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OREWORD

This report was prepared by R. J. Diefendorf and E. W. Tokarsky,

Materials Division, Rensselaer Polytechnic Institute; project 7342,
"Fundamental Research on Macromolecular Materials and Lubrication
Phenomena", Task 734202, "Studies on Structure-Property Relation-
shinz of Polymeric Materials® under contrsct AF33(615)-70-C-1530
entitled "The Relationship of Structure to Properties in Graphite
Fibers". It was administered by the Alr Force Matsrials Laboratory,
Air Force Systems Command, Wright-Fatter.on Air Forca Base, Herbert
M. Ezakiel (AFPML/MBC), broject monitor.
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Gratefully acknowledged is the scanning electron microscopy

work of Mr. John Nelson, now of the Corning Glass Works. Special

measurements. Samples of polyacetylene base fikers were supplied
through Dr. D. G. Flom, General Electric Ressarch and Develicpment

Centex. BAlso, spe
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of the Air Foxce, vwhc supplied samples and data on high performance
organic and experimental carbon fibers respectively.

This report covers research conducted during the period
May 1971 to April 1972Z.

This reprrt was submitted by the auvthors in July 1%73. This

£

technical report has keen reviewed and iz approved.
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SECTION I
INTRODUCTION

The potential low cost of high performance carbon fikers has
increased interest in filamentary reinforced composites for use
in near term aerospace applications. While many suppliers are
currently able to provide a wide variety of types of carbon fibers
with a considerable range of mechanical propexties, a number of
technical problems remain. One of the most important is the lack
of significant advances in increasing the strain to failure of
the fibers, particularly for higher modulus fibers. Such a
situation is partly responsible for the limited confidence placed
in fabricated carbon composite members. A second major limitation
has been the cost of carbon fibers, but processes producing
cheaper fibers have also given poorer fiber properties. Little
has been done to determine the causes of these poor properties.
With few exceptions approaches to solutions have been mostly
empirical. More rapid pregress towards the solutions of these
problems might be made by findiny the pertinent structural
features causing poor strength rather than through further trial
and error develooment.

In Part I of this study, a limited number of carbon fibers
prepared from several grecursas and covering a wide range of
elastic moduli were characterized in three-dimensions, and some

consequences of these structures on the observed mechanical

properties were developed.

il il
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It was ceneluded that cazoon fibers consist of long undulating
and twisting ribbons. For fibers witl a modulus of 6 million psi.,
there is an almost random orientation of these ribbons with respect
to the fiber axis. The thickness of these ribbons is approximately
5 to 6 turbostratic layer planes with a width of probably 20A.
The ribbons are highly undulated and twisted to give an inter-
tangled mass. This provides a tight coupling between riblons, and
the fibers are observed to ve surface flaw sensitive. Only a small
portion of the surface appcars to be covered with basal plane, and
interfacial bonding to the matrix should be good. Flaw sensitivity
should-give a high gage length effect with tensile strength, with
short gage lengths giving much higher strengths. Combined with
gcod beonding, this should give a high "translation" of fiber
strength (measured at 1 inch gage length) to the composite.

For zibers with a 40 million modulus, the ribbons are typically
about 13 layer plaries thick and 40A wide. The amplitude of the

undulation is greater than the wavelength, and about three-quarters

ol

cf the baszl planes are aligned within 30° of the fiber axis. Some
variation in preferred orientation from the surface of the fiber to
the center is observed, with the surface havinc¢ a higher preferred
orientation. There is also some vradial preferred orientation with
basal planes orienting parallel to the fiber surface. The radial

preferred orientation in the center of the fiber depends on the

processing, but is lower than the surface. The variation in axial

"

'
il




il

iy

i

=

preferred orientation and the radial preferred orientation will

give rise to residual stresses upon cool-down. These stresses are

(e

compressive axially and circumferentially at the surface, and

I

tensile radially. The combination of radial residual stress with

- a lowered tangling of the ribbons gives poorer coupling between
ribbons. Fractography also reveals rougher fracture surfaces.

The lack of coupling of the ribbons and the compressive surface
stresses also appear to make tine fiber somewhat less flaw sensitive.
However, tensile strength gage length effects are still relatively
large. The fiber surface is starting to be covered -7ith appreciable
amcunts of basal plane, but the resin bonding to the surface is still
relatively high. The variation in axial preferred orientation will
also cause the outside sheath of the fibexr to carry meore of the

load, The interacton of this non-uniform loading with the residual

i

stress has not been determined. The good bonding and high tensile

i

strength at short gage lengths should give good "transla-ion" of
1 inch gage length fiber strength to the composite.

