AD-773 168

THE RELATIONSHIPS OF STRUCTURE TO
PART IT
PROPERTIES IN GRAPHITE FIBERS.
Russell J.

Diefendorf,

et al

Rensselaer Polytechnic Institute

Prepared for:
Air Force Materials

Laboratory

October 1913

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE
5285 Port Royal Road, Springfield Va. 2215'i

Security Classification

n.d

Inj~4~~nmztb

~tl

jn th

apnI

fa~td

DOCUMENT CONTROL DATA-- R&D
Rensselaer Polytechnic Institute
Materials Djvjsi-on, Troy, New York 12181

Unclassi fied
2

RU

3. REPORT TITLE

THE RELATIONSHIPS OF STRUCTURE TO PROPERTIES IN GRAHI~TE FIBERS
4 )ESCRIPTIVX NOTES (T"~ of report ad Inclusive dotes)

Final Report May 1971 to April 1972
S. AUTHOR(S) (Last name. first name. Initial)

Diefendorf, Russell j.
Tokarsky, Edward W.
17*- TOTAL NO OF PAGES

6. REPORT DATE

1

October 1973
Be.

CONTRACT OR GRANT NO0.

07.
NOFo

REFS

6

-j.7- /

11a. ORIOINA40tRs RIEPORT I.'UMZR(S)

F33615-70-C-1530
6. IPROjKCT No0. 7342
Task No. 734202_____________
C.

~Sb.

(Any ethotnIurnbers fitat ny

be assigned

IAFML-TR-7,2-l.3, Part Il

8

10.

OTH4ER REFPOAT NO(S)
this report)

A VA IL ABILITY/LIMITATION NOTICES

Approved for public release; distribution un:limited.

11.

112-

SUPPL XMWNTARY NOTES

SPCNSOR19IG MILITARY ACTIVITY'

IAir

Force Materials Laboratory(I4BC)

IWright-Patterson
-

13.

AFB, Ohio

ABSTRACT

Three dimensional structural models of several different carbon fibers with different precursor bases and represent'ing a wide modulus range have been developed.
In addition, a larger variety of commercially available carbon fibers and the newer
high performance organic fibers have been studied.

T

Results from the individual characterizations indicate that increasing fiber rnodulu!
Is accompanied bydevelopment of thicker, straighter, more crystalline, and better
al"igned ribbons of graphite. Quantitative optical measurements on fibers indicate
a very steep modulus gradient is present in fibers from skin to core such that when
fibers are loaded in tension, most of the load is born by the skin.
General studies indicate PANl fibers experience an inflection in density in "the 3050 'Msi range while the densitv of hot stretched fibers is uniformfly proportional to
modulus. Basal spacing and stack height fluctuate in the region of the density
anomaly for the PAN fibers inferring a degree of structural disordering which may W
related to the strength anomaly. In addition, the preferred orientation versus
modulus relations for PAN and rayen base fibers is different implying constant strapn
conditions in PAN.
Modulus is directly proportional to preferred orientation in organic fibers, and
compressive failure is caused by buckling oil polymer chains.
DD!JAM..147

Unclassified
-

-

Security Classifici'tion

Classification

ýXSecuritv
an

_______

LINK A
I-

KEY WORDS

.OLE

and

Carbon

wT

ROLE

LINK C
Wr

ROE

I

WT

fibersI

graphite

structur-property

relations

three-dimensional

struct~ural models
uiffr-acLi on

x-ray and

-

LINK 9

electron

1. OIGIATIN
ACl~lT~

Eter he

1. OIGIATIN
ACIVIY-

Eterthe

me

nd

nt

N.STRUCTIONSstnadtte

tmposed by security classification, usingstnadtemna

dmrandaddress,

of the rentraectr. cuibcon'tractor. grantee. Departtn-ent of Ortense activity or other organization fcurptirsre aurh-~r) issuing

