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Conventional and high resolution transmission electron microscopy performed in this study 
provides some detailed microstructural information of a polyacrylonitrile (PAN) fibre- 
mesophase pitch matrix carbon-carbon composite which has not been published in open 
literature. The PAN fibre in this composite possesses a turbostratic structure throughout the 
fibre. The structure of the mesophase pitch matrix is graphitic and anisotropic. Near-fibre 
matrix crystallites are aligned roughly parallel to the fibre surface, exhibiting a flow-type 
morphology. The fibre-matrix interface in this composite is microfissured. Numerous 
microcracks exist both within the matrix and along partially bonded interfaces. The irregularly 
shaped interfacial microcracks readily expose the fibre surface topography. Microcracks within 
the matrix are formed between, and parallel to, the basal planes of the graphitic platelets. Such 
submicron-sized matrix cracks appear smaller and denser near the fibre-matrix interface. 

1. Introduction 
The unique properties of carbon-carbon (C-C) com- 
posites, such as high heat of ablation, high temper- 
ature strength, thermal shock resistance, chemical 
inertness and compatibility with human tissues, have 
drawn the attention of many materials scientists and 
engineers. These exceptional properties coupled with 
light weight suggest many aeronautical, aerospace, 
industrial and biomedical applications, including re- 
entry vehicle heat shields, solid rocket motor nozzles, 
aircraft brake discs, high temperature crucibles and 
surgical implants. The high temperature stability and 
"low-Z" feature have also made C C a strong can- 
didate for the first wall material of fusion reactors, 
although some problems, such as poor radiation re- 
sponse, high tritium inventories and gasification, are 
yet to be solved. 

In spite of the many conventional transmission 
electron microscopy (CTEM) and high resolution 
electron microscopy (HREM) studies on carbon fibres 
[1 6], mesophase [7-10], and other carbonaceous 
materials [4,11-15], little TEM work [16] on 
carbon-carbon composites has been published in 
open literature. The present work presents TEM res- 
ults of a commercial, three-dimensional PAN fibre- 
mesophase pitch matrix carbon-carbon composite 
which has been used as a rocket nozzle. Bright field 
(BF), dark field (DF), selected area diffraction (SAD) 
and HREM techniques were performed to character- 
ize the microstructure of the composite in some detail. 
This microstructural information would hopefully 
help understand properties of such a composite. 

2. Experimental procedure 
T-300 PAN fibres were used to reinforce a mesophase 
coal tar pitch matrix in a commercial, three-dimen- 
sional carbon-carbon composite. Following press- 
urized molten pitch impregnation, the composite was 
carbonized and graphitized. To meet the desired den- 
sity and properties, the impregnation/carbonization/ 
graphitization cycle was repeated several times. The 
detailed process parameters were not released due to 
proprietary consideration. 

Preparation of the carbon-carbon thin foils for 
TEM involved mechanical dimpling followed by ar- 
gon atom milling. Specimens about 0.5 mm thick were 
sliced from the bulk composite using a diamond saw. 
3 mm diameter discs were cut from each slice using a 
press drill. Such discs were mechanically dimpled 
(VCR Group D500 mechanical dimpler) to a thickness 
of roughly 10 ~tm (a 0.5 I~m diamond paste was used 
for the final stage of dimpling). The dimpled discs were 
then atom milled (ION TECH FAB 306 atom miller) 
at liquid nitrogen temperature. A beam current of 
1 mA and an initial incident angle of 25-30 ~ were used. 
After roughly 48 hours of milling, the bombarding 
angle was lowered to 10-t2 ~ until perforation. 

3. Results and discussion 
3.1. The fibre 
The basal plane orientation of the PAN fibres in the 
present composite was essentially turbostratic in 
nature. In transverse sections, the turbostratic struc- 
ture, as shown in Fig. la and c, exists across the 
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Figure 1 Microstructure and basal plane orientation of PAN fibre. (a) BF, transverse section; (b) BF, longitudinal section; (c) high resolution 
basal plane fringes, transverse section and (d) high resolution basal plane fringes, longitudinal section. 

whole fibre thickness. In longitudinal sections, the 
degree of perfection for basal plane alignment to the 
fibre axis decreases from fibre surface to fibre core in a 
gradual manner. A typical microstructure as well as 
basal plane alignment in a longitudinal section are 
shown in Fig. lb and d, respectively. Detailed 
microstructure and basal plane orientation of the 
PAN fibres used in the present composite has been 
reported elsewhere [17]. 