For 50 million psi fiber, the rivbons remain turbostratic and
increase to about 20 layers thick and 70A wide. The undulation
amplitude drops to less than the wavelength, and three guarters of
basal planes are oriented within 12° of the fiber axis. Less
tangling is observed between ribbons,and & high radial preferred
orientation is observed with the basal planes parallel to the

surface. The residual stress which develops frcm the radial

(P8




vreferred orientation kecomes high euncugh to cause irternal fracture,
which, with less tangling of the ribbons, gives poor couplina
between ribbons. Fiber fracture surfaces become guite rough, and

=3 -

we fiber often decreases. #Flaw sensi-

J"

the tensile strength of i}

tivity and tensile strength gage length effects decrease. The

[

surface of the fiber is vredoumirnantly a faulted basal plane, and

~

interfacial bond strencth, wvithout etching, will be low. Trans-

lation of fiber tensils strangth, for surface treated specimans,
to composite properties will be reduced as the strength at short
gage length does not incraase as rapidly as for flaw sensitive

ibers of lower modulus

Hh

Finally, for f£ivars of 1,0 million modulus, the ribbons are
X ans 20A wide, bal ribbon fusion is evident
in som2? samples. For one PAN sawnple, three dimensional orderxing
was Observed, together with 3 preierred orientation cf a-axes. The
orientation was that exgected if the orientation of carbon backbone
of the PAN polymer was retained throughout processing. The ribbons
are chserved to have almost zero amplitude and are essentially

parallel to the fiber axis. <vVery little tangling is aiso cbsexved.

Strong radial pceferred orientation occurs, and the resulting

]

residual stresses mu.t give very poor coupling between ribbons.
Fracture surfaces are extremely jagged. The fiber surface consists
of extremely smooth basal planes which wouvid give poor bonding.

ies among varbon fibers of the same modulus

Pln

The strong similarit

P




but from different precursors, were more noteworthy than the differ-
ences. Axial structures appeared very similar with catalytically
vrocessed fibers having somewhat larger 1. values: differences
were more apparent in radial structures. In general, however,
higher radial preferrod crientations were associated with higher
axial preferred orientations, Samples which appzar to be strain-
annealed, i.e., fib:=rs wrirrn have been straine? at high temperatures
by an applied stress, show i somewhat poorer development of radial
structure as might Lz exrocted. 1In this case, the applied stress
causes the basal planes to align parallel to the anmplied stress.
Finally, improv.d carbon fiktsrs are conceivably possible if
axial alignment of r:itbiocns can be accomplished with a minimum of

-~

radial aligrment. ~is would minimize Jecoupling of ribbons. In
this second pericd, the relationship between structure and properties

for a larger number «f fibers, particularly commercially available

carbon fibers, has been investigated. Also, this study has included

Past work hal shown that significant amounts of residual stress
may be present in carion fibers, and this will seriously affect flaw
sensitivity. Secondlv, the siructural features responsikle for
residual stress make aniform loading of each fiber difficult, if
not impossible. On - finer scale, little is known about the
mechanisms of stress tvansfor among the rippled ribbon-shaped

1s which compeose o

fode

fibr
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e between constant stress and strain

odn

moduli of carbon fibers 1
models, while for practically all other types of carbon, the
constant stress model appears to fit data well,

A gifferent set of problems =xists for the organic filbers.
While uniaxial tensile prop2riies are outstanding, compressive
strength, composite intcrfacial shear strength, and machinability
parallel to the fiber lav-up are secrious deficiencies.

The purpose of ihis second parv of the stody has been: 1) to

bers while

structurally characterize z wider range of carbon fi
continuing further efioris to wrobe more deeply into the nature

of carbon fiber structural features; 2} to structurally

~e

and 3) to relate structure

~e

chagactexize the new organic fibers

To this end thre2 carbon fiber samples were characterized in

deteil, three dimensional structural models developead, and

£

consequences noted. Included in thig part of this report are:
Fiber Modulus Msi Precursor
¢s-5 1l1s Dralon T
cs-7 36.5 Ccurtelle
G.E. Monofilament 45 bPoclvacetylene

In the next part,results of more general studies on a wider ranye

-

carson

h

My

o ibers are reported and analyzed. In the third part

;
the work on the organic fibers is given relating structure to

properties.
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ECTION II

L

IXPERIMENTAL TECHNIQUES

tructural features which have effects on the ultimate
performance of carbon as well as organic fibers occur at various
dimensional levels frxom the atcmic or unit cell size to the
level of the fiber diameter. Accordingly, the use of a number
of experimental technigues is necessary to maximize resolution
at each respective magnification

For both carbon and organic ivibers, a principal emphasis is
to describe preferred orientations of either the basal planes or

aligyned molecular chains, since tre axtent of such textures and

iy

h
Jobe
2

their distributions have st ordor effects on fiber properties.

