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ABSTRACT

The three-dimensional microstructure and macrostructure of
various PAN-based carbon fibres has been characterized by bright- and
dark-field transmission electron microscopy, and quantitative clectron-
diffraction analysis.

A skin-core heterogeneity was observed for all fibres heat
treated to 2500°C, irrespective of type and time of stabilization cycle,
the skin being variable in longitudinal extent and width, but typically,
0.1 ym in thickness - much smaller than the sheath zone attributable
to oxidation, which has been observed in optical microscopy. At 1000°C
and 1500°C, only a few layer planes at the fibre surfacc can be
. considered as forming a skin structure, and it is proposed that pro-
gressive growth- inwards of a well-oriented skin structure occurs at
heat-treatment temperatures in excess of 1800°C. The nature of the
fibre surface so formed would suggest that the number of edge sites
suited to bonding with a resin matrix in untreated fibre is inversely
related to heat-treatment temperature. Examination of 'first-cut'
sections suggests that the surfaces of the fibres are rippled, with,
at 2500°C , the c-axes of skin crystallites being predominantly normal
to the fibre surface; this is confi'rmed by scanning electron micros-
copy and examination of transverse sections.

In cross section, the sheath and core zones, first observed
in optical microscopy, have been shown to possess no preferred trans-
verse c-axis orieﬁtation, it being proposed that structwral differences
between the zones lie in a crosslinking mechanism during oxidative
stabilization.

The origin of the intrinsic oriented structure of PAN-based
carbon fibres has been traced, by quantitétive electron-diffraction

analysis, through heat treatment at 2500°C, 1500°C and 1000°C to the
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important pyrolysis range 400 - 600°C. At this temperature it is
proposed that a uniform angular spread of stacking size exists within
the azimuthal spread of the (002) reflection. Heat treatment,
particularly at 2500°C, causes the preferential growth of those
crystallites aligned closest to the fibre axis, while the réle of
smaller crystallites oriented at high angles to the fibre axis is
thought to be one of interlinking.

Surface and internal flaws, involving large crystallite
misorientations, have been observed in type I fibres, and using the
Reynolds - Sharp theory for fibre failure, estimates of mechanical
proper;ies for such fibres have been made which are encouragingly
close to the observed values. In the absence of internal voids
and the surface skin characteristic of these fibres, an intrinsic
strength of 7 Gl\lm""2 and strain-to-failure of 2% is predicted. Enhanced
crystallization effects have not been observed in fibres heat treated
to 1000°C or 1500°C, and the fracture of these fibres at strains*
below 2% is thought to be due to the presence of gross internal and

surface voids, flaws and irregularities.
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THE PRODUCTION, PROPERTIES AND STRUCTURE OF CARBON FIBRES.,



1.1 THE STRUCTURE OF GRAPHITES
line graphite
The valence electrons of carbon permit trigonal bonding

1-1-1 NYE€

a-dimensionally crysts

between each atom and its three nearest neighbours, resulting in the
two-dimensional hexagonal lattice shown in Fig. 1. Debye and Scherrer!
proposed that adjacent layers of this lattice are produced by normal
and parallel translations along a bond by one bond length, successive
translations being in the same direction. By this scheme the pro-

jection of atoms in every third layer is identical - ABCABCA....
stacking - the rhombohedral form (Fig. 2a.). The alternative

ABABABA. ... stacking (Fig. 2b,) first proposed by Hull? has since
been confirmed by Bernal3, but more recently“:»5:% both forms have been
shown to exist. The unit cell (Fig. 3) has the following dimensions:-
a=bp=0, 24614 nm 1
¢=0.6707 nm
with d;,4=0.21316 nm and d110-0.12307 nm,

1.1.2 Polycrystalline graphites
In paracrystalline forms of carbon the individual layer

planes vary in perfection and, in poorly-crystalline materials, are
thought to be wrinkled and to contain vacant lattice sites., Although
the layers in most structures are arranged parallel to one another,
to form crystallites, the less-crystalline structures are thought to
contain substantial fractions of disorganized carbon. The properties
of a typical paracrystalline carbon have been found to depend upon:-
(i) the size of ‘the crystallites

(ii) the orientation of the crystallites

(iii) the density

(iv) the microstructural organization.

The essential structural difference between paracrystalline
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Fig. 1. The two-dimensional hexagonal arrangement of carbon atoms _in
a single graphite layer.

Fig. 2. Alternative stacking sequences of layer planes in graphite -
(a) the rhombohedral form, and (b) the hexagonal form.



Fig. 3. The unit cell of graphite.
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carbons and perfect three-dimensional graphite is that the adjacent
sheets. of hexagonally-arranged carbon are not ordered with respect

to one another, Fig. 4, so that the structure possesses two-dimensional
order only. Such a structure is termed turbostratic, from turbulent
(disturbed) and stratify (to formm in layers). The unique nature of
turbostratically-stacked graphite means that aggregates of heavily
cross-linked, but small, crystallites can form dense strong forms

of carbon.
The strong inter- and weak intra-layer bonding causes

high anisotropy in the properties of individual crystallites. The
extent to which a bulk carbon reflects this anisotropy depends on
the degree of crystallite orientation; when this is high the
anisotropy of the bulk material approaches that of the constituent
crystallites; when the crystallites are randomly oriented the
anisotropy of the individual crystallites is perfectly averaged,
so that the aggregate is isotropic. It is the study of the size,
shape, orientation of, and crosslinking between the individual
crystallites in relation to the mechanical properties of carbon

fibres that is the main concern of this thesis.

1.2 THE MANUFACTURE OF CARBON FIBRES
1.2.1 The carbon fibre process

In post-war years the search for new materials for use in

structural composites generated an upsurge of interest in the carbon
fibres first produced for use as incandescent lamp filaments. The
appreciation that the basal planes of the graphite crystal possess
enormous mechanical strength led to the exploration of possible
avenues of exploitation, with the result that relatively strong,
flexible fibres were produced from pyrolyzed viscose rayon. Low-
strength, low-modulus carbon yarns and fabrics were also made by the

Union Carbide Corporation 1n the early 1960's, and these were used as



tape windings for rocket nose cones and heat shields.
In 1960 Bacon’ had produced graphite whiskers, in the form

of rolled scrolls, which had mechanical properties encouragingly close
to the theoretical limits (in terms of crystal properties). Although
impractical for industrial use, this discovery was important as it
gave a direct experimental demonstration of the physical potential

of carbon fibres..

