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INTRODUCTION

In carbon/carbon (C/C) composites—i.e., a composite in which a carbon matrix is
reinforced with carbon fiber—it is found that when the matrix is derived from a
thermosetting resin, we always observe a distinct, highly gra hitizable and well-
orierited matrix interphase structure adjacent to the fibers.l2 Qualitatively, the
orientation of the interphase is the same as the fiber. It is important to note that
thermosetting resins are nongraphitizing when heated in bulk; they form isotropic,
amorphous “glassy” carbon. The structure of this interphase becomes more
prominent, i.e., more graphitic, as the heat treatment exceeds about 2200°C. We
have postulated? that the basis for this graphite interphase development is molecu-
lar orientation induced in the degradation of the polymer matrix to carbon as a
consequence of restraint of pyrolysis shrinkage at the fiber-matrix interface. More
specifically, we have hypothesized that the critical factor for development of
lamellar graphite (by subsequent high-temperature heat treatment) in this inter-
phase, rather than amorphous glassy carbon, is a state of multiaxial tensile defor-
mation during pyrolysis.2

An example of this interphase structure is shown in Figure 1. The matrix is
derived from polyarylacetylene (PAA) resin.34 The fiber is the Amoco PX-7,
open-wedge type. The photograph is from a scanning electron microscope
(SEM), in which the specimen has been argon-ion etched following polishing.
This ion-etching procedure has the effect of revealing the graphite layer-plane
microstructure, particularly when the graphite layer planes are predominantly per-
pendicular to the plane of section. Using this approach, we can effectively distin-
guish the graphitic interphase zone from the matrix proper—i.e., that portion of
matrix removed some distance from the fiber and which is not transformed to
graphite. Figure 2 shows a longitudinal section of a PAA-based composite heat
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Figure 1. SEM showing “stress-graphitized” matrix around Amoco pitch-based
PX-7 fiber following 2750°C HTT. Resin precursor was PAA. (Reprinted from
Carbon, 29, R. J. Zaldivar and G. S. Rellick, “Some Observations on Stress
Graphitization in Carbon-Carbon Composites,” 1155-1163, Copyright 1991, with
permission from Elsevier Sciences Ltd., Pergamon Imprint.)
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Figure 2. Longitudinal fiber-matrix interface of PAA/T50 composite heat treated to
2750°C, showing two strength-enhancing mechanisms: crack deflection along fiber-
matrix interface (bottom), and blunting of crack tip within well-ordered sheath (top).
(From “Processing Effects on the Mechanical Behavior of PAA-Derived C/C

Composites,” R. J. Zaldivar, G. S. Rellick, and J. M. Yang, SAMPE J. Reprinted by per-

mission of the Society for the Advancement of Material and Process Engineering.)

treated to 2750°C that was strained to failure in tension; the fiber is the PAN-
based T50 from Amoco. What we see in this very interesting photograph is both
crack blunting and deflection in the interphase zone. The crack at the top of the
photo is blunted at the interphase/glassy-carbon interface, whereas the bottom
crack is deflected along the fiber/interphase boundary.

Our objective is to study the structural details of the interphase region in more
detail using transmission electron microscopy in conjunction with selected area
(electron) diffraction (SAD). We also wish to explore the influence of matrix
microstructure on fracture behavior by using an in-situ SEM flexure stage that
permits us to follow the crack tip as it advances through the different microstruc-
tural regions.

RESULTS

Figure 3 reveals the matrix orientation between two fibers for a low HTT of
1100°C. The composite is unidirectional, with the fiber being mesophase-based
E75 (modulus of 75Mpsi = 520 GPa) from DuPont, and the matrix is PAA. The
SAD pattern is consistent with the layer planes oriented parallel to the fibers, as
expected based on the previous discussion and evidence from optical microscopy

and SEM.1-2  Note the rippling or striation effect in the matrix. These striations
run perpendicular to the layer-plane orientations and are believed to be the result
of the interaction of the ion beam with the oriented layer planes.5> Following
higher HTTs, the matrix reveals a highly lamellar texture, brought out by the ion
milling (Figure 4); SADs of this region confirmed its highly graphitized nature.

