NOLTR 71-166 : |

St o

CARBON FIBER STRUCTURE

AD 742765

28 OCTOBER 1971 D

DC
@Wmﬂrr‘tm
ﬂ 3o 6 19T tf&g
i n U
C

NAVAL ORDNANCE LABORATORY,' WHITE OAK, SILVER SPRING, MARYLAND

APPROVED FrOR PUBLIC RELEASE;
DISTRIBUTIOIN UNLIMITED

NATIONAL TECHNICAL
INFORMATION SERVICE

NO.TR 71-166



o
"

L e e

e

TN

Security Ciassification

DOCUMENT CONTROL DATA-R&D

sSecurtty clussilication ol t:tle, body of ahstract ard indexing annviation must Se enlered when the owe sall report is (la.sified)

? ;}R.GINA TING ACTiViTY (Corporate utilor) 23. REFPOFT SECUR:T)‘ CLASSIFICATION
Naval Ordnance Laboratory = EEgiﬁSSIFIED
White QOak, Silver Spring, Maryland ‘NONF

3. REPORT TITLE

CARBON FiBER STRUCTURE

4. DESCRIPTIVE NOTES (Typ* of repozt aud inclusive dates)

Je V. Larsen
T. G. Smith

5 AUTHORIS) (First name, middle initial, last name)

6. REPORT DATE

28 October 1971

Eq

7a8. TOTAL NO. DF PAGES

25

¥b NO. OF REFS

8a, CONTRACT OR GRANT NO.

b, PROJECT NO.

d.

A32 520/292/70 F 51-544-201

v

94. ORIGINATOR’S REPORY NWUMBERI(S)

NOLTR T1-165

this roport)
Nene

95 OTHER REPORT MNOIS) (Any other numbers that may be assigned

10 DISTRIBUTION STATEMENT

Approved for public release; distribution unlimited

il. SUPPLEMENTARY NOTES

None

12. SPONSORING MILITARY ACTIVITY

Mavy Department
wasnlnglon, De C.

Yaval Air Systems command

ra
1Y wGSTRADT

and radlally oriented on the inside.

The structure of Polyacrylonitrile (PAN) and Cellulose (Rayon)-based carbon
) fibers in cross-section was investigated using various microscopic techniques.

) Cormerclal PAN fibers were found to be circumferentially oriented on the outside
Thornel fibers (Rayon) have oriented
orystuilites parallel to the fiber surface with the structure excending further

towards the fiber center in higher modulus fibers. (

‘Dﬁ \Fb?on\j"&ﬁ}é?s ‘PA‘\C

574 Q101,307 ¢aird

UNCLASSIFIED

Seceety Clossaf cation

>

AR



@%ﬂq

TR

_INCTASSTFTED

Security Classification

14

KEY WORDS

LINK A

LINK- 8

LINK C

ROLE wT

ROLE wY

ROLE wT

Composite Materials
Cerbon Fibers

Fiber Structure
Electron Microscopy
Light Microscopy

DD 73,1473 (eaco

(PAGE 2)

URCLASSIFIED

Security Classification



,
ey

NOILTR 71.-166

CARBON 7..7dqR STRUCTUR®

Tr s sared by:
J V. larsen
T G. Smith¥

ABSTRACT: The structure of Pol;z . ionitrile (PAN) and Cellulose (Rayon)-based
carben fibers in cross-section w2 snvestigated uvsing various microscopic
techniques. Commercial PAN fibe: 3 were found to be circunferentially orieated
on the outside and radially oriented on the inside. Thornel fibers (Rayon) have
oriented crystallites parallel t +the fiber surface with the structure extending
further towards the fiber cente: in higher modulus fibers.