A significant break-through in carbon-fibre technology occurred in
the period 1960 - 1965, when it was discovered independently by Bacon
et al.®, Shindo?,10,11 Watt et al,12,13,1% and Standage and Prescott!>
that very high-strength carbon filaments could be obtained by subjecting
a suitable precursor fibre to a continual tensile stress at some stage
of the preoxidation or heat-treatment process, It is the high values
of specific modulus and strength, due in part to a low density (about
2.103kg.m™3) that made these néw carbon fibres attractive materials
as structural reinforcing agents; they form the basis of a riew type
of lightweight, stiff and strong material that promises to find
extensive use in, for example, aerospace structures, Regrettably,
carbon fibres have yet to realise their potential in these specialized
fields, but recently high-strength fibres have found increasing use
in a wide range of sporting and recreational equipment,

At present there are five main types of commercially avail-
able high-strength carbon fibre; these are derived from a-cellulose
(e.g. Thornel), polyacrylonitrile (PAN) (e.g. Grafil, Modmor), pitch,
lignin, and mesophase pitch, This thesis is concerned with the PAN-
based materials, and the other types will not be considered in detail,

The manufacturing process of the commercial fibre varies

in detail, depending on the precursor pol);mer and the heat-treatment

cycle used. Typically the process involves the following basic steps;-



(1) preoxidation at a low temperature (200 « 300°C) to promote
crosslinking, thereby stabilizing the precursor,

(ii) carbonization in an inert atmosphere at about 1000°C to produce
type A fibres,

(iii) further heat treatment at 1500°C for type II (high-strength)
fibres, or at 2500 - 3000°C for type I (high-modulus) fibres.

The rayon-based fibres are usually stressed at high heat-
treatment temperatures, whereas the PAN-based fibres are stressed
during the low-temperature oxidation step, Both precursors lose
50 - 80% of their initial weight during high-temperature heat treat-
ment.

The outstanding mechanical properties of carbon fibres

become of practical interest only if they can be efficiently trans-
lated into a usable structural form, such as a composite, Although

the intrinsic tensile properties of carbon fibres appear to be

directly related to the size and orientation of the graphitic subunits,
the properties of a fibre-resin composite depend to a large extent on
the nature of the fibre -matrix interface, In order to understand

the mechanical properties of such a composite it is important to

characterize the surface and bulk structure of the fibres at both

a micro- and a macro-level.

1.2.2 The production of carbon fibres from PAN

A. Stabilization and pyrolysis
PAN fibres require a low-temperature air oxidation at
220°C in order to prevent degradation at higher temperatures.
The 1mportant difference between Shindo's early work!? and the Royal
Aircraft Establishment (R.A.E,) processl2,13,1% js that in the latter
case the fibres are prevented from shrinking during oxidation. This

- prevents the molecules within the stretched PAN fibres returning to
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Fig. 5. The molecular structure of PAN.

Fig. 6. The condensed naphthyridine ring structure of vacuum-stabilized
PAN. After Grassie and Hay!®.



temperature (about 90 - 120°C). As the orientation of the graphite

planes in carbon fibres is related to molecular orientation in the

acrylic precursor, this is obviously an important consideration.
a. Chemistry of the low-temperature process - the theory of

intra-mo Zeéular cyelization
It is widely accepted that PAN, which is a linear molecule

carrying nitrile side-groups (Fig. 5), forms an oxidized ladder
polymer, the exact structure of which is not clear, when heated in
air. Grassie and Hayl®, however, have shown that when PAN is heated
(without weight loss) in vacuum at 180 - 230°C a condensed
naphthyridine ring structure (Fig. 6) is formed. Recently, Watt and
Johnson!’7 have shown that ladder-polymer formation is a prerequisite
to oxidation, which would appear to be through a pyridone structure

as proposed by Potter and Scottl8, However,three of the four formulae

proposed for oxidized ladder polymer!8,13,20,21 ~an he reconciled by

tautomeric changes and different oxidation mechanisms (see Fig. 7).
The lengths (n) of the conjugated sequences are considered to be of
the order of 4 - S monomer units, and depend on termination effects.
Goodhew et al.?2 propose that termination occurs when a nitrile
group, adjacent to the growing end of the cyclized chain, fails to
propagate due to steric hindrance?3; this is characterized by the
formation of ammonia?“4,2%, Furthermore, it was proposed that the '
effect of the preoxidation treatment is to produce longer lengths of
conjugated sequences (Fig. 8), as confirmed by increased HCN
evolution®*»2%. Although there is considerable controversy regarding
the type of bonding of the oxygen to the ladder polymer, there is
little doubt that the methylene hydrogen atoms react during oxidation,

and if the conditions are held for a sufficient length of time all



10

KETO -« FORMATION

INITIATION AND FORMATION OXIDATION TO
BY LOSS OF WATER

OF LADDER POLYMER HYDROPEROXIDE

c(URE
OH
(
/CH, /!:\ “*090 CH:
NS CH C
J: (l: TAUTOMERIC CHANGE TO
O/\O \N/ PYRIDONE STRUCTURE /\ \/ NH:
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changes and different oxidation mechanisms. After Watt and
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Fig. 8. Chemical formulae of (a) air-stabilized, and (b) vacuum-
stabilized PAN. After Goodhew et al.??.
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these hydrogen atoms disappear. At the same time, elemental analysis?’

indicates that only one third of the hydrogen atoms are removed,
whilst infra-red spectroscopy shows the simultaneous develoﬁment of
hydrogen-bonded species, indicating the presence of hydroxyl groups.
Additional infra-red evidence regarding the presence of carbonyl
groups would seem to suggest that the main form of oxygen is in
hydroxyl or carbonyl groups, confirming most of the models depicted
in Fig. 7. Bailey and Clarke?! have also shown that carbon double
bonds are produced readily on oxidation and postulate that these add
to the physical stability of the ladder polymer.