One immediate consequence of this strain-induced, oriented, and graphitized
matrix interphase in C/C is that the matrix becomes a two-phase system, the sec-
ond phase being the nongraphitized, glassy carbon. We would expect, therefore,
that the average density and shrinkage of a thermoset-resin-derived matrix will
depend on the relative proportion of the two different carbon structures and their
respective densities. Furthermore, we would expect the amount of graphitized
interphase to increase with the fiber volume fraction (ignoring the complicating
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Figure 3. Transverse sections of carbonized unidirectional composites: (a) BF image of
E75/PAA/1100°C; (b) matrix SAD of aperture zone in (a). (Reprinted from Carbon
32(1), G. S. Rellick and P. M. Adams, TEM Studies of Resin-Based Matrix
Microstructure in Carbon/Carbon Composites,” 127-44, Copyright 1994, with permission
from Elsevier Sciences Ltd, Pergamon Imprint.)
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Figure 4. Kink bands in transverse section of T50/SC1008/2900°C, BF image.
(Reprinted from Carbon 32(1), G. S. Rellick and P. M. Adams, TEM Studies of
Resin-Based Matrix Microstructure in Carbon/Carbon Composites,” 12744,
Copyright 1994, with permission from Elsevier Sciences Ltd, Pergamon Imprint.)




factor of fiber distribution). We recently attempted a measurement of the in situ
matrix shrinkage and in situ density as a function of HTT for a series of unidirec-
tionals fabricated from T50 fiber and both PAA resin and phenolic resin.6 The
results confirmed our suspicions—for both resin-matrix precursors, the average
matrix density for each HTT from 1800 to 2750°C increased with fiber volume
fraction. In addition, there were significant density differences between the two
matrices. For example, the density of the phenolic-derived matrix after 2750°C
HTT was 1.90 g/cm3, while for the PAA-derived matrix, it was only 1.77 g/cm3-
The respective fiber volume fractions were 0.45 and 0.32.

It was a characteristic feature of the phenolic resin to consolidate more efficiently
and, thereby, yield a higher fiber volume composite. However, the higher density
may also have had a contribution from a greater “intrinsic” graphitizability of the
phenolic resin. It was not possible to separate this effect from the fiber-volume
effect. However, to repeat, both matrices showed a positive dependence of den-
sity on fiber volume fraction, thereby establishing this as a real effect.

A much more interesting, but certainly more complicated, issue is the role of the
matrix (and the interphase region) in C/C fracture behavior. We recently studied
this phenomenon by using an in situ SEM flexure stage in order to observe the
interactions between the advancing crack tip and the microstructural features of
the composite in the frontal process zone. The composite was a single-tow uni-
directional made with DuPont E130 fiber and PAA-resin precursor. A sketch of
the experiment is shown in Figure 5.

A number of interesting phenomena were observed for HTTs of 1100 to 2400°C.
Following the lowest HTT of 1100°C, failure was dominated by the well-bonded

brittle matrix; a tortuous crack path in the E130 fibers (Figure 6) appeared to con-
tribute to a relatively high utilization of fiber strength in spite of this brittle matrix

|
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Figure 5. Schematic diagram of experimental
arrangement for in situ flexure testing
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Figure 6. View of crack propagation in E130 composite prior
to crack opening revealing intrafilament crack deflection.

failure. We attempted to calculate the interfacial shear stress (IFSS) that might be
generated by matrix shrinkage during pyrolysis of the polymer to carbon. These
values were compared to approximate calculations of crack-tip interfacial shear
stresses using the Cook-Gordon approach. The results suggested that the strong
bonding in the 1100°C HTT composite and the consequent absence of crack
deflection cannot be accounted for by friction alone, and, therefore, chemical
bonding or some type of fiber-matrix mechanical interlocking must be involved.

Higher HTTs lead to progressive weakening of the fiber-matrix interface, thereby
reducing the likelihood of matrix-dominated failure. For a HTT of 1600°C, we
observe fiber bridging across matrix cracks; this bridging contributes to crack-tip
shielding by the filaments. However, there are still well-bonded regions that
result in brittle crack propagation. The result typically is a mixed-mode type of
failure. With heat treatment to 2150°C, multiple matrix cracking (MMC) is
observed. Using the crack-spacing model of Aveston, Cooper, and Kelly (ACK),
an IFSS of 6 MPa was estimated for the MMC case. Attempts to calculate the
matrix failure strain using the ACK formulation led to a large overprediction of
the failure strain, although a number of the parameters used in the calculation are
known only very approximately. In addition, the onset of matrix interphase
(sheath) structure development is also first evident at the 2150°C HTT. In Figure
7 the interphase microstructure for the 2150°C HTT is seen in the SEM photo to

