beam apparent
interlaminar shear strength (ILSS) are reported in
this work.

Electrocopolymerization

Electropolymerization or electroinitiated polymer-
ization is a process in which the polymerization is
achieved only when an electrical current is applied.
Polymerization can occur either at the anode or the
cathode. Polymerization can be initiated by anions,
cations, free radicals, or other reactive intermediates.
These ions or free radicals can be induced from the
monomer itself or from other initiators that are
present in the system, depending on the electro-
chemical nature of the system. Electroinitiated
polymer can form on the surface of the electrode if
the polymer is insoluble in the solvent system, or it
can be dissolved in the electropolymerization solu-
tion.

Electropolymerization of various polymers and
copolymers onto graphite fibers used for making ad-
vanced composites has received considerable atten-
tion in the last few years because of the following
advantages over other coating techniques: (1) Po-
lymerization occurs in situ on the fiber surface,
which has the potential for chemical grafting of the
polymer onto the surface for good interfacial adhe-
sion. (2) Electropolymerization is a self-healing
process. The polymerization rate is higher at areas
where there is thinner or no polymer coating because
these areas have higher current density. The benefit

of this process is that the fiber surface can be evenly
coated. (3) The reaction rate can be controlled very
easily by simply adjusting the applied electrical cur-
rent or potential. (4) The chemical and physical
structure and properties of the polymer coatings can
be controlled by using different monomers or co-
monomers and by applying different monomers at
different time.

Electropolymerization has been achieved for many
types of monomers, including vinyl monomers (no-
tably acrylates and styrene), 47638 phenols, "
polyimide and its intermediates,®* "> tetrahydro-
furan,™ caprolactam, ® conductive pyrrole and other
heterocyclic aromatic compounds, % and vinyl pyr-
idine complexes of various metals such as iron.?'-%
Numerous review articles have been written on the
electropolymerization process, indicating a broad
interest in the subject.35-%

The conditions required for electropolymerization
vary greatly, depending on the solubility of the
monomers, the electrochemical potential of the
monomers, the supporting electrolytes, the solvents,
the applied potential or current, and the desired
coating properties and thickness. The choice of
monomers and their supporting electrolytes is usu-
ally based on the desired polymer properties and the
solubility of the monomers and the polymer in the
solution. Generally, it is desirable to conduct elec-
tropolymerization in a water medium because free-
radical polymerization mechanism is likely to occur,
which can yield high molecular weight coating onto
the electrode. However, most organic monomers
have very limited solubility in water. Therefore, ex-
perimentation to find a suitable solvent or co-solvent
system may be needed.

Critical Strain Energy Release Rate, G¢

Interlaminar delamination is one of the predominant
types of damage in composite materials, particularly
in composites with different ply orientations. In
unidirectional composites, interlaminar delamina-
tion usually occurs because the interlaminar region
(a region between two composite plies) has few or
no reinforcing fibers. The absence of fibers often is
caused by improper processing of the composites.
However, weak interlaminar regions were observed
even when the processing is optimized.%-1%4
Interlaminar delamination failure is observed in
many types of tests including the impact resistance
test and the short-beam shear test. Delamination
failure is a strong function of the interlaminar frac-
ture toughness and the transverse strength of the
composites. Resistance to delamination can be
characterized by the double-cantilever beam (DCB)
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fracture energy test, which can be tested in mode I,
mode I1, or mode III. However, mode I is most often
the weakest failure mode '°>-!! and has received the
most attention.''?*?* A mode I DCB test was used
in this study.

R-Curve Effect

The Gic at initiation has been proposed for use to
characterize interlaminar fracture energy, in addi-
tion to the average Gic, Gic.'® It has been demon-
strated that at higher crack length, fiber bridging
from one ply to another usually occurs, resulting
in higher apparent Gic values as the crack length is
increased. This increasing Gic with increasing crack
length is known as the R-curve effect. The initial
Gic, Gicinit, can be determined by the compliance
method.'?* 1% The equation to do so is 24?7

Gic = (P?/2b)(dC/da) (1)
where P, a, b, and C are the load, crack length, sam-

ple width, and compliance, respectively. From linear
beam theory, C is a linear function of a®. Hence, a

plot of C versus a® should yield a straight line with
a slope equal to dC/da. However, sometimes a con-
siderable amount of deviation from the straight line
may occur, especially at the initial crack length re-
gion, as shown in Figure 1. Because of this deviation,
only the first several data points at the low crack
length region were used in this study for the straight
line fitting used in determining Gicinii. The average
Gic was determined by an area method'? using all
the data except the first several data in the short
crack length region. Both Gjc and Gicini, were deter-
mined in this study.

