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Abstract 

Carbon fibre reinforced carbon composites fabricated via the resin pyrolysis production 
route are often limited in performance by their poor interlaminar properties. This arises 
because of a brittle matrix phase and weak fibre/matrix interface. It has been shown that 
considerable improvements may be made in the interlaminar toughness of these 
materials by the addition of graphite particulate fillers to the matrix. A crack blunting 
and deflection mechanism was invoked analogous to those familiar in thermoplastic 
toughened epoxy resin matrix composites. The effectiveness of the toughening 
mechanism, quantified using fracture mechanics measurements, was found to depend 
significantly on both the amount and particle size of the filler. 

l. Introduction 

Carbon-carbon composites are a highly 
specialised family of carbon fibre reinforced 
composite mate1ials. They are produced in 
order to combine the advantages of fibre 
reinforced composites (high specific strength, 
stiffness and in-plane toughness) with the 
refractory properties of engineering ceramics 
(1). Their major application is as friction 
materials in the brakes of aircraft, racing cars 
and more recently, high speed trains. They are 
also used in rocket motors and the heat shields 
of re-entry vehicles. Furthermore, their 
chemical inertness _ and biocompatibility has 
attracted interest m biomechanical 
engmeenng. A variety of different 
manufacturing processes may be used 
including chemical vapour deposition, 
pyrolysis of thermosetting resins and high 
pressure carbonisation ofpitches (2). 

Thennosetting resins are attractive matrix 
precursors because they are relatively easy 
materials with which to impregnate fibres and 
because a large technology data base exists 

from their use in the polymer composites 
industry. All of the techniques used in this 
field such as hand lay up, pultrusion, filament 
winding and autoclave cured prepreg, may be 
easily modified to produce large artefacts of 
complex geometry suitable for conversion to 
carbon-carbon. The choice of matrix precursor 
resin is almost limitless. Having said that, 
when all the processing, property and cost 
requirements are reviewed, the choice is 
constrained to very few materials. Indeed 
commercially it is limited to phenolic and 
furan systems whose carbon yields vary 
between 50 and 65% (3). 

Thermoset resins form a "glassy", isotropic 
carbon upon pyrolysis in an inert atmosphere 
(4). The resin shrinks by up to 50% by volume 
during carbonisation to 1 000°C whereas the 
fibre geometry remains virtually unchanged. 
Consequently the microstructure of a 
carbonised composite is dominated by large 
scale porosity and shrinkage cracks. When 
heat treated to very high temperatures (in 
excess of 2300°C) a solid state "ordering" 
reaction takes place such that the isotropic 
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matrix is progressively converted to 
polycrystalline graphite (5,6). 

Relatively little capital investment in 
equipment is required to operate the thermoset 
resin fabrication route compared to its 
competitors. The technique is however labour 
intensive, particularly in the production of 
laminated structures and requires a good 
degree of operator skill and experience. The 
composites are carbonised in an inert or 
reducing atmosphere to around 850-1 000°C. 
The low carbon yields obtained necessitates an 
inefficient batch process involving multiple re
impregnationl carbonisation cycles to increase 
density and achieve usable mechanical 
properties. Heat treatment to graphitization 
temperatures of the order of 2500°C, shrinks 
the matrix increasing the degree of open 
porosity and aiding further densification. Even 
if a fully graphitized product is not required, 
the initial stages of the multiple step process 
often involve one or more graphitization 
treatments in order to attain an acceptable 
density more quickly. 