““%Professor, Chemical nngineering Department, University of
Haryland

APRROVED BY: F. Robert Barnet, Chief
Non-, etallic Materials Division
CHEMISTRY RESEARCH DEPARTMENT
NAVAL ORDNANCE IABORATORY
WHITE OAK, MARYTAND

PR B I T e o



NOLTR T1-166

NOLTR 71-166 28 October 1971

CARBON FIBER STRUCTURE

This report describes studies of carbon fiber structure using opticel
and electron microscopy. Until recently most of the investigations
of the fiber structure were directed toward determining the longitu-
dinal orientation of the carbon and graphite crystallites. This
study was concerned with the structure in cross section. A further
knowledge of this structure is of importance in better understanding
the mechanical properties of these fibers and determining means of
controlling these properties.

The work reported herein was conducted in the period of fdovember 1970
to July 1971 and was funded by the Naval Air Systems Command under
Task A32 520/292/70 F 51-544-201. Portions of this report are taken
from the Doctoral Thesis of the author submitted to the Chemical
Engineering Department at the University of Maryland. The thesis
work was directed by Professor Theodore G. Smith in conjunction with
the staff of the Non-Metallic Materials Division at NOL.
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INTRODUCTION

High-modulus, high-strength carbon fibers are produced by the
pyrolysis of relatively inexpensive, commercially available polymeric
textile fibers. Two precursor fibers which are most frequently used
are cellulose{Rayon)and polyacrylonitrile (PAN). During the oxida-
tion and pyrolysis of the polyueric fibers, a rearrangenent of the
carbon atoms into a near grapuitic-like struciure occurs. The purpose

of this investigation was to determire %o orientation of these crys-
tallites in the fiber cross-section.

BACKGROUMD

The moculi of carbon fibers are directly related to the size,
perfecticn, and orientation of the crystallites in the fibers. The
relationship of modulus to interlayer orien:ation is shown in Figure 1.
For high-modulus fibers, small improvements in orientation can make
large diZiferences in the fiber modulus. A similar relationship does
not exist between orientation and the fiber tensile strength. With
unstretched fibers, the strength decreases as the orientation increases;
while wich fibers stretched during processing, the reverse is true
in a linear fashion (30). Crystallite size has been measured for
carbon fibers using x-ray techniques (13,23). Generally the size
increases with increasing modulus. Since significant differences exist
in the c»ystallite size and orientation in fibers made from different
precursor materials, comparisons between these fiber types are diffi-
cult to make. Lower modulus fibers contain small crystallites with
sizes raiging from 17 to 41 2 in the c-direction, while high-modulus

fibers contain larger crystallites measured to he from 59 to 100 2 in
the c-direction.

Measurements made on the interlayer spacings of crys_allltes in
carbon fibers have been found to be around 3. 41 to 3.47 R (13,21).
These values can be compared to values of 3.35 R for natural graphite.
The dencsity of carbon fibers ranges from 1.5 to 2.0 gm. /cm.3 while
the density of natural graphite is 2.25 gm./cm.3 and that of pyrolytic
graphite is 2.0-2.1 gm./cm.3 (38). 1t is, therefore, readily apparent
that sore carbcn fiber structures may approach but are not equivalent
tu the structure of graphite. It has been suggested ghat intex!ayer
spacinge fall into two groups; those of 3.35 to 3.37 A and those
above 3.4 A, This would indicate the existence of two phases; one

e Y e e R T R SR e ST 47 R I P L SRS el RS R R TIMEG
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PREFERRRED ORIENTATION, q

q = FUNCTION OF THE DICTYIBUTION OF LAYERS
PARALLEL TO THE FIBER AXIS

FiG. 1 RELATIONSHIP BETWEEN YOUNG'S MODULUS AND PREFERRED ORIENTATION,
RAYON, PAN, AND PITCH-BASED FIBERS (23)
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highly graphitic and axially oriented, and one non graphitic, probably
turbostatic, and unoriented (21).