EXPERIMENTAL

Materials

Unsized Hercules AS4 (trade name of Hercules, Inc.)
graphite fibers having 3000 filaments per bundle
were used in this study. These fibers (~ 7.2 um in
diameter) were coated with a thin layer of 3cmi-s
via electropolymerization before they were fabri-
cated into composites. A diglycidyl ether of bis-
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phenol A [ Epon (trade name of Shell Chemical Co.)
828] resin cured with a stoichiometric amount, 28
phr by weight, of 4,4"-methylenedianiline (MDA)
was used as the matrix (tensile strength = 70 MPa
and T, = 168°C). The styrene monomers (Aldrich
Chem. Co.) were vacuum distilled at about 50°C to
remove the inhibitors. Only the middle portion of
the distillate was collected and used. The 3-carbox-
yphenylmaleimide monomer (Mitsui Toatsu Chem.,
Inc.) was used as received.

Electrocopolymerization

Electrocopolymerization of 3cmi-s was conducted
following the procedures previously described.®
First, a solution was prepared consisting of approx-
imately 40 : 60 volume ratio of dimethylacetamide-
water co-solvent, 0.0125 mol/liter of H,SO, in this
co-solvent, and 0.0625 mol/liter each of the 3cmi
and the styrene in the co-solvent. The solution was
purged with N, for 5-10 min to remove any dissolved
O,. It was then transferred into the three-compart-
ment electrocopolymerization cell. The solution was
used in both the counterelectrode (anode) com-
partments as well as the working-electrode (cath-
ode) compartment. About 20 g of fibers, carefully
wound five layers thick onto a 152 X 203 mm (6 X 8
in.) rectangular aluminum frame, was then placed
in the middle of the working-electrode compartment.
The solution was circulated externally by pumping
the solution out of the cell at one end and returning
it at another end. The pump was circulating at about
400 mL/min. A constant-current density of 8.0 mA /
g of fiber was then applied to the system to start
the electrocopolymerization: 5 min to 1.5 h was used
to obtain different coating thickness. An EG&G
Princeton Applied Research Model 363 Potentio-
stat/Galvanostat was used to supply a constant
current to the cell. After electrocopolymerization,
the frame was removed from the bath, rinsed in a
distilled water bath twice, and then dried in a vac-
uum oven at 250°C for 1 h to remove all residual
dimethylacetamide. The frame was weighed again
and any additional weight was taken to be the weight
of the copolymer coating. The 3cmi-s copolymer ob-
tained in this way has been found to be an alter-
nating copolymer.®%63

Sample Preparation and Testing
Unidirectional Composite

Composites consisting of Hercules AS4 graphite fi-
bers and Epon 828 /MDA epoxy matrix were fab-
ricated using a solvent impregnation technique.!

Five layers of the fiber bundles were first wound
onto a 152 X 203 mm (6 X 8 in.) frame, which usually
yielded about 20 g of fibers on the frame. Epoxy
resin matrix solution was then prepared by adding
10 g of acetone solvent to 18 g of epoxy resin—curing
agent mixture. The acetone addition was to dissolve
the MDA curing agent and to reduce the viscosity
of the solution. The solution was then transferred
via a disposable pipet onto the fibers. Acetone sol-
vent was removed by placing the resin-coated fibers
in a vacuum oven at room temperature for 30 min
and at 80°C for 45 min. Essentially all acetone was
removed this way, as indicated by the fact that the
final weight loss is equal to the weight of acetone
initially added.

After the vacuum oven treatment, the sample was
cut into the shape of the mold (62 X 152 mm or 2.5
X 6 in.). For the coated fibers, the fibers were first
removed from the frame and cut into the mold size
before the resin solution was applied. Solvent re-
moval was done in this case by hanging the coated
plies on a ring stand with paper clips and placing
the ring stand in the vacuum oven. Four parallel
plies of the prepregs were then laid in the mold. If
the composite fabricated was to be tested for Gic, a
thin 25.4-mm (1-in.) Teflon-coated cloth was in-
serted between the second and third plies to act as
a crack initiator. The entire assembly was cured in
the hot press at 80°C for 30 min under contact pres-
sure. After that, additional pressure was applied and
the curing continued at 80°C for 2 h. The temper-
ature was then raised to 150°C and the curing con-
tinued at 150°C for 2 h. The hot press was then
turned off, and the composite was allowed to cool
overnight to room temperature. The composite was
then postcured at 180°C for 2 h in an oven, and
cooled slowly to room temperature. Pressure was
always applied before the resin solidified in order to
properly consolidate the composite plies. Pressure
was used to control the resin flow and the fiber vol-
ume fraction.

