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INTRODUCTION AND SCOPE

Two aspects of the failure of fiber-reinforced composite materials which
have received considerable attention in the literature are tensile fracture of
laminates with a notch or a precrack (refs 1,2) and interlaminar fracture of
composites under mode I loading conditions (refs 3-5). Linear elastic fracture
mechanics principles have been applied in both cases to assess the composite
fracture properties in terms of the critical stress intensity factor, Kio, or
the critical strain energy release rate, Gio. The effect of matrix properties
on the bulk fracture behavior has been investigated and fracture surfaces have
been examined by scanning electron microscopy (SEM) irefs 4-6).

The important energy-absorbing mechanisms in tensile fracture of composites
include: (1) multiple cracking of fibers, (2) matrix cracking, (3) fiber-matrix
interfacial debonding, and (4) fiber pull-out and frictional shear separation
(ref 7). While it is difficult to estimate the relative contribution of these
processes to the tensile fracture toughness of a composite laminate, debonding
and pull-out, which depend on the fiber-matrix interface characteristics, can
play a very significant role.

Interlaminar fracture (delamination) is recognized as an important mode of
failure of composite materials because interlaminar defects can be induced
easily by low energy impact or during the manufacture of composite panels, and
growth of these defects can occur under load. Therefore, interlaminar fracture
energy, Gic, may be used as a measure of damage tolerance in composites. Gic¢
depends on the matrix fracture energy, fiber-matrix interfacial bond, degree of
crack branching and deviation, fiber bridging across the crack faces, and also

fiber pull-out (refs 3,8).

References are listed at the end of this report.
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The choice of matrix materials is considered to be an important factor in
the ultimate fracture properties of the laminate. However, matrix properties do
not seem to have a significant infliuence on the tensile composite fracture
toughness, at least in random fiber composites (ref 9). In contrast, the
interlaminar fracture energy has been reported to increase progressively with
increased matrix fracture energy (ref 5).

This report presents the results of experiments on (1) tensile fracture of
commercial cross-ply laminates of carbon/epoxy and carbon/bismaleimide, and (2)
interlaminar fracture of carbon/epoxy and glass/epoxy woven iaminates. The ten-
sile fracture of carbon/époxy is compared.with that of carbon/bisma]eimide; a
new class of composites with the matrix resin having moderately high glass tran-
sition temperatures (Tg), between 200° and 400°C (ref 10). The interlaminar
fracture study is important because it involves matrix cracking and interfacial
separation for which the fracture energy is much lower than for tensile frac-
ture. Thus, interlaminar fracture is often a performance-limiting parameter.

In both sets of experiments, the correlation between the microscopic aspects of
deformation and the macroscopic fracture behavior has been studied to deveiop an

understanding of the micromechanisms of the failure process.

MATERIALS AND METHODS
Tensile Fracture Studies

The carbon/epoxy composite used was in the form of cured sheets, consisting
of 7 plies supplied by 3M Company, ply type SP-286/T2. Both O-degree and
90-degree fibers were low modulus, high strength type. The carbon/bismaleimide
laminate of 11 plies was prepared from Fiberite X-86 prepreg tape, cured at
180°C and 170 kPa for 4 hours, followed by post-curing at 240°C for 6 hours.

The O-degree fibers in the laminate were high strength, whereas the 90-degree

Y




fibers were high modulus types.

Infrared (IR) spectroscopy and differential scanning calorimetry (DSC) of
the cured laminates were carrried out to obtain information about the resin com-
position and other characteristics. The epoxy used was identified as Ciba-Geigy
MY720 (TGMDA) (ref 11) cured with diamino diphenyj sulphone (DDS). DSC studies
indicated that both laminates were fully cured. The Ty of the epoxy was about
200°C and that for the bismaleimide was about 220°C.

The fracture toughness, Kj., of the laminates was obtained using center-
notched specimens, shown in Figure 1, and the following expression for stress
intensity factor K (ref 12):

KBWS/P = [n a/W sec (m a/W)]%
for 0 < 2a/W < 0.9 , H/W > 0.75 (1)

where P = load at failure. Some details of the specimens and properties are
given in Table I.

