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The energy of crack propagation in carbon
fibre-reinforced resin systems

PETER W. R. BEAUMONT*, BRYAN HARRIS
Materials Science Division, School of Applied Sciences, University of Sussex, Brighton, UK

The energy expended during controlled crack propagation in unidirectionally reinforced
composites of carbon fibre in a brittle resin matrix has been evaluated in terms of the
energy dissipated during fibre-snapping, matrix-cracking and fibre pull-out. The work of
fracture, v, is found to depend principally on the frictional shear stress at the fibrefresin
interface opposing pulling out of broken fibres. Differences in y ¢ for carbon fibre/resin
composites exhibiting a range of interfacial shear strengths and void contents have been
explained with reference to variations in fracture surface topography of the fibrous
composites. The effect of environment on properties of the interface and work of fracture
was also investigated. The energy required to propagate a crack has been compared with
the energy for fracture initiation, v, using a linear elastic fracture mechanics approach. It
was found that fibre pull-out energy is the principal contribution to y¢, and y, is similar to

the elastic strain energy release rate at the initiation of fracture of a brittle, orthotropic
solid. For crack propagation parallel to fibres, ¥+ and v, are similar and not unlike the
fracture surface energy of the resin alone. The strength of the interface is important only

in so far as it affects the value of y,.

1. Introduction

An understanding of the events leading to
initiation and growth of microcracksin composite
materials under the combined action of stress
and some active environment should indicate the
important parameters for the design of a tough,
notch-insensitive engineering material. Although
the prevention of flaws and voids in materials is
highly desirable, their presence is nevertheless an
inherent feature of some types of composite.
Quite apart from the existence of internal flaws
in fibres, it is not unusual to find interfacial or
matrix porosity in the form of pockets of air
trapped during the fabrication process. This
raises the question of how composites containing
these and worse imperfections, such as cracks,
will perform under load, particularly in the
presence of an environment other than air.

The experiments described here have been
carried out from a fracture mechanics viewpoint.
We have measured the work required to fracture
unidirectionally reinforced composites of carbon
fibre in epoxy resin (CFRP) perpendicular to and
parallel with the fibre direction, using both

sound and porous materials. We have attempted
to establish the nature of the major energy
absorbing fracture processes in CFRP and to
isolate the mechanisms which influence crack
motion. The effect of moisture and oil on fracture
mechanisms has also been investigated.

2. A fracture mechanics approach to the
failure of fibrous composites

The resistance of a solid to microcracking, lead-
ing to the formation of macrocracks, can be
evaluated quantitatively by determining the
fracture “surface’ energy of the solid. In iso-
tropic materials, the release of stored elastic
strain energy per unit area of fracture surface
during initiation of microcracking, y1, may be
similar to the energy dissipated during its
extension to macrocrack dimensions, leading to
ultimate failure of the material. The relationship
between 91 and the ultimate strength of the
cracked solid, o3, is described by the classical
equation given by Griffith [1]:
a? (c)
ey 1

*Now at the School of Engineering and Applied Sciences, University of California, Los Angeles, California, USA.

© 1972 Chapman and Hall Ltd.

1265



PETER W. R. BEAUMONT, BRYAN HARRIS

where c is the critical size of flaw, and E is the
Young’s modulus of the solid.*

In composite materials, the multiplicity of
microfracture processes which influence the
formation and growth of microcracks makes the
separation of their characteristic energy-release
rates extremely difficult. The mechanism control-
ling the slow growth of a crack may be quite
different from that influencing its rapid propaga-
tion and, as a consequence, the resistance of the
composite to crack nucleation may not be the
same as for growing cracks [2].

The fracture surface energy of a carbon fibre-
reinforced polyester resin is much greater than
the sum of the fracture surface energy of the
fibre, y¢, and resin matrix, ym [3]. Additional
energy must, therefore, be absorbed by other
microfracture processes as the crack extends
through the composite. Fracture mechanisms
that have been proposed to account for this
extra energy include: (1) relaxation of a fibre
when it snaps, yr [4]; (2) debonding energy
released during separation of fibre and resin,
va [5]; and (3) fibre pull-out energy, yyp, to over-
come friction at the fibre/resin interface, during
extraction of the fibre [6]. The total work to
fracture the composite, ye, is now considered as
the sum of these fracture energies:

Ye=%t+T ¥Ym + yYr+ va+ ¥p

However, one or more of these microfracture
processes may control different stages in the
complete fracture of the composite, and the
resistance of the composite to cracking will
therefore vary as the crack extends.

