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ABSTRACT

Delamination Fracture Study of
Graphite/Epoxy Composite Materials

Critical energy release rates have been deter-
mined for two composite systems. The effect of resin
thickness on fracture toughness in brittle fiber -
ductile resin systems has been investigated. Material
resin content has been varied through manufacturing
for one composite. Two different specimen geometries
and the use of epoxy resin with and without fibers
has produced a variation in resin thickness in the
other material. Electron microscopy has allowed for
detalled examination of the fracture surfaces. Compo-
sites with a thicker region of ductile resin exhibit
higher energy release rates than do those with less

resin in the crack growth region.
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INTRODUCTION

Graphite/epoxy composites have received increased
attention from designers in recent years, particu-
larly for aerospace applications. Most of this
interest stems from the low density and high strength
and stiffness of these materials. Due to thelr aniso-
tropic nature, fiber composites are subject to delami-
nation, with present limiting design strains being
primarily dependent on failure by compressive buckling.
Increased resistance to delamination could increase
design strains by as much as fifty percent (1).

Early graphite/epoxy composite systems were
designed to maximize resin stiffness and glass transi-
tion temperature. While material characteristics for
in-plane stresses are dependent on the properties of
the graphite fibers, the behavior of the composite
subjected to out-of-plane loading will be determined
by the resin matrix. The original high strength
resins proved to be brittle and susceptible to delami-
nation. Consequently, buckling and out-of-plane loads

caused rapid failure. More recently developed resins

This thesis follows the style of the Journal of
Composite Materials.




are tougher, and research continues as attempts are
made to increase toughness without sacrificing stiff-
ness and glass transition temperature.

When fibers are added to a ductile resin matrix,
the brittle fibers decrease the zone of plastic
deformation ahead of a crack propagating through the
resin. Because such deformation is the primary
mechanism of energy absorption in a brittle fiber -
ductile matrix system, the presence of fibers decreases
the overall delamination toughness (1). Varying the
resin thickness between fibers should, consequently,
change the fracture toughness for a given graphite/
epoxy system with this combination of components.

Two composite systems, Hexcel T6C190/F155 and
Hexcel T6T145/F185, have been investigated in an effort
to quantify delamination fracture toughness for vary-
ing resin thicknesses. Testing has included both
microscopic and macroscopic analysis, with the descrip-

tions of such testing and the results presented here.



REVIEW OF LITERATURE

Investigation of delamination fracture toughness
has involved the use of various specimen geometries.
One such specimen is the double cantilever beam, shown
in Figure 1. This was utilized by Vanderkley (2) and
by Cohen (3) to calculate energy release rates for
graphite/epoxy systems as a method of quantifying
fracture toughness. Linear elastic fracture mechanics
(3) is the method of data analysis implemented here in
determining these energy release rates.

Study of transverse cracking in composites has
been undertaken using compact tension specimens, seen
in Figure 2. This type of specimen was also used
previously by Vanderkley (2) and Cohen (3). Data ana-
lysis in this study has involved the use of fracture
mechanics, including data relating compliance and
crack length as determined by Saxena and Hudak (4).

In addition, non-linear elastic J-integral calculations
have been performed to determine energy release rates
for the compact tension specimens based on ASTM-E813.

Previous observation of composite failure using
a scanning electron microscope has revealed mechanisms

responsible for energy release in a brittle fiber -
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Figure 1.

Double cantilever beam
specimen subjected to
mode I loading
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Figure 2.

Compact tension specimen with
critical dimensions shown.



ductile matrix system (1). Examination of specimen
surfaces after fracture has allowed for identification
of artifacts of these mechanisms. This has made
possible a more complete understanding of the micro-
mechanistic basis for the observed critical energy
release rates obtained through data analysis.

Fatigue precracking of the compact tension
specimens was attempted as a method of introducing a
sharp crack. The approach used by earlier investi-
gators, namely, driving a razor blade into the blunt
machined-in notch in the specimen, was considered to
give a crack of uncertain acuity. A fatigue crack is
very sharp and allows the measurement of a true mini-
mum Glc Value.* No references to fatigue precracking
of composite materials were found in the literature

reviewed in preparation for this study.