The density of the composites is observed to 
increase rapidly with the first two or three re
impregnation cycles but reach a plateau, such 
that there is little to be gained from carrying 
out more than four or five cycles (7). The 
densification process follows an approximate 
"11 power" law. This arises because an 
increasing propo1iion of the surface pores 
become blocked after the first few cycles 
reducing the efficiency of subsequent 
treatments. The inability of the multiple 
impregnation cycles eliminate the porosity and 
shrinkage cracks formed during carbonisation 
results is a relatively large number of cracks 
and voids present in the microstructure of so 
called "fully dense" materials. The mechanical 
properties of the composites are found to be 
considerably improved by the densification 
process. Flexure strength and modulus, and the 
in ter laminar shear strength of fabric reinforced 
materials, for example, were observed to 

increase by approximately a factor of three in 
line with a density increase from 1.42 to 1.78 
gcm-3

• In addition to mechanical property 
improvements the graphitization and 
densification process were observed to change 
the nature of the material's fracture behaviour. 
A transition from a brittle failure mode 
towards a more pseudo-plastic fracture was 
recorded with a corresponding increase in 
failure strain. Both carbonised and densified 
composites were however found to exhibit 
very low values of ínter laminar fracture 
toughness. This is a very serious property 
deficiency since the microstructure of the 
composites is dominated by cracks and other 
homogeneities. Flaws introduced during the 
initial pyrolysis cycle may grow as a result of 
the thermal loading of subsequent cycles such 
that the materials are extremely unpredictable. 
A composite structure may thus fail by 
delamination during service at a much lower 
load than it is designed to operate under. 
Furthennore they may even fail during 
processing due to thenno-mechanical loading 
of the heat treatment. 

2. Interlaminar response of composite 
materials. 

It is generally accepted that the interlaminar 
fracture mode is potentially the major life
limiting failure process in fibre reinforced 
composite materials subject to severe service 
loading (8).The test most often referred to in 
the Iiterature for evaluating the interlaminar 
performance of composites is the "short beam 
shear test" (9). A shortened span is used on a 
three point flexure test fixture in order to 
maximise the shear stress at the specimen's 
neutral axis. The shear testing of fibre 
reinforced composites is dominated by the 
matrix phase. When studying carbon-carbon 
composites, many of the techniques developed 
for polymer matrix materials are inappropriate 
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due to the extreme brittleness of the matrix, 
weakness of the fibre matrix interface and the 
inhomogeneity of the microstructure. In the 
short beam shear test it is difficult to establish 
a state of pure shear. The low strength of the 
matrix and interface renders the composite 
vulnerable to any extraneous local nonnal 
stress. A further complication is the existence 
of areas and planes of weakness, along which a 
specimen may fail preferentially, irrespective 
of the principal axes of the stress field. In 
multiphase materials such as carbon-carbon it 
is extremely likely that cracks will propagate 
in a non-self consistent manner i.e. they will 
deviate from the path of the initial crack 
direction. In most test configurations this will 
result in the measured property being notional 
rather than genuine. 

It has been shown that the intcrlaminar fracture 
toughness test is a useful method of 
characterising the interlaminar failure of fabric 
reinforced carbon-carbon composites (7). The 
energy per unit area required to propagate an 
existing flaw between the plies of the material 
is evaluated as a measure of the ability of the 
material to resist interlaminar fracture. Both 
carbonised and fully dense graphitized 
composites were found to exhibit extremely 
low values of interlaminar fracture toughness 
(G1c) . This would go some way towards 
explaining the susceptibility of the materials to 
interlaminar failure not only in service, but 
during the multi-step manufacturing process. 

3. Toughening mechanisms in carbon
carbon composites. 

The various toughening mechanisms which 
may be present in materials are illustrated in 
Figure l. The inherent toughness of a material 
is considered to be an "intrinsic" property 
whereas those mechanisms which are invoked 
in order to alleviate fracture are described as 
being "extrinsic" . The most important intrinsic 
toughening mechanism present in carbon
carbon composites is that of fibre bridging. 