.

Changes in these overall fiber microstructures are often
associated with changes in the atomic level relations such as
crystallite size and interlayer spacings These atomic parameters
are also required as they determine the elastic constants. For

carbon, the shear compliance, S,,, varies with the interlayer

RN

spacing, d quite strongly, and the elastic properties

0002’
parallel to the fiber axis will depend on the average values and

distrinsutions of Sy4., the shear compliance as determined by dggoaz

At the other extreme of magnification, e.g. the fiber diameter,




2 i T ey s .
e s s e s o

it. is necessary to know the cross-sectional shape of the fiber,
i%s overall size, pattern of radial preferred orieatation develop-
ment, and the distributior of axial preferred orientation.

Many of these imporiant details can be resolved by the

1]

following technigues:

1. X-ray diffraction
3 -
-

2. Electron diffraction

3. Bright Field, Dark Field and Replication Electron
Microscopy

4, roscopy (SEM)

ic
5. e iz ight Microscopy
€. Reverse R.¥. Sputtering of Fibers
7. Bulk Density Measuremenis.

I ”'mdw U

i)
e
.

X-Ray Diffraction

For a fiber 10x or less in diameter, the total volume of the
fiber provides the x-ray diffraction information. Pinhole
photographs of bundles o¢f collimated fibers enabled gualitative
assessments to be made of prefecrred orientation, crystallite
size,three~dimension order,and small angle scattexing, Quantitative
measurements of atomic spacings, crystallite sizes, and preferred
orientation were made using a Norelco diffractometer.

Instrumental broadening of the diffractometer traces were deter-
mined for carbon fiber work by running a very well annealed
sample (3600°C for 16 hours) of pyrolytic graphite. In cases
where small crystallite sizes were present, corrections to the

2

raw data were made essentially following the prosedure of Heckman .

A description of this correctional scheme was given in Appendix I
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8. Carbon Fibers

Listed in Table [ are the carbon fibers studied to date along

‘-l

with the tensile modulus data furnished by the svgnliers. The fibers
are grouped by precursor (Fayon., Courtelle. Crlon, and miscellaneous},
and arranged within each group in order of increasing tensile
modulus. Also listed are the densities, which were measured at

R.P.T., and moduli correcied for density i.e., (2.26/fiver density)

-h

£
L

[

X E. Such a cecrrection permiis a clearar comparisor ¢ bers, but

1)

n visw of

b
~y
,l-

assumes that the porosity is parallel to the fiber ax
previous small angle scattering work done here as reported in

Part I, this is not an unreasonable limiting assumption. Also

incliuded are the x-ray determined crystallographic parameters:

.

basal spacing, dggg2
stack height 1.
index of preferred crientation, Wi

W oK) b

»

Informnation on the preparation procedures used for the
commercial samples is proprietary for the most sart. Fibers with the
£S code designation were special experimental samples provided by

Mr. H. M. Ezekiel,

C5-1

CS-1 was prepared from an: exderimental PAN homopolymer, high
tenacity, dry spun yarn. It was nade by a direct graphitization
technigue (i.e. no carbonization step) and was rnot surface treated.

cs-2

£S-2 was prepared from a wet spun experimental hcmopolymer in




rbonization,

W {

manner (i.e. £full susbilization,

tion) and was surfacr. treated.

graphitizat
cs-3
CS$-3 was made from Villwyte rayon and was not surface treated.
sroparad from a commercial carbon yarn VYB 70-% by
provisional speci-

¥

a catalytic graphitization proress (British
not surface treated.

.

and ..

]

fication, 1,295, 289)
ording to the same catalytic

CS-5
Klatellar
was made from a commercial

CS-5 was also preparad

R
Toews TURE L at

ace treated.

nel surf

grapnitization process as

PIN varn, Dralon ‘¢, and was
cs-7
Cs~7 was commerxcial HTS type carbon yarn.
Ceneral Electric Monofilament
The monofilament is an experimental fiber made from a poly-
acetylene precursor, and was dgveloped at the General Eiectric
.‘; samples were provided through

Research and Development Ceonter
the courtesy of D. G. Flom.
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RAYON BASE FTIBERS