Under certain conditions, the Griffith fracture
concept may be applied to anisotropic materials
and, by a further approximation, to the behav-
iour of fibrous composites. The problem of
extending a crack in an orthotropic solid, has
been considered by Sih, et al [7], and Wu [8].
Their calculations show that the usual Irwin-
Westergaard expressions [9] describing the
complete stress distribution about a crack tip
must be modified by functions containing the
orthotropic elastic constants of the material, but
that the stress field intensities at the crack front
are identical with those for an isotropic solid.

For an infinite plate containing a small crack,
the stress intensification at the tip of the crack is
given by:

K = 0w |(m0) )

where K is the stress intensity factor and o« is the
stress applied to the plate. When the crack
reaches a critical size, Kalso becomes critical, K,
and combining Equations 1 and 2:

Ke = v/(2E yy) 3)

= VEG = 128x1072 (6Nm2
Sp = VEy = 0.68x102
S = y/Ey, = -0.20x102
Ses = VG6y = 36.2x102

Figure I Relationship between principal stress directions
and fibre direction in composite.

If fracture is to occur on a plane of elastic
symmetry (the x,x, plane, Fig. 1) in a linear
elastic orthotropic solid, the critical elastic
strain energy-release rate for the opening fracture
mode is:

Si1 Sa]*
Gie = Kie? [——-—‘112 22]

S22 * 2S12 + S66 :|;i
Dmn 1 T e 4
[(S) + ( 25, ) @

where S;,, S,,, etc., are the independent elastic
compliances of the orthotropic solid for a thin
plate in plane stress.

Rearranging Equation 4:

G L[S
K1e®*  Eerr 2

() - ()] o

The reciprocal of the term on the right hand
side of this equation can be considered as the
“effective modulus” of the orthotropic solid for
for crack propagation in the x; x5 plane. The Si;

*In linear elastic fracture mechanics terminology y1 = G1e/2: Equation 1 refers, of course, to a state of plane stress.
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can be written in terms of the conventional
engineering elastic moduli of the composite, as
follows:

St = 1/Eyy;
Ses = 1/Ey, ;

and E;;, E,, vy, and G, can, in turn, be
calculated from the known elastic properties of
the fibre and matrix following an analysis by
Tsai [10]. Using this analysis with the fibre and
resin properties listed in Table I, and substituting

Sie = — vig/Eyy

Sse = 1/Gl2

TABLE I Fibre and resin elastic properties.

Engineering Carbon fibre Epoxy resin
moduli

E,, 360 (GN m~?) 3.44 (GNm™3)
E,, = Ey 344 (GNm2* 344 (GNm%
Vo R Va3 0.2 0.35

Gy 344 (GNm—2)* 1.27(GNm?)

*Data from Tsai [10].

the resulting values into Equation 6, we find that
the composite effective modulus is approximately
38 GN m—2

Thus if the critical stress intensity factor, Kre,
can be measured experimentally, the critical
elastic strain energy-release rate at the initiation
of failure can be calculated using Equation 4. It
is more useful to obtain values of y; than Kie
since the critical energy-release rate will give
some indication of the microfracture process
controlling the formation of a microcrack. It is
striking that the “effective” modulus is as low
as one sixth of the normal value of E,; for the
composite.

3. Experimental
3.1. Materials and fabrication

Epoxy resin plates reinforced with Morganite
type 1 (high modulus) untreated and surface-
treated carbon fibres were moulded using a

Figure 2 Microstructures of untreated fibre composites showing size, shape and distribution of voids: {a) zero

voids; (b) 3% voids; (c) 8% voids; (d) 12 % voids.
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“pre-impregnation” method [11]. Aligned
fibres are impregnated with a solution of epoxy
resin in acetone in the ratio 2:1 by volume. The
impregnated fibre mat contains approximately
55 wt 9% of resin and is dried in air at room
temperature to remove the acetone. By varying
the length of drying time, it is possible to control
the amount of retained acetone in the fibre mat,
and when the laminate is hot-pressed any
residual acetone evaporates and is trapped in
voids in the final composite. In the composites
investigated the void content was deliberately
varied between zero and 129,. The size, shape
and distribution of these voids in the untreated
fibre composite is shown in Fig. 2.