This accounts for its in-plane toughness (7). 
The brittle matrix and weak fibre/ matrix 
interface on the other hand results in a very 
poor interlaminar toughness. Densification to 
reduce porosity and graphitization to promote 
a more compliant matrix, were observed to 
promote less than a 20% enhancement in 
toughness. This suggests that a significant 
improvement will only be achieved using an 
extrinsic mechanism 

Yasuda et al (1 O) demonstrated a degree of 
"ductility" within the matrix phase by the 
addition of particulate graphite filler. The 
graphite was observed to reduce stress 
concentration at the crack tip and promote 
crack branching. Restriction of shrinkage of 
the resin on carbonisation was also observed 
which reduced the degree of voidage in the 
interface region. The addition of graphite 
powder to isotropic carbon may be carried out 
to produce a particulate reinforced composite 
with improved mechanical properties (11, 12). 
Graphite was further found to retard the 
polymerisation of the precursor resin and 
substantially reduce shrinkage on 
carbonisation. Enhancement of mechanical 
properties, most notably plane strain fracture 
toughness (K1c), resulted from a crack blunting 
and deflection mechanism similar to those 
shown schematically in Figure l. The 
efficiency of this mechanism of toughening 
was found to depend on both the amount of 
filler and its particle size. Should a 
"composite" matrix prove successful in the 
fibre reinforced material, it seems reasonable 
to assume that there will be a similar scope for 
optimisation. 

4. Experimental Procedure. 

4.1 Materials. 

The precursor resins used in this study were 
Borden Chemicals' SC1008 phenolic and Qua
Corr Furan resin No.l 001 from the chemicals 
division of the Quaker Oats Corporation. Fibre 
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reinforcement was provided using Hercules 
AS4 PAN based fibres woven into a 280grn·2 

8-hamess satin fabric. The graphite powders 
were mineral graphites sieved to nominal 
particle size and obtained from commercial 
suppliers. The particle size distributions of the 
graphite powders were verified using a 
Malvem laser diffraction particle size analyser. 

4.2 Sample preparation. 

Graphite powders were added by weight % to 
the resin using a "Z-blade" mixer to produce a 
colloidal dispersion. Prepregs were produced 
to contain 50%± 2% by weight ofmatrix using 
a solvent process (1 ). Flat laminates, 1 O plies 
thick, were fabricated by a vacuum bag 
autoclave cure. Once cured the laminates, 
approximately 3mm thick, were post cured to 
remove any remaining volatiles especially 
residual water from the condensation reaction. 
The composites were carbonised by heating to 
1 000°C in an inert atmosphere at a heating rate 
of 1 ocmin-1

• Mechanical test specimens were 
fumished by slitting the carbonised laminates 
using a water lubricated diamond saw. The 
specimens were secured to a backing plate of 
acrylic sheet using double sided "sticky" tape 
in ordcr to mmnmse damage due to 
machining. All testing was carried out using an 
Instron model 5584 electro-mechanical test 
frame fitted with a 1 OkN load cell. This 
machine was operated in "position control" at 
a constant displacement of lmm.min-1

• 

4.3 Flexure testing_ 

Strength and modulus measurements were 
carried out using the three point flexure test 
(Figure 2). The flexure strength (crr) and 
flexure modulus (Er) were calculated as 
follows: 

O"f 

3PL 

2bd2 (1) 

E¡ = (2) 

where P is the failure load, 1 the span, b 
specimen breadth, d is specimen depth and m 
the slope of the linear portian of the 
loadldeflection curve. A span/depth ratio of 
40/1 was employed in order to minimise shear 
deflections within the sample. The 
interlaminar shear strength (ILS) was 
evaluated on the same fixture but with shorter 
specimens and a span/depth ratio of 4/1 to 
maximise the shear stress at the neutral axis. 
ILS was calculated from: 

3P 
ILS = 

4
bd (3) 

4.4 Interlaminar fracture toughness 

Interlaminar crack growth within the 
composites was studied using the double 
cantilever beam (DCB) test. The specimen was 
loaded by applying symmetrical opening 
tensile forces at the ends of the beam as shown 
in Figure 3. This enabled the mode I critical 
strain energy release rate (toughness) G1c to be 
ascertained. According to simple beam theory, 
a crack extension from {ato (a+~a)} induces a 
change in compliance resulting in a loss of 
strain energy (dU). Assuming a stable crack 
growth (G 1c is constant) then: 