Fiker E,x i0%psi. Ecorr. _p 90002, 2 lc,a Wy
WYB 6 10 1.40 3.416 19.6 61.0
Thornel 25 23 35 1.47 3.405 37.9 12.1
Thornel 50 46 63 1.63 3.401 47.0 8.1
Thornel 75 ) 94 1.82 - - -
Ccs -4 88 107 1.86 3.37 155 7.5
cs-3 103 135 1.73 3.39 69.7 2.6
COURTELLE PAN BASE FIEERS
as 31 39 1.80 3.410 13.8 29.5
Morganite IX 34 43  1.79 3.413 18.1 23.5
cs-7 37 47 1.77 3.390 24,1 25.1
HTS 39 51 1.73 3.439 22.2  22.7
Fortafil 5-Y 55 65 1.91 3.390 61.1 16.3
HMS 56 67 1.8 3.320 55.4 13.8
Morganite I 65 76 1.94 13.388 93.4 7.8
ORLON PAN BASE FIBERS
Great Lakes 3T 30 38 1.80 3.414 12.7 29.7
Great Lakes 4T 38 48 1.80 3.400 21.4 25.8
Great Lakes 57T 48 59 1.85 3.384 33.5 19.6
Great Lakes 6T 78 6o 1.90 3.354 57.5 11.2
ROUND PAN BASE FIBER
cs-2 41 55 1.69 3.433 16.8 28.3
DOGBONE PAN BASE FIBERS
cs-1 110 106 1.95 3.337 115 5.9
cs-5 116 124 2.12 3.36 203 2.3
OTHER
G.E. Monofilament 45 63 1.62 3.406 55.4 2.9
Polyacetylene

Pt
L




RESULTS AND DISCUSSION

1

A

Carbon Fibers

Individun

Part 1i.

A. C8-5 Characterization

CS-5 is a dogbone shaped carbon fiber

4=
th

modulus of 116 Msi and was produced via
process from Dralon T precursor.
Shown

CS-5 fiber

)
ghn
-

is indicative of a very hi

in agireement with the previous hypothesis w

-

tetter aligned, the

the microfibrils bhecome

them is reduced; anc as a consequence, when

-
7

cracks will be deflected

since this is the path of lecast resistance.
Electron diffracti:on patterns of CS-5

i

depending on whethexr the (1C1l0) is modulate

a pattern of the first tvpe. The six spots
P VI

dimensional ordering of part of the fibker £
originated. It is significant that the six
symmetrically displaced with respect to the
maxima. The positions of these spoks show
directions in the contrikuting microfibrils
away from the (0002) axis of cthe riibon as

3

w

having an axial tensile

catalytic graphitization
field photograph of a
jagged fracture profile

s is

}.l-

orientation. Th

n

ich suggested that as
shear coupling between

the fiber is fractusad

between the ribbons

fall into two categories

d. in

% - .
s howWn

Fig. 2 1is

three

rom which thLe
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Fiber Axis

Because only a part of the (1010) intensity is concentrated in
these six spots, it must be realized that the usual situation is
that either no "a" axis preferred orientation exists or more
probably, that the "a" axis cannot be determined because of the
lack of three dimensional ordering.

The {0002) dark field of a section of a CS-5 fiber exhibiting
modulation of the (1010) is shown in Fig. 3. L. crystallite sizes
ranginc from about 80A to over 5002 are present as well as axial
15 values in the micron range. The amplitude of the microfibril
ripple, especially when compared to lower modulus fibers, is
expected to be very small for such a high modulus fiber. Othex
areas 0f CS-5 which exhibited djffraction patterns of the second
type gave rise to (0002) dark fields as exemplified in Fig. 4.

In this case 1, is around 150A while 1,, axially, again extends
into the micron range. On the side of the fiber, some evidence
exists for cross ccrrelation of microfibril ripple, as indicated

in the blocked area. This may illustrate the first stage of

powd
-~y
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adjacent ribbon fusion, and would be expected to begin at the
fiber surface. That the surface itself is at least locally well
developed is supported in Fig. 5, an extracticn replica of the

longitudinal surface of a single CS-5 fiber. The apparent

[}

smocthness accompanied by a sirliait«-d texture is suggestive o
high basal character.

Tc help clarify the vossibility of a duplex microstructure,
a bundle of CS~5 fibers was mounted in an epoxy matrix such that

the fiber axes were approximately parallel to the specimen
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Shown in Fig. 6 are such longitudinal sections of several fibers
in reIlected polarized light. The lcnagitudinal surfaces of these
fibers appear to be covercd by a laver which behaves optically

like a series of pvrolvtic growth cones. Furthermore, the section

o

£

of the layer in the blocked area appears to be either extra-

!.l-

ordinarily thick, or to have broken away implving that the bonding

between the outer laver and fiber interior is not great. This
separation mav have occurred when the fiber bundle was broken in
bending before mounting. Subseqguently the sample was reverse RF
sputtered and replicas of the surface were prepared. Fig. 7 is

an extraction replica of such an etched lengitudinal surface.