Gc Test Samples

The fabricated composites were cut into 25.4 X 152
mm (1 X 6 in.) Gic test samples using a surface
grinder (Brown & Sharp, Model 618 Micromaster),
and a 0.81 mm (0.032 in.) diameter cutting wheel.
Clean aluminum hinges were then adhered to the
roughened composite surfaces using an Epon 828/
Versamid 140 adhesive system in a 50 : 50 weight
ratio. The adhesive was cured in an oven for 2 h
both at 80 and 150°C, respectively. Silicone-grease
release agent was applied to the unglued parts of
the hinges so that the hinges could move freely. One
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side of the sample was then painted with a typewriter
correction fluid to aid in the crack growth obser-
vation. A strip of calibrated paper was also taped
on the sample for easy crack length measurement.

Sample Testing

The DCB mode I test was conducted using an In-
stron Universal Tester at a crosshead speed of 0.1
cm/min. The crack length was observed with a 10X
magnifying glass. A crack length increment of 6.35
mm (0.25 in.) was used. Two specimens were tested
for each composite investigated, and average values
are reported.

The impact resistance (IMPR) test was con-
ducted on a Testing Machine Impact Tester (Model
52004 ) according to ASTM D256-87. Test specimens
having a dimension of 63.5 mm long and 12.7 mm
wide (2.5 X 0.5 in.) were cut from the fabricated
composite using a surface grinder. The specimens
were notched in the middle section with a 45° V-
shape grinding wheel. The test was conducted by
impacting the specimen with a 5-1b pendulum ham-
mer at an impacting speed of 3.35 m/s (11 ft/s).
The specimen’s failure mode was also recorded. Five
to eight specimens were tested for each composite
investigated.

The short-beam interlaminar shear strength
(ILSS) was determined on an Instron Model F/
CML tester according to ASTM D2344-84. The
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width of the specimens was kept at 6.35 mm (0.25
in.). The length-to-thickness ratio was kept constant
at 6 : 1, and the span-to-thickness ratio was 4 : 1.
The crosshead speed was set at 0.1 ¢cm/min. Nine
to 16 specimens were tested for each composite in-
vestigated.

The fiber volume fraction, V;, and the void con-
tent were determined using an acid digestion tech-
nique (ASTM D3171, Procedure A). A displacement
technique as described in ASTM D792 was used to
determine the composite’s density. At least five
samples, weighing about 0.5 g each, were used for
each composite tested.

CONTROL AS4/EPON828-MDA COMPOSITES
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(a)

(b)

(c)

Figure § SEM micrographs of 3cmi-s coated fibers. (a) 3% interphase weight gain, (b)
10% interphase weight gain, (¢) 27% interphase weight gain.
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RESULTS AND DISCUSSION

V; Normalization

The notched Izod impact resistance (IMPR) and
the apparent interlaminar shear strength (ILSS) of
the control AS4 /Epon 828-MDA composites depend
strongly on the fiber volume fraction (V;). IMPR
and ILSS increase linearly with increasing V;.” On
the other hand, the average critical strain energy
release rate (Gic) is much less dependent on V;. The
effects of V; on the IMPR, ILSS, and Gy for the
control uncoated composites are shown in Figures
2, 3, and 4, respectively. Figures 2 and 3 were re-
produced from Chang’s data.! Using the least-square
technique, the following linear equations were found
from Figures 2, 3, and 4, respectively:

IMPR = 46.53 + 0.45V; (2)
ILSS = 31.03 + 0.788V; (3)
Gic = 339 + 1.15V; (4)

IMPR, ILSS, Gic, and V; have the units of kJ /m?,
MPa, J/m?, and %, respectively. These three equa-
tions were used to normalize for the V;effect so that
the properties of the composites with and without
the interphase could be compared at the same V.
The normalization was done by taking the ratio of
the property of the composite with the interphase
(interphase composite) over the property of the
control composite, at the same V;. A normalized
property of 1 means that there is no difference be-
tween the two composites. If the value is > 1, then
there is some improvement, and if the value is < 1,
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Figure 6 A typical Gic load-deflection curve for control
composites.
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there is some property reduction. The fiber volume
fractions of 3cmi-s modified composites are in a
similar range as the V; range where Eqgs. (2)-(4)
were derived; therefore, minimal or no extrapolation
was needed.