(4) 

where U is the total energy stored m the 
specimen and bits width (13, 14, 15). 
Figure 4 shows a typical 
load/displacement/crack-length curve for an 
interlaminar crack propagating in a carbon
carbon composite of the type studied, where F 
and d are the applied load and corresponding 
deflection. The specimen is loaded to F¡ 
whence the crack begins to extend. The load 
drops to Fi+l whilst the crack extends from a¡ to 
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(a¡+aH). The energy released dU is equal to the 
area under the load/deflection curve dA. For a 
brittle material and a small crack that: growth 
increment the loading and unloading 
curves may be assumed linear such that: 

-dU = dA = Y2 (F; O;+r F;+1o;) (5) 

A mean value of G1c was determined by 
measuring F¡, F¡+ 1, d¡ and di+I for a series of n 
extensions oflength (a i+ 1-a¡): 

(6) 

i=J 

When carrying out DCB tests it was necessary 
to modify the procedures used for testing 
polymer matrix composites. This was in order 
to accommodate the different characteristics of 
carbon-carbon. It was found that simply 
attaching loading hinges to the surface of the 
laminates often resulted in flexura! failure of 
the two half beams rather than interlaminar 
crack propagation. The problem was rectified 
by bonding a 16 ply UD carbon fibre 
reinforced polymer composite to both sides of 
the specimen prior to attaching the loading 
hinges (7). This served to restrict the flexura! 
defonnation in the beams and cause cracks to 
propagate in the required manner. The 
specimens were 150mm in length and 25mm 
wide. When testing polymer composites it is 
standard practice to insert an initiation site at 
one end of the sample during the lamination 
stage. This generally takes the fonn of a 
double !ayer of aluminium foil, liberally 
coated in release agent, placed between the 
central plies. Clearly this is not possible with 
carbon-carbon. Any crack initiation material 
would at best be vaporised or at worst react 
with the substrate during the high temperature 
processing. Interlaminar starter cracks ;::;25mm 
in length were produced using a diamond wire 
saw. Crack length measurement was achieved 
via resistive crack gauges affixed to one side 

of the test specimen (Figure 5). The signals 
from the test frame and crack length measuring 
device were interfaced with the machine's 
control computer programmed to calculate G1c 
using equation (6) via a "GO SUB" routine 
provided by Instron Ltd. 

S. Results and discussion 

Table 1 shows the effect of varying filler 
content on the mechanical properties of the 
composites and Table 2 the effect of filler 
particle size. The results clearly show how the 
development of a particulate filled composite 
matrix improves both flexura] and interlaminar 
shear strength of the material. The 
strengthening effect is, as one would expect, 
limited despite the ability of the filler particles 
to resist the propagation of cracks. This is 
because the material's microstructure remains 
dominated by porosity and shrinkage cracks 
which can only be addressed by densification 
(7). The modulus appears unaffected by the 
presence of the filler. Presumably the particles 
neither aid nor hinder the stress transfer 
between fibres and matrix and composite 
stiffness is dorninated by the fibres. 