similar to the

1]

|

Though ¢ bit out of focus, the surface laver

2

pyrolytic-like morphology in the optical photomicrograph.
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the case for lower modulus fibers studied. In particular, the
central area between the lobes is oriented about 40-50° away
from that expected of an onion skin type morphology. This micro-

tructure is similar to an understabilized Courtelle PAN base

skin and the inner understakilized structure is radial. However

the authors do not know if the apilization
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which apparently gives the duplex microstructure of Ccurtellie base

fut

fibers also holds i

or ¢

th
n
o
4
o
}M.I
(o}
job]

T sample.
Given in Fig. 9b, also from optical measurements, are the
contour lines representing zones of approaimately constant axial

-

iber axis. The contouyx

Py

tilt of the basal plane away from the

-
ot
Yt

iines are drawn for 10° increments. s apparent that the axial
preferred orientation is very far from uniform; the highest axial
orientation is found in the area between the lobes and decreases
rapidly in the dircction of the lobes. Each lobe appears to have
developed its own concentric axial preferred gradient. Over much
of the convex surface of the fibeor is a very thin but highly aligned
skin.

If a constant stress model is assumed four this fiber, and it
is further assumed that the moduli within each region parallel to

- “

the basal plane

151

the fiber axis are functions onlv of the tilt o

then the moduli may be calculated from the compliance transform:

t il 4 24 . 2
Loy = ~ T 3 o+ - 3 28 o
§11 = S13 cos o + S33 Sin @ (sgj3 *+ 2s33) cos™@ sin™Q




(b)

¢’s from experimeniti cwve ths after correction for fiber tilt

abics of Racial Distribution, Cs-5
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Numbers represent axici moduli values (in Msi)
over the cross section of the fiber.
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Fig. 10 Schematic of Badial Modulus Distributions, CS-5
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where E = l/Sll .
For these calculations, the following elastic constants were used .

kTR

s37 = 9.85 x 10714 cm 2 /dyne

533 = 275 " 5 n
544 = 2500 " i 1
513 = =3 ‘3 u 1 u

Such calculations lead to the modulus contour configuration given
in Fig. 10; the contours are drawn for each increment of 50 Msi.
It was stated earlier that the overall radial structure of CS-5

was not onion skin; however, while the orientation cof the basal

planes is a radical departure from fibers previously reported, a

more or less concentric axial preferred gradient still exists.

ety

Furthermore, it is apparent that a vexy sharp modulus gradient

results from suchadistributicn of é's, and will be a source of

=
S=

resicduval stress on cool-down, Additionally, the high modulus of
the skin and central area of the fibhers will make uniform loading
difficult.

Summary of CS--5 Fiber

CS-5, a catalytically graphitized PAN based fiber, has a

pr

corrected modulus of 124 Msi; a three dimensicnal schematic model

o~

is shown in Fig. 1l. X-ray preferxred orientation measurements of

4

aligned bundles of fibers indicate

ct

hat about 2/3 of the basal

planes are within 2.3° of the fiber axis. Electron diffraction

measurements indicate that three dimensional order exists over

30
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limited regions of the fiber, particularly the surface. The
surface texture itsel is relatively smooth, characteristic of a
highly basal nature. (0002) dark £field work indicates that a
distribution in axial preferred orientation exists over the length
of the fiber. Quantitative optical measurements confirm this,

and also indicate that steeov modulus gradients exist over the cross-

-3

section of the fibe he overall radial symmetry is a radical

H

departure from other fikers observed, although a very thin (< 0.5u)
onion skin is present. The pocrest preferred orientation is found
in the core of each lobe. The fibers at the perimeter of the
bundle appear to be coated with a pyrolytic like layer which may
explain the apparent poor preferred orientation appearance of the

Debye Scherrer photographs.

B. CS-7 Characterization

Debye Scherrer photographs of CS-7 (early (HTS)
show that the fiber has relatively poor average axial preferred
orientation relative to CS-5. Corrected quantitative measurements
using a Norelco diffractomeier indicate that the average basal
spacing, d0002' is 3 4GA while the stack height, 1., as determined
from the (0002) peak half width is about 12 basal layers. It can
be inferred from electron diffracticn patterns that while surface
preferred axial orientation is present and better than the £fiber
volume average, it is not great. Furthermore, no evidence for

three dimensional ordering exists. shown in Fig. 12 is an {0002)

31
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dark field photograph of a C$-7 fiber fractured in bending. No
modulation of the light inteasity is cbserved at the end: the

bluntness of the end is an indi

8]

ation of cverall poorer preferred
orientation. The area in the block along the fiber side is
evidence for relatively poor longitudinal s*tructural develcoment
since the intensity is lower in this local region. In adcé:ition,
the other longitudinal surface does show some small scale intensity
variations, but these are not marked. This lack of higher
structural development mayv oe velated to the fact that CS-7 has

been surface treated.