Isuch as-

I

1) "Qualified requesters may obtain copiet; of this
fromn DDC2'
rpee.report
ft
n
ismnto
noneet
a
1)"oeg
2a. REP0R17SECURITY CLASSIFICATION. Enter t~he te-Z
ftl
ismnto
n
Frinanucmn
2
I
all necuirity ciasszficat.on of the report. Indicate whether
nccord-reotbDCisntahrzd.
"Restricted Poatt" is included. Marking is to heý in
S. Government agencies may Obtain c-opies of
1
3)"U.
withw appropriate security regulations.
this report directly irom DD(_. Other quallfied DEC
I
2'~~~ GRU:Atmtcdwgading is specifted in DoD Di-t
i octt.-,e 5200O. 10 and Armed Forces, industrial Manu al. Enhalreusttrog
'I
!the protip nuc'h*-r Also, when applicablo, show thist 'r'onal
4, "U. S. military agenicies may obtain copies of this
.' n. I
.i-ine
fo
h:t Grup
teenme an Grup
directly from DEC. Other qualified us-ers
r.
ILFIreport
shall request throuigh
E1'711
nter the complete report t-.le .n All
a!l cases should be unclassified.
t
--.
Er.,in
the

-an"e

~"~'1

--

_- -- gii~ titl
oi- .4.

;

.+ýtit

tannot be selected wi~thout castc-de
J~tfwarion in all capitals in parentores.5

01

O
sr
h~ eus
hog
"All distribution of this re-port is controlled.

Quel-

t)FSCRll'TIVI-_ NOT ES If;ip-propatwe, enter the type ..f_________________________
.t
nt~t'.
rores.summnory. anu,.
r finai.
If the report has been furnished to the Office of Technical
Ot~ ;nlui
th
ki-swhen a spectfic :ep-nntin
ers-1A
erie.fensi:ment
of Commerce. for sale to the public. indtthis tact and enter the prie-, if knowrt.
'V~t
si.erte
t
-I
AttT-loPts;
toter the namrnt~r off outh-.41tsvt bs w irn
11. SUPPLEMENTARY NOTES:ý t se for additional explanstrynoes
.el-ttr. En--i host name. first name.. middie siflti
vnts
ranc h t !set's ca. The- narr
.'San
4 o~, lr
12. SPONESORlNG MILITARY ACTIVT: Enter th nmeo
minimunt require~v-n.
tIh- .rztic trial ,.'thor is 'aabnl5
th deprtmnta pro.tedteo office or l aboratory sponsoring (pzay
n.ject
h v-ia
PiUIIIRT
drs;
ti'srýter-nchaddvlomn.Icud
nivor-th. year. or rt.-mnth. year. If more than one date appear
hI1 ABSTRACT: Enter an :Abstract giving a brief and factual
ot.. I've report, use, date of PublIcatIon.
ummvarv of the documetnt indicative of the rePorL evren thouth
7..
OTA NUBER0?
AGE.
Te ttalpag
1701AL
OlýPAGFS.
NMBE
he ttal azýn~nt
Z.,may atso appear elsetwhere in the body of the technical re'rtvv-uid fo~llow nor'anh piatrzntta procedures.. vte.. erter the
poIrt- Hf addtuional space is required, a continuation sheet lob-.l
numhr- of pages conrta-tnink tnformmat-nn.
be atloched1.

~nt.e~g.

~

~

~

~

~

~

7b- $UMDjE2 OF- REFERENCES& Enter the t-1.4l nw-nt'
referecrics! rite'! tn the rrpori.
go. CONTRALT OW GRANT NUMBER:

if apptnr-apris

It is highly Jemtrebi- t!-at the abstract of classified reponts
be unclassified. Each paragraph of the abstract shall end with

-4

an indication of the mtlitnlry security classification of the in-

- ete-

fortnatton tn the pnragraph, represented as ITS'1. (Si. (CEý or (U)5
There is no limitatio--n on the lenjgtl of the abstrect. However. t~ie suvgested length is from 150 to 225 words.

the appl-rcablc n'rnher of the contrarlt or z.ran' under wh- h,

as

thereprt
riten

8b. kc. &. Ed. PROJECT NUMBEUR: Enter the aptnreprzaie
n.hittary department idenxificetion. si-rh an prnteet nsrihetnnumers tak n'ttcr
tc14subpojet
sste nmbe.