During the subsequent pyrolysis, Watt?® has shown that
the appreciable increase in modulus obtained by heating from 300 to
1000°C can be associated with a cross-linking mechanism and evolution
of HCN (Fig. 9a.) and H,0. Nitrogen evolution as elemental nitrogen
starts at 600°C and reaches a maximum at about 900°C; consequently

a cross-linking reaction between adjacent portions of ladder polymer

was proposed (Fig. 9b.).
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b. Chemistry of the low-temperature process - the altermative

theory of fragmentation and intermolecular reactione

None of the conventional cyclization theories outlined above
adequately explain the role of oxygen during the initial stages of
pyrolysis, and all the proposed structures are highly idealized.
Gaulin and McDonald3? however, have interpreted the results obtained
from elemental analysis in terms of intermolecular reactions previously
unconsidered. They found that intramolecular cyclization to yield a
linear ladder polymer is incompatible with experimental observations,
which suggest that the reactions involve elimination, fragmentation,
intermolecular crosslinking, and cyclization induced by dipole inter-
actions between pendant nitrile groups.

Fig. 11. Intermolecular dipole attraction between pendant nitrile groups
of PAN molecules. After Gaulin and McDonald30.
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It was proposed that decomposition products derived both
during heating PAN in vacuum at 260°C (where the characteristic

exotherm was observed), and during subsequent pyrolysis, can be
explained in terms of fragmentation reactions, while the higher
temperature products (HCN and N,) are derived by elimination
reactions from the intermediate heterocyclic structures. However,

after air oxidation, the degradation processes were shown to shift
to higher temperatures, and the production of COZ’ HZO’ Nl*l3 and

HCN during the preoxidation stage was considered as further evidence
of extensive fragmentation. It was found that most of the carbon

monoxide was evolved at 550°C, and it was claimed that this was

attributable to aryl ether groups, inferring that appreciable cross-
linking occurs during preoxidation through ether formation via
elimination of water from hydroperoxides (Fig. 10).

Cyclization was proposed to be the result of elimination
reactions induced by dipole interactions between the pendant nitrile
groups. The conventional scheme of intramolecular cyclization requires
considerable isotacticity, which is incompatible with conformation
studies and the solution properties of PAN; the proposed syndiotacticity
being in fact derived from the strong repulsive dipole effects between
neighbouring nitrile groups3!. It was further proposed that the . ‘
presence of these strong dipoles leads not only to intramolecular
repulsion, but also to intermolecular attraction (Fig. 11). In the
light of these facts several structures amenable to ring closure
are conceivable, and it was proposed that the actual mechanisms of
both oxidative stabilization and subsequent thermal degradation of
the 'cyclized' polymer are far more complex than previously supposed.

B. High-temperature heat treatment

Carbon fibres fall into the category of 'hard' or non-

graphitizing materials, and as such retain a very imperfect structure
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even after prolonged treatment at very high temperatures and ambient
pressures. Complete graphitization would only be achieved under the
influence of combined high pressure and high temperature - a technique
not used in the conventional carbon-fibre process. In carbon fibres
heat treated at 1500°C there is substantial, though imperfect,
organization of the carbon into graphite-like layers; the purpose
of further inert heat-treatment is to increase the crystallite size
and improve the preferred orientation; this is accompanied by improve-
ment in the perfection of the graphite layers, and a decrease in both
inter-layer d-spacing and disorder. It should be stressed however
that the structures produced at 2500°C are still essentially
turbostratic, and use of the term 'graphitized' when referring to type
I fibres is erroneous. Consequently, carbon fibres will be referred
to in this thesis by the maximum heat-treatment temperature (HIT)
that they have experienced.

Although type I fibres are potentially useful as structural-
reinforcing materials (they have moduli close to the single crsrstal

theoretical modulus) their use has declined recently due to the low
strain-to-failure that they exhibit.

1.3 THE STRUCTURE AND MECHANICAL PROPERTIES OF CARBON FIBRES

1.3.1 Mechanical properties
A. Conventionally-produced fibres.

The Young's modulus of a perfect single crystal of graphite
parallel to the basal planes is close to 1000 Gﬁ'z (five times that
of steel), yet that normal to the basal planes is less than 40 Gl*in”2
(one half that of aluminium)32, The modulus for basal plane shear is
only about 4 Q- for dislocation free graphite, and more than an
order of magnitude lower than this value (equivalent to that of

polyethylene) for graphite which contains dislocations. The theoretical



16

2 33

tensile strength parallel to the basal planes is at least 95 GNm_
-2

and strengths as high as 20 GNm - have been measured in graphite

whiskers’. By contrast, the shear strength between basal planes for

dislocation-containing, but otherwise perfect, single-crystal graphite

2 34

is only approximately 1 MNm~ . As will be shown later the amount

and type of crystallite interlinking in carbon fibres, where in many
cases the crystallites contain numerous dislocations and voids, is
of great importance from a strength/shear point of view.

Carbon fibres with average tepsile strength (aB) of 1.8 to
2.1 GNm 2 and Young's modulus (E) of about 420 (l\lm"';2 were first .
reported12,15 in 1966, although Shindo!? had produced fibres of
tensile strength about 0.7 Gl\lm""2 and modulus about 150 GNm™? as early
as 1961. In 1967, Moreton et al.!3 published results showing that the
choice of an optimum HIT of about 1500°C produced fibres of higher
strength (ébout 3 GNm"z) than those obtained by heat treatment at
2500°C (about 2.2 GNm™°). However, where fibres of high modulus
(greater than 350 G\hn"z) are required, it was shown that heat treatment
at or above 2500°C is necessary. In one exceptional case a fibre heat
treated at 1600°C exhibited a tensile strength of over 5 GNn~% - one
quarter of the maximm op measured by Bacon ’ for graphite whiskers.

By 1968, Watt and Johnson3° had examined the effect of heat
treatment and precursor stretch ratio on Young's modulus. As expected,
the modulus increased with increasing heat-treatment temperature,
indicating fhat the preferred orientation of the turbostratic
crystallites which constitute the fibre is improved by heat treatment.
Similarly, the modulus of the final carbon fibre, whether it is heat

treated at 1000, 1500 or 2500°C can be improved by stretching the

precursor.