Bacon and Tang deduced from their early x-ray and microscopy
studies of Rayon-based fibers that the crystallites were oriented
axially in the fiber (6,54). Later woxrk by Johnson, Watt, Badami,
Joiner, and Jones showed the crystallites to be around 59 R thick
in the c-direction and grouped into bundles or fibrils about 1000 A
in diameter which run the length of the fibers (8,29). These fibrils
are krancned along the length of the fiber and have their basal planes
parallel to the fiber axis.

An extensive study of crystallite orientation was presented by
Butler in 1969 in a thesis on carbon fiber microstructure (13). His
work concluded that carbon fibers are themselves composites composed
of graphite crystallites and organize. carbon. The crystallites at
the surface of the fibers are larger and more graphitic. Their
spatial orientation is not only paralle] to the fiber axis, but also
parallel to the fiber surface. The fiber structure deduced by Butler
from polarized light microscopy of fibers derived from round PAN
precursors is termed the circumferential model and is diagrammed in
cros.. section in Figure 2. The low interlaminar shear strengths
ac. .~ved n composites was related to this fiber microstructure.
E.viev attributes shear failures to interlayer failures within the
auter layers of the fibers themselves rather than in the matrix or at
the fiber-matrix interface.

Recen*ly several microscopists have published high magnification
micrographs (up to 5 million X) of longiftudinal sections showing the
axial alignment of the crystallites with the 3.4 & layer spacings
resolved (26,31). Harling has also published a few micrographs of
transverse fiber sections (27). One suchk micrograph of a small
portion of a fiber cross-section showed a very random crystallite
arrangement. At the high magnification the area viewed was extremely
small and the portion of the cross-—section was not identified. One
prevalent current opinion, however, is that the crystallites are
randomly oriented in the fiber cross-section with perhaps some short-
arge order (23). A few other investigators have alluded to more
highly-developed cross~sectional order.

EXPERIMENTAL WORK

Most of the work to date in carbon fiber structure analysis has
been done using x-ray difiraction. While more work certainly could
be done using this technique, it was not included in this study.

Instead three microscopic methods were used: light microscory, trans-

mission microscopy, 27d electron scanning microscopy.
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A. Light Microscopy

Polarized light microscopy is a standard crystallographic method for
determining crystallite orientation in anisotropic materials. An
isotropic material will appear dark regardless of its orientation
with respect to the polarizer or analyzer. In this type of work the
polarizer and analyzer are oriented perpendicular to each other.

An optically anisotropic material appears dark (extinction) when
its optic axis is parallel to either the polarizer or analyzer and
appears light when the ortic axis is at other orientatiorns (34).
Extinction occurs at every 90° rotation thus indicating the order
within the material. Additional information can be obtained through
the use of a sensitive tint plate. A colorless mineral (such as
gypsum), cut to @ thickness as to produce violet interference color,
is inserted between the objective and analyzer. Orientations at
which extinction ocemrs appear violet. Other orientations cause either
reinforcement of the light rays giving blue or opposition in the light
rays producing red (56). The red and blue occur at orientations
perpendicular to each other and at 45° from extinction.

Graphite is optically anisotropic when viewed perpendicular to its
basal planes (¢ axis). Carbon fibers, when viewed in cross-section,
are so oriented. The individual crystallites cannot be resolved but
basic patterns in orientation and long-range order within the fiber
can be determined. In preparing carbon fibers for viewing, the fibers
were first fabricated into unidirectional composites with epoxy resin
as the matrix. The composites were then sectioned, mounted in Bakelite
with one end exposed, and polished. Care was taken during polishing so
that the resin was not preferentially removed leaving tie fiber ends in
relief. Polished specimens which were not perfectly smooth did not
exhibit the extinction patterns and required further polishing. The
polishing sequence was as follows:

#100 to #600 silicon carbide paper
#25 optical finishing powder

1 micron alumina or cerium oxide
0.3 micron alumina (Linde A)

0.1 micron alumina (Gamma)

The polishing papers @ud the aluminas were used in conjunction with a
distilled water-dilute soap solution. For the final polishing with the
Linde A and Gamma powdere, a Syntron vibratory polishsr was used. Long
duration vibratory pclish (up to 24 hours) was necessary to avoid
smeared graphite around the fiber edges. Tne polished sections were
then viewed and photographed in a Bausch and Lomb Metallograph at 500 x
and 1000 x under polavized light illumination and sensitive tint.