KEY WORDS: Rev words are technically meaningful herin a
or s.hort phrases thuat chesarctertze a reptn an:d may be usved masI

tndex entries for captolngivng the rrport Key woz-rds must, be
selected so that no security cloosificatien -is required lMentr-

REPvORT NIJMBERIS.. Enter thk' eit
RGNTW
cial report numbePr by wvhich the documnent will he iderfiet
t "hit o"'Mr *..it
thv
nri-nstinq ncttvitv.
b%
And controllod,
t
'hie
t.
reptt
be .aeirne
tren
'4,
ip EPOI
NMBE'StIf
he esr4 i 4
"I- td_% REPRy r'pnrt
Nthe ';m'
rrrhei.%
r
'is

hiem- such tis C&zutpmrntt mode: designation. trdad namze. military;
piert
-ede namne greg'apb*.c location. maye be used atz key
word, bit will be! foltew-ed by rn indicration of technical conttext
Thi' assignment of links- rcles, and v-eights is oprfonai

~i

tl;e
!.AV'7A

r-lxcr .1.
iAIjIIITI

t

~t~'-Invh-t.

DD

enter this

tussi

OIt~sFIIAIO
v djssi-miziaitn_ -F the re',

r."0a41473

5

';e--.o
1't'

(BACKi

_

,

0....Securiiv

_

__

_

Ciar-ificstion

_

_

THE RELATIONSHIPS OF STRUCTURE TO PROPERTIES
IN GRAPHITE FIBERS
PART II

S•

Russell J.

Diefendorf

Edward W. Tokarsky
Rensselaer Polytechnic Institute

TECHNICAL REPORT A.FML-TR-72-133,

PART II

October 1973

Approved for public release; distribution unlimited.

FOREWORD

This report was prepared by R.

J.

Diefendorf and E.

W. Tokarsky,

Materials Division, Rensselaer Polytechnic Institute; project 7342,
"Fundamental Research on Miacromolecular Materials and Lubrication
Phenomuna",

Task 734202,

"Studies on Structure-Property Relation-

ships of Polymeric Materials" under contract AF33 (615)-70-C-1530
entitled "The Relat;onsnin, of Structure to Properties in
Fibers".

It

was administered by the Air Force Materia2s Laborat-Dry,

Air Force Systems Com'nand,
M. Ezekiel (AFNL/MiBC),

Wright-Patter~on Air Force Base,

Herbort

project monitor.

Gratefully ackncwledgied is
work of Mr. John Nelson,
r-hanks is

Graphite

the scanning electron microscopy

now of the Comning Glass Works.

due Mr. W, Butler and Mr.

W. Hunn of E.

Special

Leitz Inc.

for

kind permission to use a Lcitz MPV System ror special optical
measurements.

Samples of polyacetylene base fibers were supplied

through Dr. D.

G. Flom, General Electric Research and Development

Center.

Also, special thanks are due to :1-.r.

J.

Ray and

i.

Ezekiel

Sof the Air Force,

whc supplied samples and data on high performance
oraanic and experimental carbon fibers respectively
This report covers research conducted during the period
May 1971 to April 1972.
This report was submitted by the authors in
=

July 197'3.

This

technical report has been reviewed and i • approved.