The tensile strength was shown to be highly dependent on the
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tension maintained during oxidation, with length changes between O and
+20% necessary to produce optimum strength in fibres prepared at heat-
treatment temperatures of 1000, 1500 and 2500°C. In exceptional
circumstances the strength fell by a factor of three when the fibres
were allowed to contract 25% during oxidation. Apparently the oriented

structure of all the carbon fibres studied is related to either the

structure of the precursor, or the structure of the 'cyclized' polymer

formed during oxidation.

Subsequent work at the Atomic Energy Research Establish-
ment (A.E.R.E.)3% showed that there was an appreciable increase of about
30% in the apparent modulus of both type I and II fibres when a tensile
load is applied. It was found that this change of modulus is directly
related to a change in the crystallite orientation, with the additional
possibility that basal-plane dislocations play a significant role at
low applied loads of less than 2.5 x 10-° Kg. Both effects were
found to be fully reversible with no evidence of hysteresis.’ In
structural terms, these results indicate that the turboétratic' graphite
crystallites can be considered as linked in series through grain
boundaries of small or moderate angles. Stress on the fibre reduces
this angle appreciably before fracture occurs. Additionally it was
proposed that the structure contains mobile dislocations which become

pinned against grain boundaries at moderate stresses.

B. Modifications to the basic process and their effect on
mechanical properties
Boron doping of type I fibres37 showed dramatic increases
in modulus (for example from 425 to 535 GNm'z) and no significant
change in strength at about 1.65 (Nm'z. As_ expected, the resistivity

dropped considerably indicating higher perfection and orientation.

The necessary hot-stretching stage for carbon fibres made
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from cellulosic precursors®® led Johnson3? to attempt the production
of carbon fibres of higher than usual preferred orientation by
stretching at temperatures high enough for plastic flow to take place.
It was shown that the fibre modulus increases with extension, and

that an extension of about 30% at 2800°C was capable of giving fibres
with a mean modulus approaching 700 GNn"'2 . However the tensile strength
was found to be independent of extension, indicating that the defects
which limit the strength are not annealed out by high-temperature

stretching.

Moreton*? was able to relate the tensile strength and
modulus of carbon fibres heat treated to 2500°C directly to the

strength and modulus of the precursor PAN. He found that the precursor

could be spun satisfactorily at steam-stretch ratios up to x13, and
that this subsequently gave the optimum mechanical properties in
the high-temperature carbon fibres. It was claimed that improved
orientation had been maintained during pyrolysis as a result of
increasing the amount of extension. A similar dependence of tensile

strength on stretch-ratio indicated that, although the strength of

carbon fibres is highly flaw-sensitive“l,%2,43  the presence of

defects in the precursor fibre could be minimized by choosing a high
steam-stretch ratio.

Later Moreton*“ was able to show that stretching the PAN
fibres by x14 in glycerol at 150°C produced a 40% improvement in

precursor tensile strength. Corresponding improvements in strength
and modulus were found in the fibre carbonized at 1ooo°c, and the

modulus was found to be higher in the carbon fibres heat treated at
2500°C. Again, however, the strengths of the type I fibres were no more
than comparable with those normally found in high-modulus, PAN-based
carbon fibres, further emphasizing the high dependence of tensile



strength on flaws and defects.

Recently*>, a patent has described similar methods of

obtaining highly-oriented precursor PAN, and the effect that this

orientation has on the mechanical properties of carbon fibres heat-

treated in the range 1000 - 2600°C. Improvements in both modulus and

strength were claimed.
C. Anomalous tensile strengths
Although, theoretically, the strength of a material should

continue to rise as the modulus is increased, there was, in 1970, a
well-documented (e.g. 13) maximum in the ultimate tensile strength
against heat-treatment temperature curve for fibres of a circular
cross section at about 1500°C. In an attempt to explain this anomaly
LeMaistre and Diefendorf“®,“’ have characterized the three-dimensional
structure of circular and dog-bone cross-section carbon fibres. It
was proposed that becausel of a circumferential crystallite orientation
Mrozowski cracks result from the radial tensile stresses generated in
circular cross-section fibres during cooling from high heat-treatment
temperatures. In dog-bone shaped fibres, however, the basal planes,
although thought to be aligned paralled to the fibre surface, are
predominantly oriented along the large cross-sectional axis of the
fibre, and the possibility of cleavage cracking is thus reduced. Jones
and Duncan*® have used this crack-formation mechanism to explain the
dependence of tensile strengths on post heat-treatment cooling rate.
Moreton*! has verified the existence of random flaws in
his experiments concerning the effect of gauge length on ultimate
tensile strength, and Thorne“3 and Johnson“2 have concluded from
scanning electron-microscope (SEM) studies that impurities in the PAN
precursors are the major cause of flaws in carbon fibres. Similarly,

the voids seen in high-temperature fibres“9 have been interpreted
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as the main cause of the anomalous strength decrease observed after
heat-treatment above the 1200 - 1600°C range.

Although contamination can occur at any stage of the carbon-
fibre process it seems most likely that the highest risks involve
either the presence of impurity particles in the PAN spinning solution,
or the surface impurities picked up either during spinnihg and
collection or during subsequent handling and conversion to carbon
fibre. In order to minimize these effects Moreton and Watt59,51,52
developed a dope-filtration and clean-room spinning technique capable
of producing relatively high~strength type I carbon fibres. They found
that not only did the tensile strength of clean-room spun fibres
continue to rise after heat treatment above 1200°C and up to 2500°C
(Fig. 12), but that the gauge-length effect was eliminated over the
10 - 50 mm range for fibres heat treated at 2500°C. They chose a break
at below 2 GNm 2 as representative of a failure at a severe flaw, and
calculated the average severe flaw separation to be about 200 mm.