Furthexr information necessary for the development of radial

I

distributions is found from optical polarized light microscopy.
Shown in Fig. 13 are transverse sections of CS-7 fibers as seen
when the nicols are at 3G°. The cross sections of C5-7 fibers

are approximately circular, and the diameter is approximately 10y,

but

th

iber diameters as high as 15p are also observed. At least

is

b

y 1is due to
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one extinction cross, whic
present in each fiber. The positions of the crosses remain relatively

fixed with respect to the polarizer and analyzer when the micrescope

ct

stage is rotated. This indicates primarily onion skin and/or
spoke-like radial structure having the fiker axis as symmetry

center. It is also appareni that the largest fibers possess a

nin a cross; close inspection reveals that the magnitude

Q
~h
or
oyt
o
™
n
b,
-y

fect is proportional to the diameter of the fiber.
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report, it was deter-

Using techniques described in Part I of this
mined that the overall radial structure of CS5-7 is onion skin with

a progressively better developed spoke configuration in the core
These models are illustrated in

for the larger diameter fibers.
The axial preferred orientation is better at the outside
form bireflectance cross is more intense.

Fig. 14.
A

of the fiber since the
at the 45°¢ position was about 7°¢, thus
angle that the carbon micro-£fibrils

The apparent rotation angle
approximately 20° near the surface.

s

indicating that the average
axis i D
photomicrograph of a reverse R-F sputtered

fiber

make with the

A scanning electron
sample is shown in Fig. 15. The outside surfaces of the fibers
and delinsated a highly

have etched in a markedly different way,
Furthermore, the cores are dimpled,

preferred surface structure.
related to either a different axial or radial

his is p
or both.

preferred orientation,

Sumrary of CS-7 Fiber
CS-7 is a circular cross section fiber which is actually an

earlier produced sample of HTS; its three dimensional structural
o
The basal spacings 3.40A and the stack

CS-7 shows evidence of

layers.

model is shown in Fig. 16.
contrast to HTS, and this may explain

thickness is akout 12 basal
incomplete stabilization in
the difference in average basal spacing; overall however, the radial

preferred orientation of CS-7 is onion skin with the basal planes
20° with respect to the fiber axis

making an angle of about

12
W
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at the fiber surface. These results are supported by differential

etching rates of CS-7 in an RF plasma.

C. G. E. Monofiluament Characterization

25y diameter monofilament is produced from a poly-

acetylene precursor having a char vield of about 90% and has high

a4

performance properties : its structural model is given in Fig. 17.

c
From corrected x-ray results the dygpp was determined as 3.395A
- ° 3 N
while 1. was 104A. guantitative determinations of basal axial
preferred orientation indicate that the elastic tensile modulus
should be in the 60-90 Msi range based on similar measurements of

rayon and PAN precursor materials. While the axial preferred

orientation and 1. are reasonably high, no three dimensional lines

002) electron microscopy revealed the

were obsexrved. Dark field (0

hasic structural unit has the rippled ribbon morphology, and that

144
io is about 100a, In agreement with x-ray results. As with other

)]

length appears to extend at least into

)

ho

[

H

carbon fibers, the ri

the micron range. Optical characterization shows the radial
preferred orientation is oniocn skin, with the axial prefsxred

orientation being greatest at the outside of the filker.

PART 2. General Studies of Carbon Fibers

A. Density Results

Fig. 18 is a plot of uncorrected fiber elastic modulus versus

density. When the curves are drawn connecting fibers of the same

precursor as shown, several unusual features are obserxrved.
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A pronounced minimum occurs for the Courtelle and Orlon type fibers
at about 40-45 Msi. A drop also cccurs for the rayon fibers as
well but in a much higher modvlus region.

An uppexr bound for fiber elastic modulus as a function of
density has been calculated Ly assuming perfeciti orientation of
the basal planes wparallel to the fiber axis with any porosity
also considered as being in parallel. While a fiber with this
microstructure may be undesirable for other reasons, the limit
does provide an estimate of the highest modulus oktainable for
a given density. Hence, a measure of elastic modulus efficiency
may be obtained by dividing the modulus of a given fiber by the
upper bound limit for the given fiber density. A lower bound
for the elastic modulus, corresponding to any porosity being
distributed in series, cannot be made without postulating a
fiber model. This development will be described in the future
reports.

Fig. 19 shows the variation in basal spacing, dgggo as a

function of modulus:; again, points for a common precursor ware

t

connected. As modulus increases the interplanar spacing drops

smoothly for the rayon fibers, with the exception of the catalyti-

o]
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el

cally graphitized CS-4 which is much morc graphitic than the others.
The orlon fibers from 3T through 6T also become progressively
graphitic at a faster rate than rayon. The situation for the
Courtelle fibers is erratic. The 60002 drops from about 3.413

as E rises from 40 to 47 Msi; then it increases rapidlyv to 3.443

as E reaches 51 Msi. Subsequently, it drops rapidly in a uniform
fashion.