Th1EODORE J. RIN,,ART,.

ii

jR._

C

om.posite & Fibrous Materials Branch
Nonmetallic %MnLertalsDivi.ion

TABLE OF CONTENTS
Page

Section
I

INThODUCTIZJN

1

UI

EXPERTMENTAL TECITTIQUFJS

7

1.
2.
3.
4.
5.
6.
7.
8.
1II

X-Ray Diffraction
Elsctron Diffraction
Electron M.croscopy
Scanning Electron Microscopy
Polarized ,ight Analysis
ieverse Radio Frequency Sputtering
Bulk Densities of Fibers
Carbon Fibers

RESULTS AND DISCUSSION
1.

:ndividual Carbon Fibers
A.
B.
C.

2.

General Studies of Carbon Fibers
A.

3.

CS-5 Characterization
CS-7 Characterization
G.E. Monofilament Characterization

Density Results

Organic Fibers

REFERENCES

&

8
9
9
10
10
10
10
11
14
14
14
31
39
39
39
50
61

LIST OF FIGURFS
Page
CS-5,

Fig.

!

Bright Field Fracture Profile,

Fig.

2

Electron Diffraction Pattern, CS-5

Fig. 3

(0002)

15

10,m = 3.0'.

16

Electron Dark Field of a CS-5 Fiber o
1 cm s 835A"3

tExhibiting Modulation of (1010),

Fig.

4

(0002) Elcctron Dark Field of a CS-5 FiLezr not 0
Exhibiting Modulation of the (1010), 1 cm • 700A
CS-5,

Fig. 5

Extraction Replica,

Fig. 6

Lonqitudinal Sections,
1 cm r 2.2p.

Fig.

7

CS-5,

Polarized Light,
22

1:xtractirin Replica, CS-5, Longitudinal Section after
Reverse R-F Sputtering, 1 cm : 0.4p
Polarized 7igqht,

S

Transverse Sections CS-5,

Fig.

9

Schematic of Radial Distribution, CS-5

Fig.

10

Schematic of Radial Modulus Distributions,

Fig.

11

Three Dimensional Structural Model,

Fig.

12

(0002) Electron Dark Field, CS-7,

Fig.

Fig.

14

15

21

1 cm - 0.151'

SFig.

Fig- 13

19

1 cm - 4.5p

23
24
27
28

CS-5

2o

CS-5

32

1 cm 1 0.4g

Transverse Fec-tnios, CS-7 Polarized Light, 1 cm

10

34

Schematic Illustrations of the Two Types of Radial
Preferred Orientations found in CS-7 Fibers

36

Scanning Electron Microcjraph, CS-7 Fibers R--F Sputter
Etched in an Epoxy Matrix, 1 cm ; 0.81;

37

Fig.

16

Three Dimensional Struwtural Model,

CS-7

38

Fig.

17

Three Dimensional Structural Model,

G.E. Monofilament

40

Fig.

18

Modulus vs.

Density of a Wide Range of Carbon Fiber

41

Page
d 0 0 0 2 , vs.

Modulus of Fibers

43

Fiber Modulus

45

Fig.

19

Basal Spacing,

Fig.

20

Basal Stack Height,

1c, vs.

Fig.

21

Basal Stack Height,

Ic,

Fig. 22
Fig.

23

Fig. 24

Fig.

Fig.

25

26

Fig. 27

Fig.

28

vs.

d0 0 0 2

46

Fiber Modulus

48

Basal Spacing,

Index of Preferrea Orientation,

Wi½ vs.

Optical Micrograph Failure Zone in
Tested PRD-49-I - Epoxy Composite,
Higher Magnification of Sample in
Polarized Light, 1 cm n 4 .5,u

Compression
1 cm c 100p

52

Fig. 23 in
54

PRD-49-1 Fracture Profile,

Electron Bright Field,
1 cm ; 0.61

55

X-Ray Pinhole Photograph of a Collimated Bundle of
PRD-4 9-I Fibers

56

X-Ray Pinhole Photograph of a Collimated Bundle of
Fiber B Fibers

57

Montage of Optical Micrographs of Polished Cross
Sections of Organic Fibers in Reflected Polarized Light,
1 cm z: 10