Diefendorf and Tokarsky®3 have recently emphasized the need
to know both the number and severity of flaws in order to understand
the strength of carbon fibres, which should, theoretically, be 10 - 20%
of the modulus, but are, at the time of writing, typically less than

1 - 2%. In a series of tensile and loop tests the strength was found to

increase with shorter gauge lengths, as expected, since the number of
flaws decreases. Using a weakest-link model for fibre failure, estimates
of basic 1link strengths of 8 - 9 GNn~’ and lengths of about 20 um were
made for a type I fibre. Similarly, in other Courtelle-based fibres it
was found that the higher the strength of the fibre the smaller the
gauge-length effect. The flaw-free strength was estimated at approximately
12 GNm™* corresponding to an acceptable 2 - 3% strain-at-failure. This

clearly indicates that when all the flaws at this level have been removed
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the intrinsic strength of the fibre will be directly related to the

microcrystalline structure.

Thorne®* has also confirmed that breaking strains of at

least 3% are possible in effectively surface-treated carbon fibres

heat-treated in the range 1000 - 1500°C. He showed that loop tests
indicate breaking strains of around 5%, and that a significant
number of fibres had breaking strains of greater than 3% in tensile
tests of 10 mm gauge lengths. He concluded that the present shortfall
in experimental values of breaking strain is partly explained by the
persistence of some surface flaws, even after surface treatment,
which cause failure at strains less than 1.5%.
1.3.2 The structure of carbon fibres
A. X-ray diffraction studies

Conventional wide-angle parameters such as Z, L., and c/2
have been reported by Badami et al.>° for fibres heat treated at
2600°C, and Johnson et al.56 have investigated the dependence of these
parameters on stress graphitization. Similarly, Ruland has quantitatively
assessed the correlation between modulus and orientations? (Fig. 13),
and pore size and heat-treatment temperature3®. These results have been
confirmed by Johnson and Tyson®9,60 and Johnson et al.®! who reported
the increase in small-angle pore size over the heat-treatment range
1000 - 2800°C. _l.%rgun62 has attempted to measure a disorder parameter
and fault-free stacking size from an analysis of the line widths of
several orders of the 002 reflections, but Fourdeux et al.63 have
shown this to be unsatisfactory because of the dependence of crystallite.

size on orientation.

Diefendorf and Tokarsky®* in an extensive review have examined
carbon fibres heat treated at various térperatures, and made from

different precursor materials. They conclude that the fibres consist
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of long undulating and twisting ribbons. For type A fibres a ribbon
thickness of 1.5 - 2.0 nm and width about 2.0 nm was proposed, the

ribbons being highly undulated and twisted to give an intertangled
mass, providing tight coupling between ribbons. Fibres of higher
modulus showed increased stacking size and higher preferred orienta-
tion as expected. In one exceptional carbon fibre, modulus greater
than 700 GNn'z, three-dimensional ordering was observed together with
a preferred a-axis orientation compatible with that expected if the
orientation of the carbon backbone of the PAN polymer was retained
throughout processing (Fig. 14). Similar observations have been made
by Ergun®® on a highly-oriented PAN-based carbon fibre.

Stewart et al.®% have quantitatively assessed the preferred
a-axis orientation in carbon fibres heat-treated at 1000, 1500 and
2500°C, and found that in all cases the fibres have mean a-axis
- orientations parallel to the fibre axis with a standard deviation in
the range 24 - 28°. They propose that when the basal planes.are
arranged . with their a-axis parallel to the longer sides of the
crystal sheets (Fig. 14) (in the case of carbon fibres this is the
fibre axis) the minimum number of carbon atoms per unit length have
an unsatisfied valence (that is, they are bonded to only two other
carbon atoms instead of the usual three). Thus it was proposed that
this configuration is preferentially formed as it has the lowest surface

energy.

More recently, Rose®’ has reported a detailed study of the
dependence of the interlayer d-spacing, c/2, and preferred orientation
of crystallites, Z, on heat-treatment temperature. He showed that
heat treatment in the temperature range 2000 - 3000°C improves the c/2

parameter from about 0.345 nm to. 0.340 nm. This is in direct conflict with

the early work of Franklin!!lS who proposed that only two interlayer
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Fig. 14. a-axis orientation in carbon fibres. Carbon atoms having an
unsatisfied valence are arrowed.
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spacings were possible in graphite - 0.3345 nm for three-dimensionally
stacked sheets, and 0.3440 nm for turbostratic stacking. Using the

expression of Takahashi et al.®®, relating c/2 to L , Rose predicted
a limiting value for La of about 20 nm for PAN-based fibres heat

treated to 3000°C. It was claimed that this is directly related to the
fibril diameter of 40 nm said to exist in the precursor fibres, as

it was thought that this might reduce to about 20 nm because of
lateral shrinkage during high-temperature heat treatment. Extrapolation
of the c/2 against Z relationship to an orientation of z=0° suggested
an interlayer spacing very close to that of three-dimensional graphite.
It was proposed that practical achievement of such orientation, for
example by hot stretching, is precluded by the complex wrinkled

nature of the elemental ribbons which, it was thought, constitute the
basic fine structure of the fibre.

Structural development during the pyrolysis of PAN 1in the
temperature range 320 - 1000°C has been studied by Oates and
Johnson®®, 79, who conclude that although the mean stacking size, L_,
does not alter appreciably throughout the range, the crystallite
length along the fibre axis,lq//, increases from 1.9 nm at 320°C to
2.5 nm at 1000°C. Of greater significance, the intensity of the (100)
meridional reflection increases appreciably, indicating the develop-
ment of longer, highly-imperfect, cyclized structures. However, the
(100) equatorial reflection remains almost negligibly small up to a
heat-treatment temperature of about 700°C , whereupon there is a

significant increase. This indicates that there is no diffraction

evidence for crosslinking of ladder polymer prependicular to the

fibre axis until this temperature is reached.