5
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B. Trarsmission Microscopy

Transmission mlcroscopy was used to examlne the surfaces of treated
fibers and to study the fiber strucutre. For the surface examinations,
replication techniques using cellulose acetate, evaporated chromiuym,
and evaporated carbon were employed (13). Structural determinations
were made using thin sections from which adequate resolution could
be obtained to study the cross-section crystallite orientation on a
microscale. Thin sectioning of.carbon fibers was first attempted by
Bacon (6). He noted that the fiber cross-sections would crack
parallel to the edge £ the blade a$ it cut through the fiber. ThlS
is due to the high = gle (45°) between the block face being cut and
tha section being removed. To prepare flber§ for thin sectioning,
small buhdles of fibers (about 1000 filaments) were mounted in ERLB
4617 epoxy resin. This was the resin of choice because of its hard-
ness and good bonding characterlstlcs with the fibers. Thin sections
approrlmately 700 A thick (sliver sections) were made using a diamond
knife and an LKB ultramicrotome. The sections were floated onto a
100 mesh grid covered with a formvar film. In early attempts it was
discovered that the fiber sections would fall out of the surrounding
epoxy section if not supported by the film. The fiber sections
supported by the film were cracked as Bacon had prerienced put were
complete enough for viewing of many areas. At high magnifications,
though, the graininess of the film obscured the layer resclution.
Next, films were prepared having many small holes. Blowing on the
formvar film before drying\causes water vapor to condense and produces

\a holey film (44). Portions of\fiber sections supported by such fiims
then would be situated over holeés which would permit unobstructed
viewing. The sections were viewed and photographed at JQEL, LTD.,
Medford, Massachusetts, on a JEM~100B electron microscope.

C. Etching

!
|

A third method which gave some iudication of fiber structure was
the plasma etching of fiber cross-sections in composites. The fiber
ends in an epoxy matrix were exposed to oxygen at a reduced pressure
(0.15 torr) in the prescnce of an electrodeless discharge (frequency:
}OO megahertz, potential: 330 volts, discharge current: ,170 milliamps).
The method has been described by Goan for oxidizing fiber surfaces
(24) and was adapted to fiber morphology studies by Norr (43).
s Longer =xposures of about 8 hours were required to achieve sufficient
“g oxidetion to reveal the structural details within the fibers. The
2 fiber ends were thon viewed in an Ultrascan SM-2 scanning electron
G microscope.
N
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RESULTS AND DISCUSSION

Fiber structure considerations were made from observations on a
macro scale (light microscopy) and observations on a micro sccle
(transmission microscopy). The macro observations revealed the gross
or general orientation and structure of the fibrils or groups of crys-
tallites within the fiber. The micro observat%ons revealed the
alignment of cthe individual layer planes (3.4 A spacings) within the
crystallites. Both types of observations are necessary to enable the
construction of a model of the fiber structure,

A. Macro Orientation

Macro observations were made on PAN-based and Raycn-based fibers of
intermediate and high modulus. The orientation differences in fibers
made from these two types of precursors were significant while the
differences between intermediate and high-modulus £fibers from the same
precursor type were slight and not in the crientation of crystallites
within the fibers but in the degres of development of the crystallites.
More highly developed crystallites are formed at the higler temperature
stress graphitizations. i \