The resin system was “Epikote” 828/DDM
pre-condensate and “Epikure” BF3;400 com-
pounded in the ratio 125:4 parts by weight. The
diameter of the carbon fibre was 7.93 (£ 0.61) x
108 m: its tensile strength was 1.58 (4 0.44)
GN m~2 and its Young’s modulus was 360
(£ 31) GNm~? (figures in parenthesis are
standard deviations). The composites contained
40 vol % of either untreated or commercially
surface treated fibres. The commercial treatment
was the standard hypochlorite oxidation pro-
cedure.

3.2. Specimen design and mechanical
testing

Simple flexural and interlaminar shear strength
properties were measured on beam samples
loaded in three-point bending using span:depth
ratios of 25:1and 5:1, respectively. The modes of
failure in these two tests were always tensile and
shear, except in surface treated fibre composites
which failed consistently in tension even when
using a span :depth ratio of 5:1.

Two types of fracture processes have been
investigated; (1) where the crack has propagated
in a direction perpendicular to fibres, and (2)
where the crack extended parallel with the fibres.

3.2.1. Crack propagation perpendicular to
fibres

The work to fracture the composites has been
measured by three independent methods. Two
of these involve determining the energy necessary
to create two new fracture surfaces during total
separation of the composite in bending. This
energy includes that dissipated in the initiation of
a failure crack and the work to propagate a
moving crack through the material, and this can
be defined as the work of fracture of the compo-
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site, yp. The third method involved fracturing a
centre-cracked plate in tension to obtain the
energy-release rate, yy, at the initiation of
composite fracture. Ky was calculated from the
maximum gross stress for unstable crack growth
using an analysis by Isida [12] and ¢y obtained
using Equation 4.
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Figure 3 Design of specimens used for fracture energy
measurements.

The work of fracture, yr, was measured at two
different strain rates, using a slow three-point
bend test and a four-point Charpy impact test.
The slow bend test was carried out at a crosshead
speed of 2 x 10~% m sec—! on specimens of the
type used by Tattersall and Tappin [13]. The
work of fracture is obtained from the integrated
load/deflection curve divided by twice the
nominal surface area.

Impact tests were carried out on a miniature
Charpy machine of 2.75 Joules capacity and
striker velocity 2.54 m sec™! on single edge-
notched square bars, in which the root of the
notch had been sharpened with a scalpel blade.
The energy absorbed by the pendulum during
complete fracture of the sample is read directly
from the machine and is divided by twice the
fracture area to obtain yr. In both of these tests,
v is essentially the energy required to propagate
a dynamic crack through unit area of composite
material. The design of the specimens is shown
in Fig, 3.



THE ENERGY OF CRACK PROPAGATION IN CARBON FIBRE-REINFORCED RESIN SYSTEMS

3.2.2. Crack propagation parallel to fibres
Rectangular section bars containing fibres in the
direction perpendicular to the long axis were
fractured in slow three-point bending. In some of
the tests, specimens were positioned so that the
span:depth ratio was 4:1 (type A specimens).
By turning the bars through 90° the span:depth
ratio could be changed to 8:1 (type B specimens).
Several type A specimens were edge-notched
using a 0.2 mm thickness cutting wheel and from
the critical load to initiate cracking, Ki. was
determined using an analysis by Gross and
Srawley [14]. Since the reinforcing effect of the
fibres was small the flexural transverse modulus
of the composite was used as a first approxi-
mation in Equation 3 to obtain yr1. The specimen
design is again shown in Fig. 3.

3.3. Fracture energy of epoxy resin

Triangular and single edge-notched beam
specimens were machined from “‘as-cast” epoxy
resin and exposed to the same conditions as the
composite materials. Fracture was carried out in
slow three-point bending and Charpy impact.
The value of y1 was calculated from a measure-
ment of Krc and Equation 3 and yy was obtained
from the area-under-curve method and from the
Charpy energy.

4. Results
4.1, Effect of porosity on strength

The presence of voids in the resin phase and at
the fibre/resin interface has a strong effect on the
flexural strength and stiffness of the composite
(Fig. 4). This is perhaps not surprising if we
recall that a void content of 109 in a 40 vol ¥
fibre composite implies a porosity of about 20 9/
in the resin. Several models have been proposed
to explain the effect of porosity on the strength
and stiffness of composites [15-18]. Except for
the analysis of Foye [17], all of these approaches
assume that the composite contains a random
dispersion of spherical voids. Foye’s work indi-
cated that cylindrical voids may have a more
severe effect than spherical ones. The analysis of
Rosen [19] predicts that the longitudinal tensile
strength of the composite obeys a linear relation-
ship between strength and volume fraction of
fibre, and a non-linear variation with shear
modulus of matrix (Gp). The observed decrease
in flexural strength was, therefore, affected by
voids only inasmuch as the matrix stiffness was
affected by the porosity.