TABLE I. TENSILE FRACTURE MATERIALS AND TEST RESULTS

Width | Thickness | Ki.; Mean | Standard
Orientation (W) (B) of 3 Deviation
Material degrees mm [ MPa m$ MPa mk
Carbon/
Epoxy 80,0,90,0 100 1.13 16.6 1.6
Carbon/
Bismaleimide | 90,0,90,0,90,0 90 .78 45.3 2.3

Interlaminar Fracture Studies

The laminates for these experiments were prepared from woven cloth fabric
using the resins Shell Epikote 828 (DGEBA) (ref 11) cured with DOS, and Ciba-
Geigy MY720 cured with DDS. The Epikote 828 was used as the matrix with (1) a

carbon fabric, Fothergill and Harvey style A004, 7 x 7 cm and (2) a glass fabric
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Figure 1. Experimental arrangement for tensile fracture
testing of composites.




$-2 glass, Owens Corning 6781. The cure schedule for the 828-DDS composites
was 5 hours at 120°C, 550 kPa, then 19 hours at 120°C, and 4 hours at 180°C.
The MY720-0DS was used as the matrix with the Fothergill and Harvey carbon
fabric only, and was cured for 4 hours at 120°C, 550 kPa, then 2 hours at 175°C.
The compositions of the resins and the composites are given in Table II.

TABLE II. INTERLAMINAR MATERIALS AND FRACTURE ENERGIES

Gyg; Mean Standard
of 4-6 Deviation
Material Method J/m2 J/m?
*Epikote 828 (DGEBA)/DDS, 32 phr. ot 128 11
**MY720 (TGMDA)/DDS, 29 phr. oT 39 -
**30 ply carbon fabric: Epikote
828-DDS Fiber 55% v/v WTDCB 770 87
**30 ply carbon fabric:
MY720-DDS Fiber 60% v/v WTDCB 470 36
**40 ply S-2 glass fabric:
Epikote 828-00S Fiber 50% v/v WTDCB 812 110

*neat cured resin
**kCOmposite

The critical strain energy release rate, Gy., was determined for the neat resin
using double torsion (DT) specimens (ref 13). The interlaminar fracture tough-
ness for the composites, also considered a Gic value, was obtained using the
width-tapered double-cantilevered beam (WTDCB) specimens (ref 4), shown in
Figure 2, and the following expression for strain energy release rate, G (ref

12):

G = Kl/E - 13213: R a » h (2)

where P = Joad to propagate an interlaminar crack and E = bending modulus of the

composite measured from three-point bend tests. Equation (2) is most accurate




9 for plane-stress conditions and for a large ratio of crack length to specimen

height, a/h. For the conditions of the interlaminar crack growth tests here, it

is believed to give a reasonable estimate of fracture toughness (ref 4).

Fracture Energy Ge
by Width Tapered Double Cantilever Beam (WTDCB)

2 22
Ge(U/m)=12P a

Eh b

P =load (N} to propagste crack
[=—"1 I» taken as average load
l——l—l '

beyond 4mm displacement

E = bending modulus (Ps)

e — TJ12% e beam heignt (m

i a=crack length (m)

P b = crack width (m)

Figure 2. Interlaminar fracture testing using the width-tapered
double-cantilever beam specimen.

Fracture Surface Examination

This was carried out after coating fractured specimens with gold in a
Cambridge S250 stereo-scan mark 2 scanning electron microscope with secondary

electrons.

RESULTS AND DISCUSSION
Jensile Fracture

The load-displacement characteristics of the Jaminates were as follows.
The carbon/epoxy laminate showed essentially linear behavior, while the carbon/
bisma aide composite showed deviation from linearity (Figure 3) of about the
degree associated with high strength metals, followed by abrupt failure. Thus,

linear elastic fracture mechanics can be used to describe the tensile fracture
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behavior.

Table I. The carbon/epoxy laminate has an average Ki. of 16.6 MPa m¥ which
agrees well with published values obtained from center-notched specimens of

carbon/epoxy laminates of similar orientation (20.1 MPa m¥%) (ref 14).

LOAD
KN

Figure 3.

16

14

12

10

2a/W : 0.5

C/Epoxy

The Kic for the two laminates, obtained from Eq. (1), is given in

2a/W : 0.7

C/Bismaleimide

0.28

0.78

DISPLACEMENT, mm

Typical load-displacement diagram for tensile fracture.




The carbon/bismaleimide composite, on the other hand, has an average K. of

45.3 MPa m% which is more than 2% times greater than that of carbon/epoxy, and in
terms of Gyo, this difference is approximately 6% times, following Eq. (2).