1. PAN-Based Fibers

Polarized light micrographs of PAﬁ-based fibers having round cross-
sections showed that the fibers treated to the highest graphitizing
temperatures {high-modulus fibers) had the same extinction patterns as
intermediate-moduius fibers). The polarized light pattern shown in
Figure 3a is typical of both high-modulus and intermediate-modulus
fibers from British manufacturers. Th.s pattern has been called the
4-dot pattern and has been observed by other investigators (13,32).
Round cross-—section PAN-based fibers of other manufacturers do not
always show the same pattern. Figure 3b is a polarized-light micro-
graph of fibers for which a maltese extinction cross is observed. The
pattern formation is indicative of the fiber structure but is not a
function cf the end fiber product (fibers showing either pattern type
can have high or intervediate tensile strengths and moduli). The
type of pattern (i.e.. .he cross-section orientation of the fiber) is
determined by the fiber pvocessing. The major difference in the two
fibers shown in Figure 3 is the duration of the low-temperature oxida-
tion step (33). 7a2 structure *hat is developed during the subsequent
fiber processi~y ts strongly influenced due to & memory of the structure
development dv.ing the oaidaticn, The 4-dot pattern is the result of
shorter oxidat.cn times while the mai:~se cross is the product of
longer or compiere oxidation. It was obkserved that when fiber diameters
varied within a bundle, both types of patterns coulu “e observed with
the smai’er diameter fibers displaying the maltese cross and the larcer
diameter fibers exhibiting the 4-dot c¢enter. This indicates that the

7
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FIGURE 3a., POLARIZED LIGHT MICROGkAPH OF HIGH-
MODULUS PAN-BASID FIBERS (Partial

oy Low-Temperature Oxidation}
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organization of crystallites proceeds from the outside of the fiber
towards the center and is time dependent. The low-temperature oxida-
tion step is, therefore, diffusion contrclled.

Conclusions as to the significance of the two types of patterns seen
in the polarized-light micrographs are difficult to make. The indica-
tion is that orientation exists cn & gross scale within the fiber.
Also there must be some radial uniformity in the orientation because
the extinctions occurred at any orientation of the specimen with
respect to the polarizer or analyzer. Two types of orientations, one
like the spokes of a wheel and the other like the rings of a tree,
would give rise to these types of extinctions; but neither would
explain the 4 dots in the center of the pattern shown in Figure 3a.
The use of sensitive tint helps to solve the problem. When pyrolytic
graphite is photographed under sensitive tint and the layer planes are
rotated +45° from extinction, a colocr change from blue to red occurs.
Orientations at extinction appear violet. The maltese cross pattern
under sensitive tint shows red and blue segments perpendicular to each

other indicating a 90° change in the crystallite orientation (Figure 3b).

Using pyrolytic graphite with its known layer orientation, the orien~
tation of the layers near the outside of the fiber was found to be
parallel to the surface or circumferentially arranged forming a pattern
like the rings of a tree (Figure 2?). The same orientation continues

into the center of the fibers thus forminag the patterns which appear
like the slices of a pie.

The 4-dot pattern under sensitive tint reveals a change of color at
the outer perimeter of the fiber in each quadrant but also another
change between the cuter ring of the fiber and the interior. The dots
in opposite quadrants and *he outer ring segments in opposite quadrants
are the same color (either blue or red). However, the dot in any
quadrant is not the same color as the outer ring segment in that same
quadrant. This indicates an orientation change between the outside
and inside of the fiber. From the pyrolytic graphite, the orientation
of the outside ring was determined to be circumferential, the same as
with fibers exhibiting the maltese extinction cross. The same orien-
tation, however, does not continue into the center of the fiber. The
change in color necessitates that the center portion of the fiber be
radially oriented like the spokes of a wvheel. The model devised to
represent this structure is termed the radial-circumferential model
and is diagrammed in Figure 4. Such a model reflects to a degree an
orientation within the precursor fiber which may be radial and which
changes orientation due to the qgrowth direction of the carbon (or
graphite} crystallites as the precursor fiber is processed. Complete
Tirst-step low-temperature oxidation results in conplete circumferential
orientation. Less »~xidation results in a fiber structure which is
partially circumferentially oviented (cutside) and partially radially

9
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oriented (inside). Complete oxidation is not essential in the formation
of high-quality fibers as is indicated by the British fiber properties.
Less than complete oxidation is understandable when the long oxidation

times to achieve complete oxidation through the slow diffusion process
are considered.