3.2. The matrix 
Like fibre basal plane orientation, the matrix basal 
plane orientation also plays an important role in 
deciding the properties of C-C composites [18, 19]. A 
typical transverse morphology within a fibre bundle of 

this composite is shown in Fig. 2a. The morphologi- 
cal differences between the matrix and the fibres are 
significant in this low magnification, BF micrograph. 
The intrabundle matrix crystallites are oriented 
roughly parallel to the fibre surface, exhibit a flow type 
morphology, as indicated in Zimmer and White's 
model [20] which is based on polarized light micro- 
scopic examination. The crystallites near fibre surfaces 
or between closely spaced fibres have better alignment 
(parallel to the fibre surface) than those far from fibres. 
Numerous microfissures, generated during fabri- 
cation, are clearly revealed within the matrix as well as 
along the fibre-matrix interface. 

Cranmer et  al. [21] have suggested that the align- 
ment of the mesophase material adjacent to a 
mesophase-substrate interface is primarily controlled 
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Figure 2 Microstructure and basal plane orientation of intrabundle 
mesophase pitch matrix. (a) BF, transverse section; (b) BF, longitud- 
inal section; (c) high resolution basal plane fringes, longitudinal 
section. 

by the flow motion of mesophase spherules. Although 
this circumferential, sheath-like morphology is most 
commonly observed in pitch-based C-C composites, a 
transversely aligned morphology of intrabundle ma- 
trix has also been observed [22]. The morphological 
differences between sheath-like and transversely 
aligned matrices have been attributed to the difference 
in impregnation pressure. High pressures were re- 
ported to produce a transversely aligned matrix, 
whereas low pressures produced a sheath-like matrix 
[22]. A study performed by Murdie et al. [23], how- 
ever, indicated that a transversely aligned intrabundle 
matrix could also be produced under an atmospheric 
carbonization condition. It seems that pressure is not 
the only factor determining the intrabundle matrix 
morphology (circumferential or transverse). 

The BF micrograph, Fig. 2b, shows a longitudinal 
morphology of an intrabundle matrix region. The 

crystallites in the pitch matrix are apparently much 
larger and more graphitic than in the turbostratic 
PAN fibre. It is interesting to note that this matrix 
region, though thin ( ~ 0.5 ~m), is not a single crystal- 
lite, but comprises a larger number of much thinner 
crystallites, each of which has a thickness of roughly 
0.0l to 0.02 gin. Fig. 2c shows high resolution basal 
plane fringes in a longitudinal section of such a region. 
This lattice image was obtained using a common 
tilted-beam DF technique. Compared to those in 
PAN fibres (Fig. ld), the basal planes in matrix 
crystallites are much better aligned. An example of 
crystallite splitting as well as basal plane bending, 
which serves as a major mechanism in crystallite 
boundary formation, is also shown in this lattice 
image. A similar basal plane alignment was found in a 
commercial mesophase pitch fibre [24]. The difference 
in basal plane alignment between those mesophase 
pitch fibres and the present PAN fibres are attributed 
to their different moduli and other properties. Usually, 
the more "straightened out" basal planes in meso- 
phase pitch fibres reflect a greater modulus. 

Typical edgewise (in terms of the geometry of 
graphitic platelets) morphology of the matrix between 
fibre bundles is shown in Fig. 3. Within a single 
mesophase domain, such as that shown in this region, 
all the graphitic crystallites are roughly parallel, sim- 
ilar to the bulk mesophase morphology described 
in numerous published articles. The selected-area 
( ~ 1 gm in diameter) diffraction pattern, Fig. 3c, in- 
dicates the parallel of the basal planes to the fibre 
bundle direction. 

Typical broad-face morphology of interbundle ma- 
trix platelets is shown in Fig. 4. The BF micrograph, 
Fig. 4a, exhibits a "replica-like" morphology. The 
granular feature is thought to be a result of sputter 
etching. The fine striations (marked by arrows) within 
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Figure 3 Edgewise morphology of interbundle matrix. (a) BF; 
(b) DF; (c) SAD pattern. 
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Figure 4 Broad-face morphology of interbundle matrix. (a) BF; 
(b) DF; (c) SAD pattern. Note the absence of basal plane rings. 



each "grain" are possibly atom milling-induced ledges 
of basal planes. The DF micrograph of the same area, 
Fig. 4b, shows more clearly the crystallite shape and 
size (0.1-0.5 jam). The actual crystallite sizes, however, 
are probably much larger than those sketched by the 
rotation type Moire fringes due to an overlapping 
effect. Such Moire fringe morphology has been ob- 
served earlier by Rouzaud et  al. [14] and Goma and 
Oberlin [13] in graphitized vapour-deposited carbon 
films as well as massive pyrocarbons. This type of 
morphology, to the author's knowledge, has not yet 
been reported in carbon-carbon composites. The ab- 
sence of basal planes, such as (0 0 2) and (0 0 4), in the 
SAD pattern (a double exposure was used to reveal 
better the weak (1 1 2) ring), Fig. 4c, confirms that the 
basal planes of the crystallites are perpendicular to the 
incident electron beam. 