It should be noted that "G, " values measured using
specimens with insufficien%iy sharp notches are not

valid GlC values, even though they may be reported
to be.



ANATLYTICAL PROCEDURE

In order to measure and compare the ability of
materials to resist crack propagation, a consistent
method must be adopted. For this study, energy release
rates were calculated for both composite systems. For
elastic materials, the critical energy release rate,
Gc’ is a measure of the crack tip work required to
cause crack extension per unit area of new surface
created (3). For materials which experience both
elastic and plastic deformation, the energy release
rate JC may be used for comparison purposes. These
values are calculated in different ways but have
equivalent definitions and are indications of the same

material behavior.

Double Cantilever Beam Analysis

The double cantilever beam (DCB) specimens were
subjected to mode I loading, with symmetrical tensile
loads applied to both sides of the beam. This is a
"worst case" model of delamination, and allows easy
determination of G values 2%

The equation for the release rate is as follows:
P02 I, 2
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where Pc is critical load, LC is crack length, B is
specimen width, E is modulus, and I is the moment of
inertia. Due to the fact that the modulus may not be
known exactly, it may be calculated using the formula
g - 2PL°
Jog

where ag is the total beam tip displacement at the

load line. All these values are obtained from the
load-displacement data generated during testing.

This analysis assumes linear elastic material
behavior, which is a good approximation for a unidi-
rectional composite with load-bearing linear elastic
graphite fibers (3). Large rotations of the beam
centerline, corresponding to large beam tip displace-
ments, may result in significant geometric nonlineari-
ties, resulting in serious discrepancies between linear
and nonlinear analysis. Linear analysis has been

shown to be appropriate (5) when

Ag
ZTC >0.4

The linear theory was found to be appropriate for all
DCB speciment of both composite systems tested in this

study.



Compact Tension Specimen Analysis

In order to take into account any nonlinear
behavior of the material due to viscoelastic properties
or plastic deformation, J-integral analysis was used
for the compact tension specimens according to ASTM-
EB813. The equation for critical energy release rate

is as follows:

7 - 2.2 JPdb
lc B w-a

where SPd& is the area under the load-displacement
curve to the point where the crack begins to grow,

a, is the original crack length, and w is the specimen
width.

Because it was difficult to ascertain the exact
moment of crack growth, an upper and lower bound for
ch were calculated for each compact tension specimen.
The load for the lower bound was determined using a
5% secant offset to find a point with no more than 2%
crack extension. The load for the upper bound was
chosen to be the maximum load on the test data plot.
These boundaries ensured that the actual moment of

crack extension was bracketed and so the ch value for

the material was also bounded.
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EXPERIMENTAL PROCEDURE

This study involved the use of two Hexcel compo-
site systems: T6C190/F155 and T6T145/F185. Two
approaches for investigating effects of resin content
on fracture toughness were taken. The first approach
involved variation of resin content through manufac-
turing in the F155 system. The second approach, used
with the F185 material, examined three degrees of
constraint on resin deformation produced by varying
the thickness of the resin rich-region through which
the crack propagated. This variation was accomplished
using two specimen geometries and using neat resin and

fiber reinforced resin.

Preparation and Testing of F155

The initial step in preparing the F155 specimens
was fabrication of the composite panels. Preimpregna-
ted tape was supplied by the manufacturer in 12 in.
wide rolls. ©Sheets of 1 ft2 area were cut and layered
so that the fibers were unidirectional. Sixteen sheets
were layered for each of two composite panels.

Variation in manufacturing, resulting in variation

of resin content in the specimens, involved a process
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known as bleeding. One F155 panel was bled by placing
glass cloth on either side of the material during
curing. In this way, excess resin was absorbed, leav-
ing an approximately 10% higher relative fiber volume
in the sample.

Included along one side of both composite panels
was a 1 in. wide strip of teflon. This was inserted
between the eighth and ninth plies, on the side of the
specimen to which the fibers ran perpendicular. This
teflon insert produced a sharp crack from which the
delamination of the DCB specimens could be initiated.