In a low-angle x-ray scattering study, Tyson’! has attempted

to combine structural parameters with strength and failure-strain

data in an elastic-plastic theory of failure (see section 1.3.5). He
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characterized a disordered phase, which was claimed to contain nitrogen
and carbon in highly-distorted, imperfectly-formed layers, in terms of
density, volume and size. These x-ray parameters all increase more
rapidly beyond about 1600°C, which was proposed to be the temperature
above which buckling forms the means of fibre failure. At 1000°C it
was proposed that the more isotropic nature of the fibre, and the
stronger longitudinal boundaries prevent this type of failure.
B. The microstructure of carbon fibres

Johnson and Watt’2 first showed micrographs of thin, ultra-
microtomed sections of carbon fibres; samples heat treated at 2500°C
revealed an internal structuré of long, narrow, axially-aligned units,
10 nm in width, and of indeterminate length. Specimens heat treated
to 1000°C invariably ruptured along their length during sectioning,
and opened to give a net-like structure of fibrillar umits 80 - 100 nm
in diameter, apparently running the entire length of the fibre. It
was tentatively suggested that this structure may have been. derived
from the fibrillar nature of the precursor PAN. Support for the
fibrillar fine structure of type I fibres was independently provided
by Badami et al.>%, who measured stacking sizes of about 5 nm from
low-resolution dark-field images. Although unappreciated at the time,

this publication also preSented the first evidence of structural

heterogeneity in high-temperature fibres, when a 'skin' of high

preferred orientation was observed at the edge of the sections. A
transverse section of a high-modulus fibre was also depicted, but no
comment regarding its structure was made. However, it was observed

that the coarsely-fluted outer surface of the PAN fibres was retained
throughout the manufacturing process.
From medium-resolution dark-field micrographs, Johnson and

Tyson®? were able to show that there is an almost normal distribution

of stacking sizes in fibres heat treated at 2650°C. The mean size was
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found to be 6.5 nm, close to the x-ray diffraction value of 6.0 nm,
and that 99.7% of the crystallites have widths between 2 nm and 11 mm.
Many small pores less than 1 nm in width were also observed, but

it was appreclated that quantitative analysis of features of this
size is invalidated by choice of an inappropriate level of objective-
lens defocus (see Appendix 1l). A three-dimensionally graphitic phase
was also found in these preparations, and although it was suspected
that this may have been a surface phenomenon this remained
unsubstantiated after ion etching of the fibres. Consequently, it
was proposed that-the more perfect graphite phase is distributed
throughout the fibre, and that it may cause the large scale intensity

variations observed in longitudinal sectioms.

In a study of very highly-oriented rayon-based carbon
fibres, Fourdeux et al.’3 were able to show that partial graphitization
had occurred; subsequently the dependence of 'graphitization' on
heat-treatment temperature and degree of stretch was examined by
electron diffraction’*. They observed hkt modulations in fibres
heat-treated at 2900°C and stretched to give a Young's modulus of
about 140 GNm 2, Transmission electron-microscope evidence supported
a fibrillar fine structure, with the main axis of the fibrils always
parallel to the fibre axis. In fibres of low preferred orientation
it was proposed that the fibrils were wrinkled, but became progress-
ively straighter with increasing preferred orientation.

Although medium-resolution transmission electi'on microscopy
had appeared successful in the characterization of the gross fibrillar
texture of carbon fibres it could yield no information concerning the
stacking of individual basal planes, and crystallite aggregation and
interlinking. This however, became available in 1968, when, using the

phase-contrast technique developed by Heidenreich et al.’®, lattice-
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fringe images of the graphite layers were obtained. Measurements of
stacking size seemed to correlate well with x-ray diffraction estimates,

but the size of the layers in the direction of the fibre axis appeared
to be considerably larger (several hundred nm) than previously
supposed®*. The layers however, exhibited straight and curved
sequences; the straight parts being 10 - 30 nm long, and the curved
sections 5 - 10 nm long. The angle between two consecutive straight
crystallites was found to be within the angular spread of the 002
diffraction arc.

Similar phase-contrast techniques have been used to examine
cellulose-based’® and PAN-based’’ carbon fibres. Hugo et al.’®
observed thin regions at the surface of fluted fibres, and found that
the layer planes are essentially continuous over long distances in
'th; direction of the fibre axis, micropores being formed by changes
in plane direction. The continuous, but imperfect nature of the
basal planes has been confirmed by Johnson’?, who also proposed
that the observed dark extinction bands arise where layer planes are
distorted out of the diffraction condition. Longitudinal and transverse
sections examined by Phillips et al.”’® indicated high preferred axial
orientation, but no preferred orientation in the cross-section, where
layer-plane packets showed considerable curvature and a random arrange-
ment about the fibre axis. Moiré fringes suggested that the plane
packets did not extend through the full thickness of the slice but
formed a complex three-dimensional network, thus limiting the dimensions
observable in any thin section.

In an attempt to correlate structural changes during pyrolysis
with the chemistry of the process, colleagues in this laboratory6i’79,
in collaboration with RAE’?, have examined fragmented PAN-based fibres

heat-treated in the range 320 - 3000°C. They were unable to find any

evidence of a fibrillar texture in the low heat-treatment range
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(320 - 1CDO°C) , and proposed instead complex and extensive crystallite
interlinking. Qualitative examination of micrographs recorded at the
appropriate level of defocus suggested developing order, length, and
packing of the lattice planes. At 320°C fringes were visible over
lengths of 1 - 1.5 nm, and it was proposed that these represented
the ladder-polymer fragments present after that heat-treatment. At
410°C the length had grown to about 3.0 nm, at 800°C to 5.0 nm; at
the highest heat-treatment temperature there was an improvement 1in
lattice-fringe contrast thought to be due to the increase in L;, by
crosslinking.

Fourdeux et al.’* have predicted from high—résolution
phase-contrast lattice-fringe images the length of the layer planes
in high-modulus fibres of very high preferred orientation. Their
results indicated that the planes were continuous over lengths of
1 - 10 ym, of the same order as the range of lengths of extended
chains in medium to high molecular weight polymers. Analysis of
(002) dark-field images enabled accurate crystallite width (stacking
size, Lc) calculations, and the use of (100) dark-field techniques
verified the turbostratic disorder present in the layer stacking. It
was claimed that the micrographs were in good agremnt with the
'wrinkled-ribbon' structural model.