The stack height, 1., as a function »f modulus for each

precursor type is given in Fig. 20. Again, with the exception
of the catalytically treated C5-4, the crystallite size increases

“n

uniformly for the rayon base fibers. The same acpears to b
true, though to a somewhat lesser extent, for the doghone fikers.

The behavior for the Courtelle fibers again is anomalous in the

Viewed in a different way, Fig. 21, is atomic basal spacing
dgoo2s as a function of crystallite stack height, 1
rayon fibers 1. increases uniformly as dgggs decreases with the
exception of the bcron catalysed sample CS-4. As dyqq, drops
for the orlon fibers, 1., increases in an almost linear fashion
till the material becomes almost totally graphitic.

If the curvz for the Courtelle fibers is drawn connecting
points in order of increasing tensile modulus, the rclationship

is seen to be very complex. As the modulus rises from AS and

Morganite II to CS-7, dgogo drops and the crystallite size increases;
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further relatively small increases in modulus are not followed
by decreasing interplanar spacings, but by the opposite. Aafter

the mciulus rises above 46 Msi as in HTS and CS-2 the interplanar

RENT Py it i

spacing drops rapidly followed by a stalling at about 3.393 as
the stack height rises.

Given in Fig. 22 is a plot of elastic modulus, corrected for
density, as a function of the index of preferred orientation, Wi.

-

As modulus increases in the rayon series, Wi drops in a uniform

o

fashion; the same is true for the orlon fibers. However, for those

g Bl s

e T

Courtelle base fikers which are in the vicinity of the density,

1l and dgggp anomalies, there is a much bigher degree of scatter

cr
of the points. BAnother generai feature is that the rayon base
fibers have higher average axial pref-rred orientations for a
given modulus (belcw E = 80 Msi) than do the PAN fibers.

The bulk parameters, such a< density and x-ray indices for

the rayon and orlon samples having corrected moduli up to about

100 Msi, behave in a more-or-less uniform fashion. As modulus

1 G
AT

4

increases, density increases, basal spacing drops, and 1. size

g o o

increases. For the Courtelle fibers, anomalies exist; of most
significance is the fact that the erratic behavior corresponds to
the region marking the onset of the drop in strength with

increasing elastic modulus.

As 2 minimum in the bulk density occurs, the basal plane spacing

fluctuates as does the size of the basal stack; furthermore,
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an instability in the index of axial preferred orientation, Wy,

occurs. In fact, in the modulus progression from Morganite II

(Ecorr = 43 Msi) to CS-2 (Ecory = 55 Msi), there is a drop in

axial preferred orientation.

3

In any case however, it is apparent that for the same corrected

elastic modulus, the hot stretched fibers have higher axial
preferred orientations than do tne PAN base materials. The

implication is that the state of stress within the PAN fibers has

from constant strain conditions.

03]

a significant component resultin

From a structural standpoint this would imply that, for a given

"y

preferred orientation, more tangling of the micro-ribbons occur

such that adjacent ribbons restrain each other under fiker tensile
load. Whether the structural source of the restraint is due to
a purely geometrical effect, or inter-ribbon bonding is not clear
at this point. However, the anomalies in basal spacing, stack

thickness, and density are thought to be related, but the relation-

ship is observed by residual stresses generated on cool-~down from

final heat treztment temperatures. It has been calculated by
6

LeMaistre that the magnitude of such stresses is of the order of

he "o direction. Additional

P-J
:
rr

the strength of graphite

he magnitude of circumferential

i

o
n
r+

preliminary calculations

compressive stresses generated on coocl-down in the interior of

o]

circular cross-section fikers howover lend support to the generation

fiber

of internal flaws via shear; :.ec. compressive buckling in the fi

interior. 1In any case howcvcr, both models imply a processing
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region of structural instability. PFurthermore, such models also
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lend support to optical results, which suggest t
ribbons may more properly be described as rippled sheets. It is
interesting to note that HTS and C&-7 {early HTS) have radically
different values of dyggp. Assuming that production procedures
have changed only a little, the structures present in such fibers

may A i traincd, and relatively small changes in fine
ay be very highly straineg, d relatively small changes al

heat treatment temperature or rates c¢f heating, may make a differsence.