SEM of the 3cmi-s Interphase

The morphology of the 3cmi-s interphase is shown
in Figures 5(a), 5(b), and 5(c¢) for 3, 10, and 27%
interphase weight gain, respectively. The micro-
graphs suggest that initially the 3cmi-s fibers were
coated individually and had a smooth surface [ Fig.
5(a)]. As the interphase thickness was increased to
about 10% weight gain, the coated fibers began to
stick to one another, most likely due to the narrow
spacing between them. Grainy structures were ob-
served on these 10% coated fiber surface. Fiber
sticking became quite severe at 27% weight gain. At
this thickness the coating behaves more like a matrix
than an interphase. A polymer film appeared to be
formed on the outer surface of the prepreg.

Gic and Failure Modes

A typical load-deflection curve obtained from the
DCB mode I test is shown in Figure 6. Initially, when
the crack just started to propagate, the load de-
creased sharply with increasing deflection or in-
creasing crack length. The crack propagation of 6.35
mm (4 in.) at this point took less than 30 s. As the
deflection increased and the crack propagated fur-
ther, the load continued to decrease, but at a slower
rate. At crack lengths beyond 89 mm (3.5 in.), the
load typically leveled off, and it took more than 3
min for the crack to propagate 6.35 mm. The crack
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Figure 8 Initial G\¢ as a function of V} for control com-
posites.

propagation rate obviously decreased with increasing
crack length.

A plot of Gy versus crack length is given in Figure
7 for various control composites. The data were de-
termined using a compliance method. The Gi¢ gen-
erally increased with increasing crack length (R-
curve effect). The R-curve effect was observed for
all specimens at crack lengths between 0 to about
30 mm. Beyond this crack length, the behavior var-
ied from sample to sample. The Gj¢ of some samples
leveled off to some constant value, but others con-
tinued to rise with increasing crack length. Some of
the composites apparently have more fiber bridging
than the others, since the R-curve effect is attributed
to the fiber bridging across the delamination.

It has been suggested that the Gic at the initial
crack length is free of fiber bridging (because the
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Figure 10 V;-normalized initial Gic vs. 3cmi-s weight
gain.

fibers from one side of the beam were restricted from
penetrating into the other side by the crack initiator
cloth), and may provide additional understanding
of the laminate toughness.’®® The initial Gj¢ for the
control composites as a function of V; is given in
Figure 8. Similar to the Gi¢c behavior shown in Figure
4, the initial G;c apparently is not a strong function
of V;. The numerical average Gicinir was about 125
J/m?, which was about one-third of the Gjc value.
This 125 J /m? was very close to the neat epoxy resin
Gyc value of 95 J/m?, as reported in the litera-
ture.'%122 The similarity of Gicini and neat resin Gy
was also found by other authors on similar sys-
tems.!"12-130 These findings are not surprising since
the region just behind the crack initiator cloth may
consist of only the epoxy resin.

The load-deflection curves of the 3cmi-s coated

EFFECTS OF 3CMI-S INTERLAYER ON
Gic AT DIFFERENT WEIGHT GAINS
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Figure 1l V;-normalized average Gic vs. 3cmi-s weight
gain.
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(a)

(b)

Figure 12 SEM micrographs of the G\ failure surfaces. (a) control composite, (b) 6%
interphase weight gain, (¢) 10% interphase weight gain, (d) 27% interphase weight gain.

composites at different weight gain is shown in Fig-
ure 9. The control composite curve was also included
for comparison purposes. The control composite
showed a sharp load drop once the crack was initi-
ated. In contrast, the load drop for the coated com-
posites was more gradual. This suggests that the
coated composites were more damage tolerant, i.e.,
the coated composites could withstand higher load
after cracking. They also carried higher load at high
sample deflection.