58

TABLES

the project

Table 1

List of Fih"rs studied in

Table iI

Du Pont Axomatic Polyamid Yarn Properties

'I

13
51

M

SECTION I
!NTRODUCTION
The potential
increased
in

interest

low cost
in

near term aerospace

currently

able to

of high performance

filamentary

reinforced

applications.

provide

carbon fibers

composites

While many

a wide variety

of types

of significant advances in
the fibers,
situation is
in

for

suppliers

use
are

of carbon

with a considerable range of mechanical properties,
technical problems remain.

has

fibers

a number of

One of the most important is

the lack

increasing the strain to failure of

particularly for higher modulus fibers.

Such a

partly responsible for the limited confidence placed

fabricated carbon composite members.

has been the cost of carbon fibers,

A second major limitation

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 progress towards the solutions of these

problems might be made by findini the pertinent structural
features causing poor strength rather than through further trial
and error develoome:,t.
In

Part I of tht s study,

prepared from several precursa

a limited number of carbon fibers
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.

It

was ccn'luded that ca bon fibers consist of long undulating

and twisting ribbons.
is

For fibers witi- a modulus of 6 million psi.,

an almost random
Sthere orientation of these ribbons with respect

to the fiber axis.

The thickness of these ribbons is

5 to 6 turbostratic

layer planes with a width of probably 20A.o

approximately

The ribbons are highly undulated and twisted to give an intertangled mass.

This provides a tight coupling between ribbons,

the fibers are observed to be surface flaw sensitive.

Only a small

portion of the surface appears to be covered with basal plane,
interfacial bonding to the matrix should be good.

good bonding,

and

Flaw sensitivity

should-give a high gage length effect with tensile strength,
short gage lengths giving much higher strengths.

and

with

Combined with

this should give a high "translation" of fiber

strength (measured at 1 inch gage length) to the composite.
For ribers with a 40 million modulus,

the ribbons are typically

about 13 layer planes thick and 40A wide.

The amplitude of the

undulation is

and about three-quarters

greater than the wavelength,

of the bas-l planes are aligned within 300 of the fiber axis.
variation in

prelerred orientation from the surface of the fiber to

the center is

observed,

orientation.

There is

with the surface having a higher preferred
also some radial prcferred orientation with

basal planes orienting parallel to the fiber surface.
preferred orientation in
processing,

Some

but is

The radial

the center of the fiber depends on the

lower than the surface.

The variation in

axial

preferred orientation and the radial preferred orientation will
give rise to residual stresses upon cool-down.

These stresses are

compressive axially and circumferentially at the surface,
tensile radially.

and

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 the fiber somewhat less flaw sensitive.
However,
large.

tensile strength gage length effects are still
The fiber surface is

amcunts of basal plane,
relatively high.

relatively

starting to be covered -ith appreciable

but the resin bonding to the surface is

The variation in

still

axial preferred orientation will

also cause the outside sheath of the fiber to carry more of the
load.

The interacton of this non-uniform loading with the residual

stress has not been determined.

The good bonding and high tensile

strength at short gage lengths should give good "translation" of
1 inch gage length fiber strength tofi.e composite.
For 50 million psi fiber,

the ribbons remain turbostratic and
0

increase to about 20 layers thick and 70A wide.
amplitude drops to less than the wavelength,

The undulation

and three quarters of

basal planes are oriented within 120 of the fiber axis.
tangling is

observed between ribbons,and a high radial preferred

orientation is
surface.

Less

observed with the basal planes parallel to the

The residual stress which develops from the radial

3

preferred orientation becomes high enough to cause internal fracture,
which,

with less tangling of the ribbons,

between ribbons.

gives poor couplin,

Fiber fracture surfaces become quite rough,

the tensile strength of the fiber often decreases.