This 'wrinkled-ribbon' model for fibre fine structure was
reviewed in the light of more detailed structural studies in 197163,
~ Extinction bands in (0OZ) dark-field images were attributed to a
Moiré effect resulting from a superposition of two microfibrils with
their layer planes in the (002) diffraction condition, but tilted by
a small angle with respect to each other. The variations in spacing
in the Moiré pattern along a given microfibril were presented as

further evidence for the existence of smoothly curved regions as
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Fig. 15. The wrinkled-ribbon model of carbon fibre structure. After
Fourdeux et al.®3,
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Fig. 16. The branched-fibril model explaining the dependence of stacking
size on crystallite orientation. After Fourdeux et al.®3.
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predicted by their model (Fig. 15). The dependence of stacking size
on crystallite orientation, reférr_ed to in section 1.3.2.4 above, was
represented by a branched fibril model (Rig. 16).

Johnson's study8? of PAN-based carbon fibres heat treated
to 2500°C has disputed the existence of regular sequences of straight
and curved segments as suggested by Ruland and his team. Direct
lattice resolution revealed a complex three-dimensional structure in
normal type I fibres, and it was proposed that only after stress
graphitization or boron doping does the fine structure of PAN-based
fibres approach that of the highly-oriented cellulose-based fibres.

- The complex interlinked nature of the turbostratic crystallites
existing at this temperature was further confirmed by Crawford and

Johnson®! in 1971. Accurately controlled tilting experiments showed
crystallites apparently moving along tilt axes without any sharp
boundaries - indicating lajrer- plane continuity over a much greater
length than envisaged in a single image. The existence of twist
boundaries was supported by lattice-resolution pictures, and it was

proposed that individual layer planes could well run together in
small numbers through regions which could be considered as subgrains

since they were related by low-angle tilt and twist boundaries. As a
consequence of these observations the schematic microstructural model
depicted in Fig. 17 was proposed.

Some of the observations regarding bent and twisted ribbons
have been confirmed by the analysis of (002) dark-field images by
Stewart and Feughelman®?. Earlier models proposed to explain the dark
extinction bands were disputed, and it was suggested that crossbanding
could be attributed to an interference pattern produced by basal
planes crossing over within a bent or folded microfibril.

Recently, Diefendorf and Tokarsky®® have also disputed the
'wrinkled ribbon' model of carbon fibre fine structure as proposed by
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Ruland. Although they concede that this model is suited to low-
modulus fibres, they maintain that a better description for higher-

modulus fibres is that of a 'wrinkled sheet'. This proposal is based
on the comparison of bright and dark-field images of the surface
layers of high-modulus fibres when viewed normal to the fibre surface.
Although the bright-field images clearly showed a continuous, rippled,
sheet-like structure, the dark-field images of the same area merely
showed striations parallel to the fibre axis; the former image tends
to suggest a continuous structure, while the latter supports the
fibrillar model. However, this technique of examination is limited
to within a few tens of nanometres at the fibre surface, and should
be questioned i1f attempts are made to relate the observed structure
to the bulk microtexture. Indeed,' the authors have interpreted their
results from other techniques in tefms of a 'basket-weave' model
(Fig. 18). ‘

A distinctly different three-dimensional structural model
(Fig. 19) has recently been developed by Wicks?®, who used results
from neutron irradiation coupled with unspecified microstructural
observations. This new model is characterized by a random stacking
sequence 1in transverse section, with zones of extensive bending and

twisting of the layer planes.

C.The macrostructure of PAN~based carbon fibree
a. Fibres of circular cross—seotion .
Electron-diffraction and (002) dark-field studies of PAN-
based carbon fibres by Butler and Diefendorf®3 have shown that the
turbostratic graphite crystallites at the fibre surface are both
larger and more highly oriented than in the interior of the fibre. It
was also proposed that as fibre modulus increases, crystallite

alignment increases more significantly at the surface of the fibre
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than in the core. The coexistence of two such phases has been confirmed
by the dark-field study of Badami et al.55, although they did not
interpret their results in terms of a 'sheath-core' model.

The appreciation that such a bi-component structure existed
in high-modulus carbon fibres led Watt and Johnson®“ to examine
polished longitudinal sections of specimens heat treated at 2600°C.

It was found that holes had formed as if from bubbles inside the fibre,
but that their formation depended on the type of preoxidation treat-
ment experienced by the precursor material. In particular, short
stabilization times would generally lead to zone fomtion, and
complete stabilization tended to give a homogeneous fibre. Following
the discovery of holes in fibres heat treated to 2500°C the existence
of compatible zones was found in the oxidized-only fibres. Both
transverse and longitudinal polished sections of 3 denier PAN fibres
heated in air for 2 hours at 220°C showed the presence of an outer

zone or 'sheath' surrounding a darker inner zone or ‘'core',-and it

was considered that this inner core was unoxidized PAN which had

polished differently from the outer zone of fully-oxidized material.
Consequently, it was proposed that the rate of oxidation is a diffusion-
controlled process, and this was verified by measuring zone thickness
as a function of time of oxidation. It was found that the 'oxidized'
zone thickness was directly proportional to the square root of the
oxidation time. .

Subsequent optical studies53,6%,85,86,87,88,89 pqve shown
that in fully-stabilized PAN-based carbon fibres of a circular cross-
section a eircumferential crystallite orientation develops during
high-temperature heat treatment (Fig. 20). If, however, similar fibres
are under-stabilized a radial orientation develops in the under-

oxidized core, while a oircumferential texture is formed in the fully-

oxidized sheath (Fig. 21). The thickness of the sheath was found to be



Fig. 20. Circumferential crystallite
orientation of fully-stabilized

circular cross section fibres.

Fig. 21. Radial-circumferential
crystallite orientation of
partially-stabilized
circular cross section fibres.

Fig. 22. Random crystallite orientation in the core of
dog-bone cross section fibres.
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a mi@ function of oxidation time, irrespective of fibre diameter,
thus confirming the diffusion-controlled nature of the low-temperature
stabilization process. Polarized-light microscopy®’suggested that in
very thick fibres alternate circumferential and radial zones are
formed; 1in nearly all cases a core, of varying dimensions, with no
c-axis preferred orientation was observed. In the outer sheath, blocks
of layer planes less than 500 nm in width were observed to follow the
fibre surface.