In considering the effect of porosity on the

{ T T 1 { T
700 |- ® FLEXURAL STRENGTH
O INTERLAMINAR SHEAR STRENGTH
800 &
« ..
" |
2 500 | ;
= )
i s
é 400 \T
| [
g * %
& 200}- 30 &
= X e
< o 25 ¢
[ T s E
izooi\o_ 1 T 20 &2
jurt 1 Q ol 4 z
It i 5 = ¢
w l =z
oo |- o 3e
X
-5 ’u-j o
[
o | | | | L Ldy 25
0 2 4 3 8 10 2
VOID CONTENT, %
{a)}
1 I !
140 — O VOID FREE —
EXPOSED TO STEAM
e ® 2% POROSITY
o 120 =
'
5|oo£ 0. _
"3 \\
3 Om o
3 8ol ]
a (1
g e ————— e
Z 60 —
[ 4
2
>
Yol ~
fre
20} .
I | 1
0
0 s 10 15

EXPOSURE TIME (DAYS)

Figure 4 Effect of voids on the strength and stiffness of
untreated fibre composites: (a) flexural strength and inter-
laminar shear strength versus void content; (b) effect of
steam at 100° C on flexural modulus.

interlaminar shear strength of the composite, we
shall examine two different cases of void shape
and distribution, namely, spherical pores with
cubic array, and cylindrical holes in a rectangular
array.

First we consider the effects of voids on the
shear strength of the resin and relate the results
to the interlaminar shear strength of the compo-
site. If the resin is assumed to contain spherical
voids and is subjected to an average shear stress,
7¢, then the maximum shear stress will occur
where the peripheries of adjacent voids are
closest. If stress concentration effects are
neglected, the maximum stress, T¢max), for the
resin only is [15];

Te
Te(max) = ————77—'—6—6'7/3
-5(5)
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where

N7 (RY
T Ve Vm 6\
R being the radius of the void and /s half the
distance between centres of the spherical voids.
Vv and Vi, are the volume fraction of voids and

matrix, respectively.
For a fibre composite containing voids,

Vy

=T

where V'¢* is the true fibre volume fraction of the
composite.

The interlaminar shear strength of the compo-
site is obtained by letting 7¢(max) be equal to the
allowable shear strength of the void-free
material, and solving for the average shear stress;
Te ks [§ ( VV )] 2/3 (6)

7w\l — Vi*

If the composite is assumed to contain
cylindrical voids, however, the maximum shear
stress will be;

Te (max) 4

Te
Te(max) = '——4E 172
T
where
w R2 Vv

CTAL Ta-vm
If the composite contains cylindrical holes, the
relationship between 7¢, Temax) and ¥y is;

7o 4v,  \v
N QY LA - 7
Te(max) (77'(1 - Vf*)> ( )

Fig. 5 shows a comparison between this
theoretical approach and the experimentally
measured values. The theoretical analysis for
spherical voids shows a better correlation with the
experimental Temaxy values for the porous
material tested in air and after exposing to steam,
but actual strengths are higher than predicted
ones, perhaps because the void distribution is not
random, as assumed in the models.

4.2, Effect of moisture on strength

A number of composite samples of varying void
content was exposed to water at room tempera-
ture, steam at 100°C, and a mineral oil at 100°C
for up to two weeks duration. The composites
picked up only about 0.5 wt % of moisture during

1270

hed
o

T/ Te (max)

CYLINDRICAL
VoIDs SPHERICAL
VOIDS

o
IS
T

O AIR —
@ STEAM

02—

I | | | | ]
0 2 4 6 8 10 12
VOID CONTENT, %

N

Figure 5 Comparison between theoretical and experi-
mental values of interlaminar shear strength for void-free
and porous untreated fibre composites.

immersion in water at ambient temperatures and
their weight remained unaltered throughout
exposure fo oil at the elevated temperature. By
contrast, as Fig. 6 shows, there was a continuous
change in weight of the void-free material during
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Figure 6 Amount of water absorption by untreated fibre
composites during exposure to steam at 100°C.