Since the two laminates were obtained from commercial sources, adequate
information is not available regarding the fiber and matrix characteristics.
However, since the 0-degree fibers in both laminates are the high strength typé,
it is assumed that the fiber properties are not much different. Further, the
matrix Gic of the two resins can be different (40 J/m? for the epoxy and 30-200
J/m2 for the bismaleimide (ref 10)), but the effect of this difference in Gy, on
the tensile fracture toughness of the laminates may not be significant (ref 9)
as stafed earlier,

In order to investigate the significant difference in fracture properties,
fracture surfaces of the carbon/epoxy and carbon/bismaleimide composites were
examined and are shown in Figures 4 through 7. The low magnification fracture
surface-of carbon/epoxy appears rather smooth (Figure 4), while that for carbon/
bismaleimide appears 'fibrous' (Figure 5). The high magnification fracture sur-
face of the carbon/epoxy laminate (Figure 6) suggests minimal evidence of fiber
pull-out, and even if some pull-out has occurred, it was in a cluster. (Similar
fracture surfaces have been observed in other studies of carbon/epoxy laminates
(ref 6).) In contrast, fracture of carbon/bismaleimide shows distinct evidence
of individual fiber pull-out (Figure 7). From visual observation, the puli-out
length varied between 1 and 3 mm, and the debonded zone length between the notch
tip and failure edge averaged 9 mm.

When the 0-degree fibers are loaded in tension, the difference in the
stress levels in fibers and matrix (due to the difference in modulus) creates a

shear stress along the interfaces. When this stress exceeds the fiber-matrix
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Figure 4,

Figure 6.

Fracture surface of
carbon/epoxy showing
little fiber pull-out.

Carbon/epoxy showing
clustering without
any appreciable
debonding.

Figure 5,

Figure 7.

Fracture surface of
carbon/bismaleimide
showing extensive
pull-out.

Carbon/bismaleimide
showing debonding
and pull-out of
individual fibers,




interfacial shear strength, debonding takes place. The debonding stress (o4) is

a function of the interfacial shear energy (Gyj): ada(sll)x. Debonding is
itseif a major energy-absorbing mechanism, but once debonding takes place, the
subsequent work of fracture depends upon: (1) elastic energy in the fiber, (2)
surface energy of the newly created interface, and (3) work of fiber pull-out
that depends on the diameter of the fiber, frictional shear, and length of pull-
out.

In continuous fiber composites, a low interfacial shear energy favors
fiber-matrix debonding. This was experimentally verified by Kirk et al. (ref
15) who observed preferential pulli-out of glass fibers in glass and carbon
hybrid/epoxy composites where the interface energy for glass/epoxy was 210 J/m2,
much lower than for carbon/epoxy, 1950 J/m* (ref 7). Comparison of this work
with the present SEM observations (Figures 4 through 7) suggests that the
possible mechanism that makes carbon/bismaleimide tougher is the debonding and
large puli-out length, whereas for carbon/epoxy composites the toughness is
primarily derived from the frictional work to extract short lengths of broken
fibers out of the cracked matrix (ref 16). An estimate of the debonding energy
{vg) and pull-out energy (vp) for the carbon/bismaleimide composite can be made

by using the pull-out model of Kirk et al, (ref 15) as follows:

o¢ty ofl
Yd = i Yp * 33

where
o¢ = tensile strength of the fiber
E¢ = elastic modulus of the fiber

length of the debond zone

L] <
[ ] [}

critical length = 4 x Tength of pull-out
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Using typical data for carbon fiber, o¢ = 2.4 GPa and E¢ = 240 GPa, and from
visual observation, y = 9 mm (average) and £ = 4 x 2 mm (average), for carbon/
bismaleimide
Yd = 216 kJ/m* and yp = 800 kJ/m?
which are much higher than those reported for carbon/epoxy (ref 15)
Yg = 6ki/mt and 7vp = 110 kJ/me

Further, the fracture surface of carbon/epoxy (Figure 6) is similar to the
proposed model of pull-out of fiber-clusters by Bandyopadhyay and Murthy (ref
17). MWhen significant clustering occurs, the energy absorbed in the separation
process can be as low as 10 to 25 percent of the total energy required by pull-
out of individual fibers. Thus, this model can also partially explain the dif-
ference in fracture toughness of carbon/epoxy and carbon/bismaleimide composites
in the present study.

Interlaminar Fracture

The load-displacement traces for interlaminar fracture of the three com-
posite laminates are shown in Figure 8. Once crack initiation takes place at
the end of the linear region, propagation of the crack proceeds in a stick-slip
manner. Stick-slip crack growth, which can be used as a measure of the local-
ized crack-tip plastic deformation (ref 18), was prominent in the glass/828-DDS
laminate, and it was just visible in the carbon/MY720-DDS composite.