The Vi-normalized initial Gic versus 3cmi-s
weight gain is shown in Figure 10. Gici,i; increased

with interphase thickness up to about 0.16 um or
about 6% weight gain. At this optimum thickness,
about 150% improvement was found. This means
that the 3cmi-s interphase had successfully tough-
ened the composites and made the composites less
sensitive to initiation delamination. After 6% weight
gain, the Gici,;y decreased with increasing weight
gain. The very low Gic,i; at 27% was most likely due
to the severe fiber sticking as shown in Figure 5(c).

A plot of the V;-normalized Gic versus 3cmi-s
weight gain is shown in Figure 11. All the normalized
Gic values are > 1. Gc first increased with increasing
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(c i)
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Figure 12 (continued from the previous page)

weight gain up to about 10%. It then decreased with
further weight gain increase. This behavior was
consistent with the results observed for the Gc in
the acrylic systems.?® The 10% optimum weight gain
was, however, different from the 6% found in the
Gicinie Tesults. This higher 10% thickness may be
due to the higher tolerance to fiber sticking when
the crack was propagating rather than initiating.
The higher tolerance, in turn, may be due to the
presence of fiber bridging. At the optimum thick-
ness, Gc of the 3cmi-s composites was improved by
about 160%.

The failure surface of composites (located 12.7
mm away from the initiator cloth) was analyzed by
a scanning electron microscope (SEM), and the re-
sults for 0, 6, 10, and 27% 3cmi-s weight gain are
given in Figures 12(a), 12(b), 12(c), and 12(d),
respectively. The small spherical particles in the
micrographs are debris from the sample cutting. As
shown in Figure 12 (a), the control composites have
clean and orderly fracture surface, typical of brittle
materials. Bare fiber surfaces with characteristic
striations were found, indicating that the failure was
at the fiber-matrix interface. The brittle matrix
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(d i)

Figure 12 (continued from the previous page)

fracture in the micrographs is consistent with the
low fracture energy found. With a 6% weight gain,
the fracture surface changed dramatically [Fig.
12(b)]. The surface was rough and irregular. Some
of the fibers have polymer adhering to them, while
others have rather smooth surfaces with striations
(characteristic of the uncoated AS4 fibers). Hackles,
which were formed by shear components in the
stress field, were observed throughout. The appear-
ance of hackles correlates with the observed higher
Gic. At 10% weight gain, rough and disorganized
surfaces were found [Fig. 12(c¢)]. In addition to the
interphase, matrix, and interfacial failures, matrix—

interphase plastic deformation was also observed
[Figure 12(c) (ii) ]. This deformation appears to be
in the tensile mode and is probably caused by the
tensile stretching from fiber bridging. The high Gic
found at this interphase thickness is due to the high
energy required to create the rough surfaces. Frac-
tographs of 27% 3cmi-s composites are shown in
Figure 12(d). Two types of failure surfaces are ob-
served. The first is the rough surface found in Figure
12(d)(i). Compared to the clean failure in the con-
trol composite, more energy is probably required to
generate this failure. The second is a filmlike failure
surface found in Figure 12(d) (ii). This failure sur-
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EFFECTS OF 3CMI-S INTERLAYER ON
IMPR AT DIFFERENT WEIGHT GAIN
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Figure 13 V;-normalized impact resistance vs. 3cmi-s
weight gain.

face is probably caused by the following. At 27%
weight gain, a 3cmi-s film was formed at the pre-
preg’s surface. In fabricating the composite, this film
caused the epoxy to form an epoxy film at the in-
terlaminar region. When the sample was tested,
some cracks propagated at the interface between
these two films, creating the observed filmlike fea-
ture.

1zod Impact Resistance

The normalized impact resistance versus the 3cmi-
s weight gain is shown in Figure 13. Similar to the
Gic results, IMPR first increased with increasing
weight gain up to about 6%. At the optimum thick-
ness, about 60% improvement was found. This is
twice as high as the improvement found in the
acrylic interphases.? IMPR dropped with more
weight gain after 6%. The IMPR improvement is
probably because the interphase could act as an en-
ergy absorber, a crack arrester, and a stress delo-

calizer (increased the size of the deformation zone),
thus resisting higher impact energy. The increase
in the IMPR with increasing interphase thickness
is probably due to the increase in the energy ab-
sorbing capacity and the increase in the deformation
zone size ahead of the crack tip.