cause blunting of the crack, but no deflection of the crack along the sheath
(interphase) length. Something approaching an optimum strength utilization is
realized from the 2150°C HTT, based on independent uniaxial tensile tests.8 As
discussed previously,2 this interphase is a region of higher preferred orientation
and enhanced crystalline developmentd as a consequence of matrix deformation
during pyrolysis and carbonization. For the-case of the SEM in Figure 7, the
greater brightness of the sheath is most likely the result of its higher density,6
which results in a higher electron emission. Also, because of the relatively low
HTT of 2150°C, this matrix interphase sheath structure is not highly graphitized
and, therefore, in contrast, does not have the lamellar graphitic texture seen in the
highly graphitized E130 fiber adjacent to it.




With heat-treatment to 2400°C, the oriented matrix interphase now becomes well
graphitized, as evidenced by its lamellar texture, and is almost indistinguishable
from the graphitic E130 fiber (Figure 8 compared to Figure 7). Crack blunting at
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Figure 7. High-magnification micrograph showing crack
blunting in interfacial region of 2150°C heat-treated
composite.

MATRIX SHEATH

MATRIX el FIBER

Figure 8. High-magnification micrograph showing crack
blunting at graphitized matrix sheath stricture in 2400°C
heat-treated composite.
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the graphitized matrix sheath is also shown in Figure 8. The high degree of orien-
tation and lamellar graphitic structure of the sheath leads to significant delamina-
tion cracking in the sheath along the direction of the filament (Figure 9).
However, this intramatrix cohesive failure also reduces the load-carrying capa-
bilities of the matrix. Figure 10 is a higher-magnification view of a crack zone
showing well-defined regions of nongraphitized matrix, graphitized matrix sheath,
and fiber. Note the extensive debonding between fiber and matrix.

Following the highest HTT of 2750°C, the development of the graphitized sheath
interphase is very extensive along the length of the interfacial region. Figure 11
shows a sequence of two micrographs of the composite as it is strained. As the
crack propagates across the width of the composite, it is first deflected around a
zone of sheath (left side of Figure 11a). The fiber associated with this sheath has
been removed by polishing. The crack then becomes blunted at fiber F after it
passes through a second sheath. Further straining (Figure 11) leads to partial frac-
ture of filament F and extensive longitudinal splitting of the matrix sheath region
labeled S. Note the saw-toothed structure of the fractured sheath. At this point,
the intra-matrix cohesive failure of the sheath is very extensive, leading to a
decoupling of the surrounding matrix from the fibers. In addition to the very
weak coupling between fiber and matrix for this HTT, in a previous study, we
also found evidence of fiber degradation resulting from the C/C processing.8

Figure 9. Short-range longitudinal intramatrix splitting in
2400°C heat-treated composite.
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Figure 10. Crack zone showing well-defined regions of non
graphitized matrix, graphitized sheath, and fiber in 2400°C heat-
treated composite.

CONCLUSIONS .

Carbon/Carbon composites that are produced with a thermosetting-resin matrix
precursor form a distinct interphase of graphitized matrix adjacent to the fibers.
This interphase “sheath” can be as large as 1-2 pm in thickness. This structure
differs significantly from carbon matrix, which is at the same distance from the
fiber and which does not experience the orienting stresses at the interface, which
are believed responsible for the development of the stress-oriented and graphitiz-
able structure. Rather, this matrix, although usually fairly well oriented, remains
glassy, i.e., nongraphitic in structure. In many ways, it resembles the structure of
PAN-based carbon fibers. The structure of this interphase can be studied most
effectively by SEM and TEM. The development of a graphitized-carbon inter-
phase can have major effects on properties. Two are discussed in this publication.
The first is the effect on matrix density and associated matrix shrinkage. The
other is the effect on mechanical properties. The latter is much more complicated
and involves phenomena such as crack-tip blunting in the interphase in the early
stages of its development and longer-range crack deflection as well as intramatrix
cohesive failure in the later stages of development (HTTs of 2400 and 2750°C)
where the interphase becomes highly graphitized.
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Figure 11. Crack propagation through a 2750°C heat-treated composite at two
different degrees of strain.
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