The cure cycle for the F155 was the one recom-
mended by Hexcel for this material, as seen in Figure
3. Curing was done in an air cavity press with the
temperature, pressure, and vacuum controlled by a
Micrion microprocessor.

Following curing, the panels were cut into DCB
specimens. These consisted of four bled and four
unbled strips, 1 in. wide and 9 in. long. In addition,
six 1 in. by 2 in. samples were cut for examination by
SEM. All cutting was done using a diamond saw.

The SEM samples were mounted in a room-temperature-

set epoxy, polished with 0.3 micron alumina paste,
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and coated with a 2004 thick layer of gold-palladium.
This coating is necessary to conduct unreflected
electrons from the surface and prevent charging of the
specimen. Cross sections of both the bled and unbled
panels, showing relative fiber and resin distribution,
were photographed in the SEM. These photos are shown
in Figures 4 and 5, where the fibers and resin-rich
regions between plies are clearly evident. As was
expectad, the bled specimen showed a thinner resin-rich
region and less resin within the plies.

Delamination of the DCB specimens was done using
an MTS servo-hydraulic test machine. Figure 6 shows
the fittings which were epoxied to the ends of the
specimens. These allowed for mode I loading of the
composite beams with minimal rotation of the specimen
as the crack grew.

As mentioned previously, teflon strips were in-
serted in the composite panels before curing to intro-
duce a crack. From this beginning flaw, the crack was
extended by hand to a point where the initial crack
length was measured; this point was slightly beyond

the ends of the fittings on the specimen.



Figure 4.

Bled F155 sample at 300X
and 1000X
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Unbled F155 sample at 300X

and 1000X

Figure 5.
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Figure 6. Exploded view of DCB
fitting and attachments
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During testing, the specimens were subjected to
mode I loading at a uniform rate, while load and beam
tip deflection were monitored. The appendix contains
an example of typical DCB delamination data. Periodi-
cally, loading was reversed momentarily, giving a
10-20% unload, and crack length was measured visually

on the specimen and recorded on the chart.

Preparation and Testing of F185

The F185 composite system differs from the F155
in its crosslink density and volume fraction of
second phase additions. Both systems contain rubber
particles as a second phase to incresse matrix deforma-
tion. The F155 material contains 6% rubber particles
by volume, while the F185 contains 14% rubber particles
(3).

While the F155 samples were manufactured from
supplied pre-preg material, the F185 composite panels
used in this study were received in a cured state from
Hexcel. In addition, cast blocks of the neat resin
without fibers were made available. These panels and
blocks were machined into DCB specimens (composite
material only) and compact tension specimens (composite

and neat resin). The delamination specimens were
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10 in. long and 1 in. wide; the compact tension speci-
mens were 2.25 in. long, 2.4 in. wide, and were 0.53 in.
thick for the composite and 0.47 in. thick for the neat
resin.

The testing assembly and procedure for the F185
DCB specimens was the same as was used for the F155
material. Teflon had been inserted in the samples
before curing, so the crack initiation process was the
same for both composite systems. The same fixtures
for mode I loading were attached to the specimens,
and the collected data measured the same parameters.
The purpose of the delamination specimens was to
measure the energy release rate for the material as a
crack propagated through the resin-rich region between
plies.

As mentioned previously, for the F185 system,
three degrees of constraint on the resin were tested
and energy release rates compared. The DCB delamina-
tion tests represented one condition; the compact
tension tests on specimens with and without fibers
respesented the other two. Testing performed on the
composite CT specimen represented a "worst case," with

transverse crack propagation occurring within plies
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through a region of minimum resin. The CT specimen
made of neat epoxy exemplified the other extreme, with
no fibers to constrain the resin and limit deformation
during cracking.

In order to measure the crack initiation and
crack propagation energies, a sharp crack was needed
in the compact tension specimens. A blunt notch
instead of a sharp crack would give an overestimate of
resistance to crack extension. A sharp crack was
introduced through fatigue precracking. The neat
material was subjected to tensile-tensile loading at
3 Hz, while the composite underwent 10 Hz cycling under
tensile-tensile loads. These fatigue cracks were
allowed to grow until a/w = 0.5, where w is the width
of the specimen from the load line to the far edge,
and a 1s the length of the crack, also measured from
the load line. Once a sharp crack was present, the
compact tension specimens were broken by applying a
load at a constaint rate and measuring load vs. crack
tip opening. The appendix contains a sample of the
data collected. An LVDT attached to the surface of
the specimen monitored crack tip opening, and its

distance from the load line was noted in order to
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correct for that variation in opening size during
data analysis.