An axial cut through the diameter of a fiber oriented in the radial-
circumferential manner should yield edge plane exposures inear the
outside of the fibexr and basal plane exposures near the center
(Figure 5a). Under polarized light, edge planes are optically active
and basal planes are inactive. The radial-circumferential structure
is confirmed by polarized-light micrographs of unidirecticnal composites
with axially polished faces (Figure 5b). The basal-plane extinctions
(due to the optical isotropy of the basal planes) are seen in those
fibers which are cut very near the center. As the cut moves away from
the center, due to the waviness of the fiber in the compcsite, the
extinctions beccme narrowar and disappear.

Further evidence of a radial-circumferential structure can be seen
in fibers which have been plasma etched end-on with severe exposure
to the oxidative environment. It is believed that this type of
oxidation is partially selective and attarcks carboa more readily
than graphite. The structure of the more highly graphitic high-modulus
fibers after such oxidation can be seen in the SEM micrograph shown
in Figure 6. The radial inside structure with the circumferential
rim on the outside can be observed. This approech to fiber structure
" determinations is not conclusive in itself but when coupled with the
other information makes a more complete picture.

Other PAN-based fibers having dog-bone croscs--sections instead of
the usual round sections were examined wunder polarized light and
sensitive tint. These fibers did not reveal the same organized

structure in cross-section but showed rather weak polarized light
{ . patterns similar to those of low-modulus irregular-cross-section
|
F

Thornel fibexrs. Under sensitive tint, the dog-bone cross-section fibers
exhibited very small areas of red and blue ccloring randomly spaced

V@f' throughout the cross-section. These small spots could be seen in the
':'@: microscope but were not easily photographed. The random-spot patterns
o8 indicate short-range but no overall or long-range orientation in the

o - tiber cross-section.

?1 . 2. Rayon-Based Fibers
5

Polarized light patterns obtained on Thornel 0 and Thornel 75 fibers
P showed a much different orientation than the round cross-sectinn PAN-
. based fibers. Thornel 40 fibers exhibited weak pat*erns with intensity
M : only at the perimeter (Figure 7a). This indicates that well-doveloped
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crystallites are preseant only near the surface of this intermediate-
mcdulus fiber. Thornel 75, on the other hand, exhibited strong
extinction patterns which extended into the centers of the fibers
(Figure 7b). This is significantly different than for the PAN-based
fibers where both intermediate and high-modulus fibers exhibited the
same patterns. In the Thornel fibers, the patterns show there is
order within the fibers; especially within the lobes on the outside.
They are not symmetrical due to the irregular perimeter of the fibers
and the unsymmetrical radial orientation of the lobes. The patterns
can de radically changed by rotation of the specimen. Thornel fibers,
thexrafore, do not have the rotational symmetzy present in the round
PAN-based fibers.

Seasitive tint micrographs revealed the orientation to be parallel
to tae fiber surface. In the Thornel 40 fibers, this structure is
well -developed only near the surface. Nearer the center of the filers,
the orientation may be similar or perhaps more random; but in any case,
the crystallites are not as well developed. In the Thornel 75 fibers,
the color patterns extend well into the centers of the fibers. Again
*he color change from red to blue represents an orientation change of
90°. The color changes cccur primarily with changes in the irregular
perimeter of the fiber. From analysis of the color patterns, it can
be ceen that the orientation in the lobes of the fiber follows the
surface contour and extends into the center of the fiber. In several
fibers where defects exist, the color patterns are much stronger
indicating an even greater crystallinity in these fibers..