The macroscopic impact failure modes for the
control and the 3cmi-s composites are given in Table
I. As indicated, 8 out of 14 of the control composites
broke completely into two pieces. On the other hand,
at low interphase thickness, only 1 out of 6 of the
3cmi-s composites failed completely (the other 5 out
of 6 failed partially with the upper and lower halves
of the sample remained attached to one another).
Between 3.4 and 7.9% weight gain, none of the sam-
ples failed by fracturing into two pieces. At 10.9%
weight gain, 4 out of 6 of the samples again failed
by fracturing into two pieces. There is apparently a
positive correlation between the macroscopic failure
modes and the observed IMPR property.

On the compression side of the sample away from
the notch, two types of failure modes were observed,;
1.e., the 45° shear failure and the composite buckling
failure, as shown in Figure 14. Only 45° shear failure
was observed for the control composites. On the
other hand, both types of failure were found for the
interphase composites. In compression tests, buck-
ling usually resulted in a bushy damage and a lower
compression strength than clean 45° shear failure.!*!
For toughness, however, more energy may be ab-
sorbed by buckling than by catastrophic shear fail-
ure, because buckling has the ability to withstand
more strain, and more fibers can be debonded. The
failure mode change may be attributed to the inter-
phase being able to absorb more energy and increase
the deformation zone size.

SEM micrographs of the failure surface for the
control composites and the interphase composites
have been taken. The interphase composite seems

TableI Percent of Impact Test Samples Having Macrosopically Complete Breakage

Number of Sample with

Sample Weight Gain Number of Samples with Complete Failure

Name (%) Samples Tested Complete Failure (%)
Bulk epoxy —_ 8 8 100
Control 0.0 14 8 57
3cmis-1 1.6 6 1 17
3cmis-K 3.1 6 1 17
3cmis-C 3.4 6 0 0
3cmis-L 3.8 5 0 0
3cmis-T 7.9 6 0 0
3cmis-P 10.9 6 4 67
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————"

*

Figure 14 Specimens showing 45° shear failure and buckling failure.

to have more rough surface than the control. How-
ever, the failure surface of the two samples varied
from location to location, i.e., clean surface as well
as rough surface could be found in both samples.
For this reason, no definitive conclusion can be
made.

Short-Beam Interlaminar Shear Strength
The apparent interlaminar shear strength, ILSS,

remains unchanged with the presence of the 3cmi-

EFFECTS OF 3CMI-S INTERLAYER ON
ILSS AT DIFFERENT WEIGHT GAIN
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Figure 15 V;-normalized interlaminar shear strength
vs. 3cmi-s weight gain.

s up to 6%, as shown in Figure 15. After this thick-
ness, ILSS decreases to below the control composite
value. This is not unexpected because of the fiber
sticking problem discussed earlier. In addition, the
control AS4 fibers had been surface treated by the
manufacturer to improve the fiber-epoxy adhesion.
Thus the control composites already have good shear
strength, and a large improvement in ILSS was not
expected. The retention of ILSS up to 6% weight

Control

Force

Displacement

Figure 16 Comparison of short-beam shear force-dis-
placement curves for control and 3cmi-s composites.



1912 WIMOLKIATISAK AND BELL

gain is acceptable, considering that the Gic and the
IMPR were improved substantially.

The force versus displacement curves of the con-
trol and the 3cmi-s composites from the ILSS test
are shown in Figure 16. The 3cmi-s curve was shifted
arbitrarily on the vertical scale for purpose of com-
parison. For the control composites, the force
dropped sharply as soon as the sample failed. In
contrast, the 3cmi-s composites retained almost the
same force as the maximum value after the samples
failed. This force retainment was also observed in
the Gjc test as discussed earlier (Fig. 9). This be-
havior supports the toughness improvement results
and indicates that the 3cmi-s composites have better
damage tolerance.

CONCLUSIONS

Inclusion of the electrocopolymerized 3cmi-s inter-
phase greatly toughened the AS4/Epon 828-MDA
composites. The optimum interphase thickness is
0.16 um (6% weight gain). At this optimum thick-
ness, the DCB mode I critical strain energy release
rate is improved by about 100%, the notched 1zod
impact resistance is improved by about 60%, and
the apparent interlaminar shear strength is main-
tained at a similar value as the control composites.
Fiber sticking, which restricted the even distribution
of epoxy matrix, is probably the main reason for the
property drops beyond the optimum thickness. The
3cmi-s modified composites failed in a more ductile
mode than the control composites (more damage
tolerance).
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