The co-existence of at least two structurally different
phases in type I fibres was first verified at lattice-resolution level
by Johnson et al.%% in 1973. This study indicated the presence of
two distinct turbostratic graphite phases (T1 and T2) together with a
small proportion of a third component (G) composed of more perfect
three-dimensional graphite. T1 was designated as a well-oriented,
highly-crystalline, but turbostratic graphite phase of preferred
orientation about 15°, T2 was a less well-oriented, less-crystalline,
turbostratic phase of preferred orientation about 24°, and G
represented a three-dimensional graphitic phase of preferred
orientation better than 5°. In keeping with earlier work“#7:83,91 j¢
was proposed that the Tl phase originated from the highly-oriented
sheath, and the T2 phase from the less well-oriented core; it was
concluded that the presence of the T2 phase would lead to a reduction
in Young's modulus, and also, because of the presence of many micro-
voids, 1n tensile strength. The origin of the G phase was proposed to
be due to collapsé of an un-oxidized core on heat treatment to 2500°C
with the formation of highly graphitic lamellar sheets, as proposed
by earlier workers32,93 or that it had occurred as &4 surface artefact
during heat treatment. Either mechanism was shown to be possible by

the fact that there was no evidence for more than one phase in carbon



fibres heatgd at 1000°C only.
In a recent attempt to characterize the three-dimensional
structure of circular carbon fibres ex-PAN heat treated at 1600,
1900 and 2500°C, Wicks and Coyle®7’~have used the technique of electron
diffraction to study tapered fibres produced by flame polishing. Their
results suggest that there is a trend of increasing alignment with
respect to the fibre axis, and decreasing crystallite size from the
centre to the surface of all the fibre types, although the effects are
more pronounced i1n fibres heat treated at 2500°C. They conclude that
in these latter fibres two distinct regions can be distinguished, viz:
(i) an imner region or core characterized by relatively low axial
alignment and large crystallite size, and
(ii) an outer sleeve or sheath of material of high axial preferred
orientation and low average crystallite size.
- The proposed transition annulus between the two zones was found to
be distinct with a thickness of about 1 um, and separated a core
approximately 3 um in diameter from a sheath about 1.5 ym in thickness.
(These zones were claimed to be the 'oxidation' zones first observed
by Watt and Johnson®“). An attempt was made to verify the observation
of the trend §f decreasing crystallite size from the centre to the
surface of the fibre using single fibre x-ray analysis. Surface
material was removed from the 2500°C fibres by oxidation, and the
x-ray patterns compared with those obtained from unoxidized fibres.
The results showed, significantly, that there is a trend of increasing
stacking size from the centre to the surface of the fibre, although
the data referring to orientation confirmed the earlier findings from
the electron-diffraction analysis. Also, it is significant that for
fibres heat-treated at 1600°C no variation in structure was discernible
between thinned and un-oxidized fibres, and it was concluded that

~ microstructural variations within these fibres are relatively minor,



and are only developed at higher heat-treatment temperatures.
Confirmming the existence of two phases in circular cross-

section PAN-based type I fibres, Larsen and Smith®’ were able to
identify a circumferentially-oriented surface skin in transverse
sections. However, their micrographs clearly show that the thickness
of this sheath is incompatible with the observed 'oxidation-zone'
thickness, and they were unable to produce evidence of the proposed
radial orientation in the under-stabilized core.
b. Fibres of non-circular oross-section

With the exception of an outer sheath showing a crystallite
orientation parallel to the fibre surface, fibres having a 'dog-bone'
cross-sectional shape have been shown®°:88 to possess no preferred
c-axis orientation in transverse section (Fig. 22). Recently,
however, Watt and Johnson'’ have shown that under normal stabilization
conditions such fibres do not develop oxidation zones; these are
only observed after the fibres have been subjected to a vacum heat-
treatment at 220°C prior to oxidation. This suggests that, because

of the different chemical composition of these fibres, a homogeneous

macrotexture might be developed at higher heat-treatment temperatures.

1.3.3 Defect structure of carbon fibres

A. Internal flawe
High-voltagé electron microscopy has proved useful in the study
of mﬁcro internal defects in carbon fibres. Sharp and Burnay“® have
examined fibres of 8 um diameter at 1MW and characterized the type,
size and frequency of flaws found in PAN-based fibres heat treated in
the temperature range 1000 - 3200°C. The defect characteristic of
type I fibres was found to be a bubble or void elongated along the

fibre axis, such flaws often occurring in groups joined together by

narrow holes. Although defects up to 3 um in diameter were observed
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the most frequent size was found to be about 1 um, present at a rate

of about 1 per mm on average. Examination of fibres heat-treated
between 1000 and 3200°C showed that this type of defect is only present
after heat-treatment above 1800°C; fibres treated at low temperatures
were found to contain only small inclusions up to 1 um in diameter.
Consequently, it was proposed that the flaws exhibited by type 1

fibres are caused by volatilization of inclusions seen in fibres

heat treated at lower temperatures.

Later, Sharp et al.?° were able to characterize the nature
of flaws in both PAN and rayon-based carbon fibres, observing central
cavities, diconical voids, irregular inclusions and needle-shaped
cavities. It was found that these flaws tended to introduce mis-
oriented crystallites into the fibre, the basal planes of which were
often inclined at greater than average angles to the fibre axis.
This would result in large concentrations of shear strain energy in
these regions when the fibres are loaded in tension to typical
breaking loads. These large localized concentrations can only be
relieved by cracks normal to the basal planes - leading to fibre
failure (see also section 1.3.5).

The work of Johnson“*? and Thorne*® had proved that many
flaw-causing impurities in carbon fibres could be identified using

scanning electron microscopy, and the existence of voids in fracture
surfaces of type I fibres has been verified by Johnson®®. In a
successful attempt to relate the fall-off in tensile s_trength at heat-
treatment temperatures above 1500°C to the presence of internal voids,
the RAE team developed a clean-room spimning technique$9,51,52, of
twenty-four broken fibres examined in a scanning electron microscope
no internal voids were found, and in all cases failure was initiated

at a surface flaw. Additionally, it was found that fibres broken at