The mode I interlaminar fracture energy, Gy, for the composite laminates,
obtained using Eq. (2) and taking P as the average load beyond 4-mm displacement
(Figure 8), is given in Table II. Also given in Table II is the neat resin Gi.
for 828-DDS and MYT20-DDS. 1t is clear from these values that MY720-DDS is a
brittle resin in comparison to 828-DDS, and correspondingly the interlaminar
fracture energy for carbon/MY720-DDS laminate is considerably less than that of

the carbon/828-0D0S.

11




LOAD
(N)
Can;xa:szenxos
100
Glass : 828/DDS
ALY ’t"\_,‘/\_,»”‘\_f
4 Carbon : MY 720/DDS
50
o 1 1 1 J
0 5 10 15 20

DISPLACEMENT (mm)

Figure 8. Load-displacement traces of the interlaminar fracture specimens.

Some aspects of these results agree with those reported by Hunston (ref 5).
A tougher resin results in a higher interlaminar Gi.. The fibers in continuous
fiber laminated composites contribute significantly to the interlaminar fracture
energy by fiber breakage, pull-out, and fiber bridging of the crack, resulting
in a much higher Gio than for the bulk resin. For the carbon and glass com-
posites with 828-DDS, the different reinforcement has not caused significant
differences in interlaminar Gj., suggesting a higher dependence here on resin
fracture energy than on reinforcement type.

Crack branching and the related fiber bridging were observed with each of
the three composites, but they were most pronounced with the glass fabric as
shown in Figure 9 involving a whole ply bridged across the crack opening in
three stick-slip sequences. The photo sequence in Figure 9 was taken with a

high-speed camera.
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Figure 9. Fiber bridging in glass/828-DDS interlaminar fracture,

Examination of fracture surfaces of the laminates was carried out to under-
stand the micromechanisms of this type of fracture. Figure 10 shows a Tow mag-
nification view of the general delamination. At high magnification, the glass
composite fracture surfaces feature contrasting resin-rich regions (Figure 11)
and resin-lean fiber bundles where the crack appears to have deviated from the
matrix between plies to a location within plies (Figure 12). There is some evi-
dence of localized plastic deformation in the matrix of carbon/828-DDS composite
(Figure 13), while the fracture surface of the carbon/MY720-DDS shows cleaner

failure (Figure 14) consistent with the brittle nature of the neat resin.
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Figure 10.

Figure 12.

Delamination failure.

Resin-lean area,
glass/828-DDS.

14

Figure 11. Resin-rich region,
glass/828-00S.
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Figure 13. Ductile matrix
failure, carbon/
828-0DS.




Figure 14. Brittle failure, carbon/MY720-DDS.

Although the effect of resin Gic on the interlaminar Gyc of the composite
has been studied experimentally and reported in the literature (ref 5), no
attempt has been made so far to correlate the characteristic crack-tip plastic
zone size of the bulk resin to the size of the resin ligament in the composite.
The radius of the theoretical plane-strain crack-tip plastic zone (ry) of the
matrix can be calculated as

Fy = gigsi (3)
where E and oy are the elastic modulus and yield strength of the bulk resin,

Using representative vaiues for E and oy, ry for the 828-DDS and MY720-DDS
resins can be calculated at 2.7 and 0.8 um. Figures 13 and 14 indicate that the
resin ligaments between the fibers range in size from about 3 to 8 um. One
interpretation is that if the matrix layer is significantly thinner than Py,
then the crack-tip plastic zone is constricted, which would not allow sufficient
crack-tip blunting and would therefore reduce toughness. The matrix layer here

appears to accommodate the characteristic plane-strain plastic zone size for

15




these two resins and this could possibly explain how the matrix fracture energy

can influence the composite interlaminar Gp..

CONCLUSIONS

1. In tensile fracture studies, the carbon/bismaleimide laminate showed
significantly higher toughness than the carbon/epoxy composite. This is attrib-
uted to extensive debonding and pull-out of individual fibers in carbon/
bismaleimide and the virtual absence of the same mechanism in carbon/epoxy.

2. The bulk fracture energy of the resin makes a direct contribution to
the interlaminar fracture energy of the composite. However, other factors such
as crack branching and crack bridging also can absorb energy.

3. In interlaminar fracture, the characteristic plane-strain plastic zone
size of the bulk resin may influence the interlaminar fracture energy of the

composite.
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