exposure to steam. There is an increase in weight
up to about 5% due to water absorption but at
the same time a loss of volatile constituents from
the epoxy resin. By weighing the unexposed
composite, reweighing after exposure, and
reweighing yet again after heating the material to
rid it of moisture, it was possible to plot a curve
of water pick-up and a curve for loss of volatiles
(Fig. 6). A pure resin control sample picked up
less than 0.1 % moisture during similar periods of
exposure. In an experiment where an untreated
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fibre composite sample was boiled in water
containing a fluorescent dye and then fractured
so as to produce the characteristic fibrous
appearance, it was possible under ultra-violet
light to observe fluorescence on the surfaces of
pulled-out fibres. This simple experiment suggests
that much of the moisture is absorbed by capil-
lary action at the fibre/resin interface. An
accompanying increase of about 5% in compo-
site volume suggests that the presence of
moisture may have caused some swelling in the
resin which could have resulted in a reduction of
the residual compressive forces in the matrix
over the surface of the fibres [20]. These com-
pressive forces may even have been reversed
leaving a resultant transverse tensile failure of the
fibre-resin bond before any application of external
applied stress.

Exposure of the untreated fibre composite to
steam has resulted in a decrease in flexural
modulus by about one-third (Fig. 4). For the

material containing about 129 voids, the
presence of moisture had only a marginal effect
on the modulus of the composite. The effect of
moisture on flexural strength and interlaminar
shear strength of the untreated fibre composite is
shown in Fig. 7. Water at ambient temperature
has had little effect on these properties but
exposure to steam has reduced both strengths by
some 50 %,. The presence of more than about 2%,
voids has encouraged the ingress of moisture
and the strength of the fibre-resin bond has
suffered accordingly (Fig. 5).

The flexural strength of the surface-treated
fibre composites was 0.60 GN m~2. No shear
failure could be induced in this material in short
beam bending, but a minimum value of 50
MN m~2 for the interlaminar shear strength was
estimated. Neither the flexural strength nor the
interlaminar shear strength values were signific-
antly affected by exposure of the strongly-
bonded material to steam or oil, but the fracture
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Figure 7 Effect of environment on flexural and interlaminar shear strengths of untreated fibre composites:

(a) exposed to water at 23°C; (b) exposed to steam at

100°C.
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IMPACT

Figure 8 Some scanning electron microscope observations of the fracture surface of an untreated fibre compo-
site after Charpy impact: (a) shear failure at tip of notch; (b) oblique fracture surface at 45° to fibre direction;

(c) compression failures at point of impact.

strength of the notched composite was reduced
by one-third.

4.3. Fracture perpendicular to fibres

Under certain conditions, the energy required to
break a composite in a controlled bend test may
be considered equivalent to the energy absorbed
by the pendulum during impact fracture and
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equated to the energy released during propaga-
tion of a moving crack. However, the modes of
failure in the two tests were quite different.
Fracture of the triangular section specimens
occurred by the initiation and propagation of a
planar tensile crack accompanied by the pulling
out of broken fibres behind the advancing crack
front. By contrast, fracture under impact loading
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UNTREATED FIBRE/EPOXY COMPOSITE

SURFACE-TREATED FIBRE/
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Figure 9 (a) Typical load/deflection curves obtained
during slow bending of triangular-section specimens;
(b) effect of void content on ultimate fracture load of
triangular-section specimens during slow bend testing.

was complex and consisted of a mixture of tensile,
shear and compression failure modes (Fig. 8).
Typical load/deflection curves for the triangular
section specimens are shown in Fig. 9. The
behaviour of the two types of material is quite
different.

Microscope examination of the fracture
surface of untreated fibre composite at the apex
of the triangle shows a planar matrix surface
with protruding fibres extending to an average
length of about 3 fibre diameters, at least an
order of magnitude less than that observed in the
bulk of the material (Fig. 10). The short pull-out
lengths may be associated with the rapid
extension and opening of the matrix crack, with a
corresponding high rate of fibre extraction [21].
If the epoxy resin is capable of viscoelastic
behaviour; the shear stresses along the interface
may relax as a consequence of the time-depend-
ent properties of the matrix, and the critical

fibre transfer length, /., will, in turn, be a rate-
dependent parameter [22, 23]. Composites ex-
posed to steam did not show this rapid fall off in
load at the initiation of fracture, but failure was
controlled and the length of pulled out fibres was
reasonably constant over the whole fracture
surface (Fig. 10).