Following fracture of the neat resin and composite
specimens, the samples were sectioned and inspected in
the SEM. Both the fracture surfaces were examined,
and the sides of the neat material along the crack
were viewed. These photographs and their significance
in light of caluclated energy release rates will be

discussed later in this report.
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RESULTS

Data Analysis for F155

Using the equations cited previously, critical
energy release rates were calculated for the DCB
specimens tested. For each specimen, an average value
of Glc was found. These values, along with an overall
average G10 for the bled and unbled samples, are shown
in Table 1. All data met the criterion for linear

elasticity such that Aé/(ch)‘io.u (5).

TABLE 1
Bled Composite Unbled Composite
Sample 1: G, = 561 J/m° Sample 1: G, = 1008 J/m°
Sample 2: Gyo” 546 J/m2 Sample 2: Gyo” 1008 J/m2
Sample 3: G;_ = 599 J/m2 Sample 3: Gio™ QL7 J/m2
Sample 4: G, = 557 J/m? Sample 4: G, = 1010 J/m?
Average Gy = 565.75 J/m2 Average Gy = 993.25 J/m2

Data Analysis for F185

The delamination data for the DCB specimens was
analyzed in the same manner as for the F155 and
critical energy release rates were calculated. This
data also met the linear elasticity criterion (5).

Values for critical energy release rates, ch’

for the compact tension speecimens were calculated as



noted earlier. The integration term in
tion was evaluated by graphical integrat
mine the area beneath the load-displacem

the composite and the neat resin specime
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the ch equa-
ion to deter-
ent curves for

ns. The

original crack length values were determined through

examination of the fracture surface foll
and measuring the extent of the fatigue
All crack lengths and displacements are
tive to the load line. Recall that the
bounds for ch represent an interval in
began to propagate. Table 2 summarizes

compact tension results.

TABLE 2

Jl ,lower J
Composite CT 1628.1 J/m 36
Neat Resin CT L4582.5 J/m 81

Mode I Delamination

Sample 1:

= 1875.11 J/m
= 1932.06 J/m

Sample 3:

G
Sample 2: G, = 1939. 68 J/m
Gl

Gy

Sample 4:

Average Glc: 1895.65 J/m

owing failure
precracking.
measured rela-
upper and lower
which the crack

the DCB and

1CL_ED__
51 .04 J/m
34.65 J/m

_ 2
1o 1835.73 J/m



23

DISCUSSION

Both the results of the F155 and F185 testing
support the hypothesis that in a brittle fiber - ductile
resin system, deformation of the matrix is a primary
energy absorption mechanism during crack propagation.

A composite with more resin should, therefore, exhibit
a higher energy release rate and a correspondingly
high fracture toughness, and this is what the results
indicate.

For the F155 system, the bled delamination speci-
mens absorbed less energy per unit crack extension than
did the unbled samples. Not only does this show that
the thickness of the resin-rich region between plies
is significant, but also that manufacturing variations
may produce dramatic changes in material properties.

The three degrees of constraint in the F185
system also demonstrated the significance of the amount
of ductile resin with relation to fracture toughness.
The neat epoxy, free of any constraint imposed by
graphite fibers, had the largest energy release rate.
The double cantilever beam specimens, in which the

crack was propagated through the resin-rich region
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between plies, had a significantly smaller energy
release rate. However, the value of ch for the compo-
site compact tension specimen was smaller yet, where
the crack was grown in a region between fibers with
the least amount of resin avallable to deform and
dissipate energy. It should be noted that the wide
range between upper and lower ch values for the com-
pact tension specimens is probably misleading; in all
likelihood, the lower values are the better approxi-
mations of the actual critical energy release rates
for the materials.