Flaw sersi-

tivity and tensile strength gage length effects decrease.
surface of the fiber is

predumin-Iant]v

interfacial bond strencth,

to composite properties wilI

The

a faulted basal plane,

without etching, will be low.

lation of fiber tensile st--e-t,

and

and

Trans-

for surface treated specimens,

be reduced as the strength at short

gage length does not increase as rapidly as fcor flaw sensitive
fibers of lower modulus.
Finally,

for fibers of :o

about 30 layers thick an6
in

some sa-mples.

was observed,

;'w

mmillion modulus,

the ribbons are

wide, bet ribbon fusion is

For one PAN sia-pl,

evident

three dimensional orderixlg

together with a.; referrel orientation of a-axes.

The

orientation was that excnected if the orientation of carbon backbone
of the PAN polymer was retained Throughout processing.
The ribbons

are observed to have almost zero amr•litude
narallel to the fiber axis.

Very little

and are essentially

tangling is

Strong radial preferred orientation occurs,

also observed.

and the resulting

residual stresses mu-1t give very poor coupling between ribbons.
Fracture surfaces are extremeiy jagged.

The fiber surface consists

of extremely smooth basal nianes wnich wou-d give poor bonding.
The strong similarities among carbon fibers of the same modulus,

A

r
but from different Precursors,
ences.

were more noteworthy than the differ-

Axial structures appeared very similar with catalytically

i:,rocessed fibers having somewhat larger !c values; differences
were more apparent in

ra;o!al structu-es.

in

general, however,

higher radial preferle d c-rintations were asso-c-iated with higher
axial preferred orientations,
annealed,

i.e.,

fibers

Samples which appaar to be strain-

rLhave been strained at high temperatures

by an applied stress,

show d somewhat poorer development of radial

structure as might

exez.

T
In

this case,

the applied stress

causes the basal planes to s-lin parallel to the applied stress.
Finally,

improved caro-n fibers are conceivably possible if

axial alignment of rcm
-adial alignment.

n De accompilshed with a minimum of

T.is w-.ou, d minimize decoupling of ribbons.

this second period,

t'e

for a larger nu-mter

resationship between structure and properties

-ibers

o.articularlv commercially

carbon fibers, has been in,;ceszt g:.ted.
more recently
i

-

i

in

Also,

available

this study has included

s,- oi, s of DuPont's whollV organic PRD-49

and Fiber b series.
•thsianificant amounts of residual stress

Past work haz s'cwn

ca ron fibers,
r

rmiay be present in
sensitivity.

Seco-dlly.

ter'-

on

---tural features res-onsihlee for

loadin

residual stress make
not impossible,

th s will seriously affect flaw

-0

of each fiber

scae," little

is

di-f-f -c

,

known. about the

mechanisms of stress transf

among the rippled ribbon-sha.ed

fibrils which compese

-rs

work done b•'

?-rv&des-.

i

in

this regarid,

att ts that the elastic

if

moduli of carbon fibers lie
models,

between constant stress and strain

while for practically

all other types of carbon,

constant stress model appears to fit

the

data well.

A different set of problems zxists for the organic fibers.
While uniaxial tensile properties are outstanding,
strength, composite i nC.._
faCial shear strength,

compressive

and machinability

parallel to the fiber lay-up are serious deficiencies.
T'he purpose o-f tssecond
:pay,
structurally characterize

of the stody has been: i)

to

a wider range of carbon fibers while

continuina further efforts to orobe more deeply into the nature
of carbon fiber structural features; 2)

to structurally

cia--actexze the new organic fi.bers; and 3) to relate structure
to

properties

in

both casrs.

To this end three carbon fiber samples were character-ized in
detail,

three dimensiona!

consequences noted.

inciluded in

Fiber_odulus
CS-5
CS-7
G.E. Monofilament
In

structural models developedand
this part of this report are:
Msi
i16
36.5
45

Precursor
Dralon T
Courtelle
Polyacetylene

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

of carbon f-ibers are roorted and analyzed.
the work on the organic fibers is
properties.