4.3.1. Energy released during crack initiation

Values of K1c and y; obtained experimentally by
fracturing centre-notched plates perpendicular to
the direction of fibres are presented in Table II.
The values of yr are similar to the values of yx
measured by Charpy impact and slightly above
the values determined from slow bending shown
alongside. Clearly, the effect of improving the
strength of the fibre-resin bond has been at the
expense of the composite’s resistance to the
propagation of static cracks and y1 has been
reduced by a factor of about 5. Exposure to
steam had little effect on 1 for the untreated
fibre material but reduced y1 for the strongly-
bonded composite by a factor of about 2. The
experimental values of yr are much greater than
the theoretical estimates of yq or yr but are in
good agreement with yp (see Section 5). The
values of yr were unaltered after exposure of the
composites to oil at 100°C for up to two weeks
although the fracture load of the triangular-
section specimens had increased slightly (Fig. 9).

4.3.2. Energy released during crack propagation

Fig. 11 shows the influence of voids on the work
of fracture of wuntreated fibre composites
measured in slow bending and Charpy impact. In
these tests, the Charpy impact values were
consistently higher than the slow-bend values.
Only when the strength and stiffness of the
composite had been reduced by the porosity or
by exposing the material to steam did the two
tests give similar results (Fig. 12). Where the
strength and stiffness had been reduced signific-
antly for the porous composite containing 129
voids, the yr values measured by the two tests
were virtually indistinguishable. yr measured in
slow bending was not significantly changed by
exposing to steam, although the average fibre
pull-out length in the weakly-bonded material
increased by about a factor of 2 (Fig. 10).

The effect of surface treating the fibres was to
decrease both the average fibre pull-out length
(Fig. 10) and the resistance of the composite to
propagating cracks, yr, by nearly an order of
magnitude.
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(b) 800 um

(e) 800 um

(f) 80 um

Figure 10 Fracture surfaces of untreated and treated fibre composites observed in the scanning electron microscope: (a)
untreated fibre composite; (b) similar to (a) but after exposure to steam; (c) and (d) high magnification of (a) at apex

of the triangle; (e) and (f) treated fibre composite.

4.4, Crack propagation parallel with fibres

Table TII shows experimental values of Kie, y1
and yr obtained for the unreinforced epoxy
resin and fibre composites. In spite of the
difference in bond strength between the untreated
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and surface-treated fibre composites, the energies
required to initiate and propagate a crack in the
direction of fibres are similar and not unlike the
fracture surface energy of the epoxy resin.

The most obvious: difference between the two
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TABLE II Fracture toughness and work of fracture for cracking normal to fibres

Kdm™?2

Material Environment  Tensile test Charpy test Slow bend test yp =
e ve Virile
Kie Y1 (kI m=2%) &kIm™ 12d
(MN m~%/?) (kI m~—%) (kJ m—*%)
Untreated carbon/epoxy  Air 41.5 33.0 35.0 23.0 26.0
Steam 435 36.5 30.0 20.0
Treated carbon/epoxy Air 18.7 7.0 9.0 2.5 2.5
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composites is their apparent resistance to ® % %‘_
degradation by exposing to steam gauged by the ‘50“ ; - |fo ;ls
decrease in Kre and 1 of the weakly-bonded EXPOSURE TIME (DAYS]

material. Under such conditions, crack initiation  Figure 12 Effect of exposure to steam at 100°C on the
is being influenced by the weakened fibre/resin  work of fracture of untreated fibre composites perpen-
interface but the high vy values indicate that the dicular to fibres.

TABLE III Fracture toughness and work of fracture parallel to fibres

Material Environment Interlaminar Kie Y1 YF
shear strength (MN m—3/%) (Jm=2) (Jm™?)
(MN m~2)
828/DDM epoxy resin Air 1.20 345 330
Steam 1.05 250 144
Oil 1.04 260 190
Untreated carbon/epoxy Air 25 1.1 255 263
Steam 16 0.6 75 235
Oil 22 1.0 240 330
Treated carbon/epoxy Air w 1.2 340 208
Steam > 50 1.1 290 229
Oil i2 340 233
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Figure 13 Fracture energy measurements on untreated
fibre composites parallel to fibres: (a) effect of void
content; (b) comparison between yr and y1 values; (c:
effect of exposure to steam at 100°C (a zero voids, b 3%
voids, ¢ 129 voids).

matrix is controlling the growth of the crack as
fracture proceeds.