Photographs taken in the SEM reveal evidence to
support the analytical results of testing for the F185
material. Figure 7 shows fibers on the fracture sur-
face of the transverse delamination specimen. Although
the F185 matrix is composed of a ductile epoxy resin,
the fiber surfaces are coated with resin that appears
to have fractured in a brittle fashion. The constraint
imposed on the thin resin layer between fibers was
sufficient to eliminate most plastic deformation,
resulting in a low fracture toughness measurement.

Compare this behavior to that illustrated in

Figure 8, which shows a region of crack growth in the



25

Figure 7. F185 composite showing fracture
surface of transverse delamination
specimen at 1000X



Figure 8.

F185 neat resin at 1000X showing
plastic deformation produced
during ductile fracture

26
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neat resin specimen. Note the extreme plastic deforma-
tion which resulted in the high energy release rate
values for this material. The holes in the surface
correspond to regions of deformation around rubber
particles. This may be confirmed by examining Figure 9,
a portion of the neat specimen broken in a brittle
manner at a very low temperature. The absence of

holes in the surface indicates that these are not

voids due to manufacturing, but were produced during
fracture.

Using fatigue precracking to initiate a sharp
crack in the compact tension specimens produced the
question of whether striations would appear on the
fracture surface. Figure 10 shows fatigue regions of
both the composite sample and the neat resin. The
neat material shows no indication of striations; how-
ever, the composite surface bears marks that resemble
striations. Based on the frequency of fatigue loading
and the length of time the material was fatigued,
there are 3.7-5.5 fewer marks per micron on the fracture
surface that cycles per micron of crack growth. How-
ever, since the crack does not necessarily advance for
every cycle, fewer marks than cycles does not rule out

the possibility that these are striations.



Figure 9.

F185 resin at 1000X showing
absence of voids in brittle
fracture region

28



27

A TR s ——A

;
’

[
L - »

e

oy ?7‘ ﬂ‘l‘,‘“ 5 P '," .
. ‘ . ‘-"Y‘\f o 2

Figure 10. F185 composite and neat resin
specimens showing fatigue pre-
cracked region at 1000X
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The neat resin sample turned lighter in color in
the crack tip region during fracture. In an effort
to explain this, the side of the specimen was examined.
Figure 11 shows the edge of the sample below the frac-
ture surface. A thin scale, produced when the liquid
epoxy was poured into the mold and quickly cooled
during casting, has cracked and fallen away in places.
It was noted that this cracking extended only a short
was down the specimen, accounting for the change in

surface appearance in the crack region.



Figure 11.

Edge of F185 neat resin specimen
at 1000X, showing scale cracking
below fracture surface

31
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CONCLUSIONS

It may be concluded that energy absorption
during crack propagation is directly related to the
amount of resin in the crack tip region for a brittle
fibver - ductile matrix composite material. Whether
the amount of resin between fibers was controlled
through manufacturing or by varying the geometry of
the test specimen, samples with a larger resin-rich
region between plies exhibited higher G1C or ch
values. The constraint imposed by the fibers reduces
the size of the plastic zone ahead of the crack tip

and limits the energy absorbed during fracture.
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RECOMMENDATIONS

Two difficulties arose as a result of the impre-
cise monitoring of crack growth in the CT specimens:
not being able to determine exact ch values, and not
being able to distinguish noncontinuous crack growth
during fatigue loading. A method of monitoring exact
crack position 1s avallable in the form of a Krak gauge.
This thin metal gauge is bonded to the surface of the
specimen and cracks as the specimen fractures. The
resistance of the Krak gauge varies linearly with the
length of the crack. Using one of these, the exact
moment of crack growth could be noted to aid in ch cal-
culations. Also, the presence of striations could be
confirmed by noting whether crack growth during fatigue
loading is continuous or noncontinuous.

The presence of scale on the surface of the neat
resin specimen prevented close examination of the behav-
ior of the resin near the crack tip. It is desirable to
investigate the size of the plastic zone ahead of the
crack tip, a task which proves impossible with the brit-
tle scale concealing the fracture artifacts. The sur-
face of subsequent neat resin samples should be ground

in order to remove the scale and improve visibility.
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