The most marked effect of the graphite filler is 
the improvement in interlaminar fracture 
toughness. The graphite particles are observed 
to blunt and deflect propagating cracks 
resulting in greatly increased work of fracture. 
Figure 6 shows a scanning electron 
micrograph of a composite with an unfilled 
matrix. The brittle isotropic carbon matrix 
offers little if any resistance to the propagation 
of cracks. By contrast, the electron micrograph 
in Figure 7 clearly demonstrates the 
effectiveness of the particulate fillers in 
producing a more tortuous crack path. The 
toughening method invoked appears analogous 
to that employed in the thermoplastic 
toughened epoxy matrix systems used in the 
aerospace and racing car industries (Figure 8). 
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The magnitude of the improvement in 
toughness was observed to depend 
significantly on both filler content (Figure 9) 
and particle size (Figure 1 0). The interlaminar 
toughness increased steadily with filler content 
up to around 15% after which it was reduced 
due to matrix inhomogeneity caused by 
insufficient binder. Referring to Figure 1 O, 
small particles do not appear to blunt and 
deflect cracks as well as large ones. Having 
said that, very large filler particle size resulted 
in a reduction in G1c. The most likely 
explanation of this is that there arises a 
situation whence it is energetically more 
favourable for a moving crack to pass through 
rather than around the particulate phase. This 
results in there being an optimum size band for 
the filler ofbetween 1 O and 30 ~m. 

6. Conclusion 

A study of the mechanical properties of fabric 
reinforced carbon-carbon composites, 
fabricated by thennoset resin pyrolysis, has 
shown the material to be particularly prone to 
failure by delamination. As a consequence the 
load bearing applications of the material are 
severely compromised. Furthennore the 
tendency to delamination contributes to a high 
scrap rate since components are liable to 
failure by this mechanism during processing. 
Previous work clearly demonstrated the 
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Table l. Effect of graphite filler content on the mechanical properties of carbon-carbon composites 

,,:;'])"'' ''" '; ' ''', " ''¡" '', ; ' ' ;, ' 

Filler Content (wt%) Flexure Modulus (GPa) Flexure Strength (MPa) ILS (MPa) 

O (furan matrix) 66.37 66.22 4.06 

O (phenolic matrix) 65.30 70.34 4.21 

5 (furan matrix) 63.28 74.95 4.24 

1 O (furan matrix) 62.55 96.50 4.60 

15 (furan matrix) 64.71 100.30 4.83 

15 (phenolic matrix) 65.87 98.13 4.74 

20 (furan matrix) 60.92 56.96 2.98 

25 ( furan matrix) 61.32 60.88 2.75 
- -----

Notes: Filler particle size constant at 1 O ¡..tm. 
Figures in brackets represent 95% confidence interval. 
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Tablc 2. Effcct of filler particlc sizc on thc mcchanical propcrtics of 20 carbon-carbon compositcs 

Filler particlc size Flexure modulus (GPa) Flexure strength (MPa) 

no filler (furan matrix) 66.37 

no filler (phenolic matrix) 65.30 

6¡.tm (furan matrix) 70.98 

1 O¡.tm (furan matrix) 64.71 

1 O¡.tm (phenolic matrix) 65.87 

20¡.tm (furan matrix) 67.91 

20¡.tm (phenolic matrix) 68.34 

25¡.tm (furan matrix) 73.71 

30¡.tm (furan matrix) 67.16 

50¡.tm (furan matrix) 67.49 

IOO¡.tm (furan matrix) 60.03 

Notes: Filler content constant at 15% by weight ofmatrix phase 
Figures in brackets represent 95% confidence interval. 
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Captions for Figures 

Figure l. Mechanisms oftoughening. 

Figure 2. The three point flexure test geometry. 

Figure 3. The DCB test geometry. 

Figure 4. Typical force-displacement-crack length curve recorded during the DCB test. 

Figure 5. DCB test in progress showing crack measurement using resistive foil gauge. 

Figure 6. Electron micrograph ofbrittle interlaminar fracture face in an unfilled 

carbon-carbon composite. 

Figure 7. Increased work of fracture resulting from dispersed particle toughening. 

Figure 8. Electron micrograph showing epoxy resin matrix composite toughened using 

inter-ply addition of thennoplastic material. 

Figure 9. Effect of graphite filler content on the interlaminar fracture toughness of 

carbon-carbon. 

Figure 1 O. Effect of filler partí ele size on the in ter laminar fracture touglmess of 

carbon-carbon composites. 