There is no appreciable difference between yy
values measured using types A and B specimens
(Fig. 13), and there is good agreement between
the values of yrandyx for the unexposed material.
The effect of a few per cent voids has reduced

1276

both of these by similar amounts. Exposure to
steam has reduced yr slightly for the void-free
material only.

5. Discussion
5.1. Energies to propagate a crack
perpendicular to fibres

if the release of energy at the initiation of failure
can be equated to the loss of stored elastic strain
energy in a fibre when it debonds and snaps, then
the fracture surface energy of the composite
according to Outwater and Murphy [5] is:

Vioi2y
4E; ®)

where ¥ is the volume fraction of fibres and y is
the length of fibre over which debonding has
taken place. This assumes that the interfacial
shear strength of the fibre-matrix interface is
zero after debonding and therefore the release of
stored energy is irreversible. However, if the shear
stress at the interface is maintained after the
fibre snaps, then the loss of energy when the fibre
relaxes is [4]:

Y1 =Ya =

Vf g f2 lc
TGE; ®
This can be re-written in terms of the fibre

diameter, d, and the interfacial shear stress, i,
using the relationship [24];

YI=Yr =

lc ar

4= (1o
where /. is the minimum length of fibre
surrounded by a matrix which can be loaded to
its breaking stress. We then have;

Vio®d
" = TEn (1

From Equation 11 it can be seen that yr is
inversely proportional to 7;, and comparing
Equations 8 and 9, ya > yr. Rough estimates of
ya and vy suggest that these are insignificant
compared with the measured composite fracture
energies. They are in fact of the order of only
0.5kJ m~2 for the untreated fibre composites and
about a tenth of this for the treated fibre material.

5.2. Crack propagation and fibre pull-out

When a fibre snaps, the interfacial shear stress,
71, may fall to some finite value, 7i', the frictional
interfacial shear stress. Behind the crack front, a
certain number of broken fibres will pull out of
the matrix, and the frictional forces acting along
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Figure 14 Schematic representation of the propagation of
a microcrack perpendicular to fibres showing debonding
at the crack tip and fibres pulling out behind the advancing
crack front.

the fibre/resin interface will resist the opening
and extension of the matrix crack (Fig. 14). It
can be shown that the energy required to over-
come the restraining forces at the interface and
to pull out discontinuous fibres of length I, is
given by [6]:

Viogl

Yr = 24‘f ° (12)
Viri I?

= T (122)

The average length of protruding carbon fibre
can be considered as equivalent to /./4 and yp
can, in principle, be computed from the above
equation. In our experiments we have varied the
shear strength of the fibre/resin interface, 73, by
an order of magnitude, and from Equation 10
we can estimate the value of /; for the different
composites. Theoretical yp values can now be
predicted for this kind of material having a range
of values of frictional shear stress, 71, from zero
up to the shear strength of the resin matrix
(Fig. 15). Superimposed on this theoretical plot
are experimental values of yy for the untreated
and commercially surface treated fibre compo-
sites, together with other work of fracture data of
CFRP composites containing fibres surface
treated by other methods [25, 3].

From scanning electron microscope studies of
the fracture surfaces of carbon fibre-reinforced

resin systems, the average fibre pull-out lengths
for the untreated and commercially-treated fibre
composites are about 304 and 2 or 3d, respect-
ively (Fig. 10). Substituting values for fibre
strength, fibre diameter, and the critical fibre
transfer length, [ (obtained from pull-out
measurements) into Equation 10, the interfacial
shear stress, 71, for the untreated fibre composite
is about 6.7 MN m~2 while that for the com-
mercially-treated fibre composite is 80 MN m~2,

An approximate measurement of the inter-
facial shear strength can be obtained indirectly
from the short beam flexural results using an
approach of Hancock and Cuthbertson [26]
where:

7¢ — (1 — X) ™m
b

(13)

7i is the interfacial shear strength; ¢ is the
measured interlaminar shear strength; and 7r, is
the shear strength of the resin.

The fraction, x, of fracture surface area of
fibre/resin interface to the total surface area of
one of the shear fracture planes is given by:

_ (Vf 77)1/2
T (Vim)2 4 1 = 2(Vifm)V®
Vi, the volume fraction of fibre is simply;

md®\ 1
Vi = (T) B

where b is the distance between centres of two
adjacent fibres.