Additions of boron in the catalvtically graphitized fibers

promotes graphitization: for the same modulus, the basal spacing
is lower and the stack thi

PART 3. Organic Fibers

The organic fibers which were studied include:

1. PRD-49-1

2. PRD-49-I1I
3. PRD-49-IV
4. 01d Fiber B
5. New Fiber

ihe Air Fcrce is based

L
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on duPont and AFML generated data.
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TABLE IT

DU PONT AROMATIC POLYAMTID YARN PROPERTIES =

Fiberxr

PRD-49-1 III IV B
Tensile Strength x 103 psi 350 400 430 205
Modulus x 10° psi 19-21 19 12 8.2
Ecorr 20 19 12 8
Elongation, % 1.5-2.0 2.0 3.3 6.5
Density, g/cc 1.48 1.45 1.45 1.44
Moisture Regain, % 0.72 1.5 4.0 5.0
Denier 4G0-650 195-380 200-400 740

* Based on duPont and AFML generated data.

Courtesy J. Ray, AFML.

A PRD-49-I/epoxy composite, which had been tested to failure
in compression in the direction ¢f the fiber axes was also examined.
An optical micrographof a polished cross-section of the main
faulted zone within this sample is shown in Fig. 23. The plane
of this zone is at about 45° to the principle compressive stress
axis. If the fibers away from this faulted zone are viewed at
higher magnification and in reflected polarized light, with the

fiber axes parallel to the analyzer, mcore detail emerges as shown
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in Fig. 24. Lines of high optical activity at 45° to the fiber
axes arise. The density of these lines increases as the distance
from the faulted zone decreases. Finally, shown in Fig. 25 is
a bright field profile of a fractured end of a single PRD-49-I
fiber taken with a Hitachi model HS-7 electron microscope. The
very jagged profile is indicative of a very highly aligned,
anisotropic structure. X-ray pinhole photograph of bundles of
the aligned fibers were taken; given in Fig. 26 is the diffraction
pattern of PRD-49-I, and in Fig. 27 that of Fiber B. Only *hese
two are presented, since they are representative of the extremes
in elastic moduius. The PRD-49-I pattern indicates that this
fiber is paracrystalline, while Fiber B is much less developed,
but does definitely have a marked axial preferred orientation.
Differences in radial textures are also present in the organic
fibers. Fig. 28 is a montage of micrographs of polished cross
sections of the fibers mounted in epoxy. The fibers are arranged
in order of increasing elastic modulus with the exception of the
newer Fiber B sample which has been placed at the end, since no
tensile data was available at the time of this writing; it 1is
apparent that this newer sample belongs between PRD-49-I and the
older Fiber B however.
One of the differences apparent is that III, IV and new
Fiber B have what appear to be cracks present. In an effort to

determine whether these cracks were present in the samples or
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were induced by specimen praparation, each of the samples was
polished in one direction in the final stages of mechanical
polishing. Observations indicated that the cracks then were
parallel to the polishing direction for samples III, IV, and

the newer Fiber B. 1In the case of the old Fiber B and PRD-49-I,
there was optical anisotropy of the whole bundle of fibers. The
fiver bundle anisotropy was characterized by an optical extinction

angle similarly to single fibers. The results are:

Fiber Induced Bundle AR Cracks Present
Fiber B 16° + 1 None
PRD-4 -1V = Q° Many
PRD-49-I1II =~ Q° Many
PRD-49-1 20° 4 2° None
New Fiber B < 5° Some

Thus, two feformation modes are present. For Fiber B and
PRD-49-I, defermation appears to be plastic, while III, IV, and
the newer Fiber B behave more like brittle materials.

Such behavior suggests that while tensile behavior of PRD-
49-1 mav be spectacular, compressive sirength of zomposites will
be very low; machinability and toughness will be anisotropic. The
same comments are true for clder Fiber B with the differences of
lower modulus and strength. The increased radial brittleness of
PRD-49-IV, III, and the ncwer Fiber B, will impart a higher fibcr
compressive strength, thus improving overall composite performance.

Summary of Organic Fibers

Of the organic fibers studied, PPD-49-TI has %the highest elastic




modulus, and Fiber B the lowest. 1In fact, the pirhole diffraction
indicates *hat PRD-49-I is paracrystalline. Failure in compression
is via shear at 45° to the principle compression axis; i.e., along
the maximum shear stress plane, and is observable as obligue strain
markings in reflected polarized .ight. This implies that the
molecular chains are very highly aligned and have little bonding
between adjacent linear elements. This poor coupling betweon

chains is also responsible for the ease with which optical aniso-
tropy may be introduced inte a bundle - the same is true for Fiker B.
In comparison, PRD samples IIT and IV, and the newer Fiber B are

are more brittle in a radial direction - polishing produces internal
cracks. The shear strength in compression is probably higher, and
thus aiso the composite compressive strength; however the tensile

moduli of these fibers is lower.
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