A model of the structure of Thornel 40 and Thornel 75 fibers is
shovn in Figure 8. The well-developed perimeter structure and more
rancom less~developed center of the Thornel 40 fibexr is contrasted
witi the more highly crystalline well-developed structure in the
Thornel 75 fiber.

B. Micro Oxrientation

Thin transverse sections of high-mciulus fibers cut with a diamond
knife are shown at low magnification (4000 X) in Figure Ya. The
cracks in the fiber section are due to the high angle of departure,
(45°), the sesction must make when cut from the block face and are
impi:ssible to eliminate. Portions of the fiber sections remained
bon.ed to the resin matrix and, therefore, remained in the same or‘en-
tation as in the fiber. Those sections in the centers of the sections
which were not connected to the resin matrix could be viewed, but the
oriz:ntation may have shifted from what it originally was in the fiber.
The sections were suppcrted on 200 mesh grids covered with holey
films which: prevented the broken fiber sections from falling out of the

epoxy matrix. At the high magnifications necessary to recolve the
stracture, viewing had to be done in the vnobstructed arcas where holes

1L
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FIG. 8 MODEL OF INTERMEDIATE AND HIGH MODULUS THORINEL FIZERS
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occurred in the support film. Viewing was done in three areas
designated A, B, and C in Figure 9b. Orientations could not be
determined in areas marked C because no sections could be found which
were still attached to the matrix. Figures 1l0a and b show areas

A and B respectively in a high-modulus PAN fiber. The ordexr in the
crystallites can be seen and the 90° shift in orientation b between
areas A and B is apparent. Figure 10c shows the structure in a
Thornel 75 fiber as being ordered and parallel to the fiber surface.
Figure 104 shows the structure in an area A of an intermediate-modulus
PAN-based fiber. This can be compared with the high-modulus PAN-based
fiber. The crystallites are oriented but not as highly developed or
as large as in the higher-modulus fiber. The number of layer planes
which can be observed in a single crystallite is around five or six.
In the higher-modulus fibers, larger and more well-developed crys-
tallites containing 10 to 50 layer planes can be observed. These
micrographs confirm the structural orientation in the fibers as being
parallel to the fiber surface, thus formin-~ a fiber surface which
consists primarily of basal plane exposures. Understanding the surface

structure plays an important role in determining the approach to
surface treating fibers.

CONCLUSIONS AND RECOMMENDATIONS

The structure of round cross-sectioned PAN-based fibers as they
are presently fabricated (only a partial low-temperature oxidation)
is circumferential on the outside and radial on the inside. The
structure is the same for both intermediate and high-modulus type

fibers. Complete low~temperature oxidation results in a completely
circumferential structure.

In Rayon-based fibers, the crystallites near the outside of the fibers
are oriented parallel to the fiber surfece. In intermedizte-modulus
fibers, the center portion of the fibers is randomly oriented. In
the high-modulus fibers, the orientation parallel to the fiber surface
continves into the center of the fibers.

High resolution microscopy confirms that order exists in the fiber
cross-section but further work is necessary to cenfirm whether the
micrc orientation is the same as the macro orientation, therefore,
it is recommended that future work be aimed at the micrc orien-
tation of *he cross-section (the orientation of the largexr planes
themselves) and the relationship between the micro and macro order.
In relation to the fiber surface, the micro order at the surface
also needs to be investigated. Finally, the relationship of defects

and voids (where they occur and why) in the micro and macro structure
needs further investigation.

18
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FIGURE 10a, AREA A OF A HIGH-
MODULUS PAN-BASED FIBER
1,100,000 X

FIGURE 10c. AREA NEAR SURFAGE
OF THORNEL 75 Fini%
1,000,000 X

FIGURLC iOb. AREA B OF A HIGH-
MODULUS PAN-BASED FIBER
1,100,000X
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