For the untreated fibre composite, substituting
the values 0.40, 0.80, 25 MN m~2 and 90 MN m—2
for Vi, x, mc and m, into Equation 13, =3 will be
approximately 6.3 MN m~2, in good agreement
with the value of =; just estimated from fibre
pull-out measurements. The value of 7; is about
one-quarter of the experimental value of inter-
laminar shear strength, 7, of the composite.

The mean observed length of protruding fibre
was about 30d for the untreated fibre composites
and if we assume that the interfacial shear stress is
similar to the frictional shear stress at the inter-
face during fibre pull-out, then from Equation 12
yp = 26 kI m—2,

Similarly, the work required to extract com-
mercially treated fibres from the cracked resin
matrix, where /. is about 10d and 7; is about 80
MN m~2 is given by Equation 12a as yp, = 2.2
kI m-2

We assume that the value of 73 and =" for
these composites are approximately equal. It can
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be seen that the values of yr obtained by integra-
tion of the load-deflection curve are in good
agreement with the values of y, obtained using
this theoretical approach (Fig. 15). We conclude
that the pull-out energy, yp, consumed during the
opening and extension of the resin crack
contributes primarily to the work to propagate a
dynamic crack in a controlled manner through
these composites.

Exposure of the untreated fibre composite to
steam resulted in an increase of /; by at least a
factor of two, to a value of about 2004 (Fig. 10).
The effect of moisture was to reduce the com-
pressive forces of the resin over the surface of the
fibres so as to encourage debonding at the fibre/
resin interface. The debonded length will depend
on the value of 7i. Substituting a value of /. of
200d into Equation 10, 7; is calculated to be close
to 4 MN m~—2 Now the measured value of work
of fracture, yp, in slow bending, was about
23 kJ m—2 which is derived primarily from yyp. If
the measured value of yr and estimated value of
I, are inserted into Equation 12a, the value of +’
comes out close to 2 MN m~—2, which is about
half 7;, probably because of the presence of a
lubricating moisture film at the interface.

The apparent fracture toughness, K., meas-
ured for the untreated fibre composite fractured in
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air was about 40 MN m~%2, Substituting into
Equation 4 together with the estimated value of
Eettective) We have:
GIC/2 =yl = 21 kI m~—2

Similarly, the fracture toughness, Kic, of the
treated fibre composite was about 18 MN m~—%2,
so that yr = 4.25 kJ m—2 After exposing the
treated fibre composite to steam, Kic decreased
to a value of 13 MN m~%2 and yg is therefore
22kIm—2

The effect of moisture was to reduce the energy
to initiate unstable fracture of the well-bonded
material by about one-half. All the y1 values are
similar to the yr values measured in slow bend-
ing. For the untreated fibre composite, perhaps
this could be considered fortuitous in view of
some work of Beaumont and Phillips [27] who
have shown that the application of linear elastic
fracture mechanics to weakly-bonded composites
may be invalid.

Improving the interfacial shear strength of the
composite by about an order of magnitude has
resulted in a drastic reduction of y1. It appears
that the energies necessary to propagate a static
crack and a moving crack under controlled
conditions are very similar. For the treated fibre
composite exposed to steam, the reduction in yr
by about a factor of 2 can be accounted for by
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the decreased notched strength of the material.
This would also account for the reduction in
Charpy impact energy after exposure to moisture.

6. Conclusions

These results suggest that the energies dissipated
in crack initiation and propagation in the
weakly-bonded composite are derived principally
from the work of fibre pull-out, yp, but in the
strongly-bonded material the Griffith fracture
energy, i, is greater than yp and is determined
mainly by the amount of work to fracture a
brittle orthotropic solid.

The simple approach of equating the work of
fracture, vy measured in slow bending with
theoretical values of v, calculated wusing
Equation 12a is apparently an acceptable
approximation, as shown in Fig. 15. It is
postulated that the energy required to propagate
a slowly moving crack in CFRP composites is
proportional to /o2 and 7;', the frictional interface
shear stress, and the increase in one of these
parameters is at the expense of the other. The
poor correlation between the work of pull-out
and the total work of fracture for the untreated
fibre composites exposed to steam is because 71’
becomes significantly less than 7j, the total
interface shear stress. The fibre pull-out length is
controlled by the value of i and the theoretical
value of yp is determined by =i'. The good agree-
ment between yx and yp above a minimum 7y’
value is an indication of the similarity between
71 and 71’ during pulling out of the broken fibres.
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