3.3. The fibre-matrix interface 
Fibre-matrix interactions are one of the most import- 
ant issues for C-C, and, actually, for all kinds of fibre- 
reinforced composites. Fibre-matrix interactions in 
C-C composites can occur during infiltration/carbon- 
ization/graphitization process cycles as well as during 
applications (e.g., subjected to thermal and/or mech- 
anical loading). The bonding (chemical, physical and 
mechanical) between matrix and fibres is a key factor 
in determining the properties of a C-C composite. It is 
known that too strong a bond may cause brittle failure 
of a C-C composite, whereas too weak a bond may 
lead to extensive fibre pullout and an insufficient stress 
transfer. Generally, a moderately weak bond between 
fibres and matrix is preferred for C-C composites 
[-25-27]. 

The fibre-matrix interface in the present composite 
is generally discontinuous. Some matrix graphitic 
platelets are well bonded (the chemical nature of the 
bonding remains uncertain) to the fibre, whereas other 
platelets are poorly bonded or even entirely separated 
from the fibre. This interfacial morphology is some- 
what similar to the "fissured type" interface as classi- 
fied by Ragan and Marsh [28] in their study of bulk 
binder coke-filler coke composites. 

A typical example of this partially bonded interface 
is shown in Fig. 5. In the DF micrograph, Fig. 5(a), 
two mesophase domains (marked "A" and "B", re- 
spectively) with different crystallite orientations are 
observed in the intrabundle matrix region. Within 
each domain, the graphitic platelets are aligned roughly 
parallel to the nearest fibre surface, as discussed earlier 
in Section 3.2. The higher magnification BF micro- 
graph, Fig. 5b (the region marked "C" in Fig. 5a), 
clearly reveals the shape, size and distribution of the 
numerous microcracks along and near the fibre- 
matrix interface. The microcracks along the interface 
have an irregular shape which readily reveal the fibre 
surface topography. The mierocracks within the ma- 
trix are formed between graphitic crystallite platelets 
(the basal planes in the platelets are parallel to the 
platelet broad faces, as identified by SAD) and have a 
sharp, lenticular shape. These submicron-sized 
inter-basal plane cracks appear smaller and denser 

Figure 5 Fibre-matrix interface and near-interface matrix morpho- 
logy. (a) DF, transverse section; (b) BF, higher magnification of 
region 'C'; and (c) BF, higher magnification of region 'D'. 
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when they are near the fibre surface. Such circum- 
ferential microcracks surrounding the fibres have been 
suggested by Sohn et al. [29] to be capable of increas- 
ing toughness of a chemical vapour infiltration (CVI)- 
based C-C composite. Although mechanical property 
data of the present PAN-pitch composite is not avail- 
able, the numerous circumferential microcracks are 
thought able to play a similar role, i.e., to increase the 
composite toughness by deviating the paths (thus 
absorbing more energy) of advancing cracks. 

The BF micrograph, Fig. 5c (the region marked "D" 
in Fig. 5a), only ~ 0.5 ~tm away from the region of 
Fig. 5b, exhibits a markedly different near- 
interface matrix morphology. The matrix crystallites 
appeared thinner, more random and more bent than 
in Fig. 5b. Since the fibre structure and surface rough- 
ness in the two regions are essentially the same, the 
different near-interface matrix morphologies are 
thought to be the result of differences in their flow 
nature during mesophase transition, which, in turn, is 
sensitive to the local three-dimensional geometry of 
the fibre preform in the composite. 

4. Conclusions 
Conventional and high resolution transmission elec- 
tron microscopy in this study provides some detailed 
microstructural information which has not been pub- 
lished in open literature. The PAN fibre of the present 
PAN-pitch composite possesses a transversely turbo- 
stratic structure across the whole fibre thickness. In 
longitudinal sections, the degree of perfection for basal 
plane alignment to the fibre axis decreases from fibre 
surface to fibre core in a gradual fashion. 

The crystallites of the mesophase pitch matrix are 
much larger and more graphitic than in the PAN fibre. 
The matrix platelets are aligned roughly parallel to the 
nearest fibre surface and have a smaller size than those 
away from fibres. The near-interface matrix morpho- 
logy is largely affected by the pitch flow nature during 
mesophase transition, which is sensitive to the local 
preform geometry. 

The fibre-matrix interface is generally micro- 
fissured. Numerous microcracks are observed both 
within matrix and along the partially bonded inter- 
face. The microcracks along the interface have an 
irregular shape which readily outline the fibre surface 
topography. The sharp, lenticular-shaped microcracks 
within matrix are formed between and parallel to the 
basal planes of the matrix platelets. These circum- 
ferential submicron-sized matrix cracks appear smal- 
ler and denser near the interface. 
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