In

the third part

given relating structure to

SECTION II
E'XPERIMENTAL TEQHNTQUES

Structural features which have effecLs on the ultimate
performance of carbon as well as organic fibers occur at various
dimensional levels from the atomic or unit cell size to the
level of the fiber diameter.

Accordingly,

of experimental

necessary to maximize resolution

techniques is

the use of a number

at each respective maq:-ification
For both carbon and organic

-ibers, a principal emphasis is

to describe preferred orientations of either the basal planes or
aligned molecular chains,

since I, e extent of such textures and

their distributions have first
Changes in

order effects on fiber properties.

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 constarts.
carbon,
spacing,

the shear compliance,
d0 0 0 2 ,

For

S 4 4 , varies with the interlayer

quite strongly,

and the elastic properties

parallel to the fiber axis will depend on the average values and
distri.)utions of S4 4 , the shear compliance as determined by d 0 0 0
At the other extreme of magnification,

7

e.g. the fiber diameter,

2

know the cross-sectional shape of the fiber,
necessary to Si~t
•-z
Man of ths
overall size, pattern of radial preferred orientation develop-

is
its

•z

and the distributior

ment,

f.th.s
Mar~y

i2ort..t

of axial preferred

orientation.

details can be resolved by the

following techniques :
'- "•X-ray -";i~ffra
Electron &ifr•to
Dark Field and Replication Electron
3. BightFie_.,

!.
2.

Micros• opL,
Scanninc~ Electron Microscopy (SEM)
a~ie Light Microscopy
Optical. Po
of Fibers
o'vtLeing
R.'
Reverse
Bulk Density Measurements.

4.
5.
6.

S7.
S1.

X-Ray Diffraction
For a fiber

l0g or less in

fiber provides the x-ray

diameter,

diffrctio

the total volume of the
Pnhl

inomain.

photographs of bundles of colli mated fibers enabled qualitative
assessments to be made of po-eferrcd orientation,

S~size

•three-dimension

order) :nai small angle scattering,

measurements of atomic spacings,

i

czystallite

crystallite sizes,

Quantitative

and preferred

orientation were made using a Norelco diffractometer.
Instrumental broadening of the diffractometer traces were determined for carbon fiber work by running a very well annealed

i

sample

,

S~where

(3600WC for 16 hours) of pyrolytic graphite.

In cases

the
to Heckman
present,
prozedure of
the corrections
small crystallite sizes were
following
raw data were made essentially
was given in
A description of this correctional scheme

-½a

r

Apendix I

2

of Part i.
2.

Electron Di~ffraction
Because the Denetratr;on ofr a 50 XKV electron beam ius only

hundreds of angstroms in

carbon,

weighted toward surface features

linformat-ion -bt-ained is heavily
ol the

f-ihers.

A Hitachi 50 kkV

Model HS-7 electron Rnic~rosc-otc was emoiloved to obtain t-he elecw:-on
diffraction p~atterns of car-bon f~ibers which were then Qiualitatively assessed for compari-son with x-ray data.

Additionally,

electron diffraction. was ut-ilized for local cr~ystallographic
reference in electron microscoD-v.

-Electi-on diffraction could

not be obt-ained for the o-ra-inrc finers since the' focused electron

beam degraded the
3.

S CsV 0 r Cv

fib--

Ele.ctro~n M~icrosc-'"ý
C-arbon extracto

.--_iiCa-S OLE carb~on fibers were prepared

using chromium. as s~ac7,zcg ntater- al.
resoluation of surface tCe-turc,

Such revli c~s crovi de hiqh

nart--cularly1-

along the ibe

sinoes.

The brig~ht field t-echnic-le was use,,- to s~t-udy: ;:r:)4i 1es ofcarbon and organic' fEibers,
studies of- Su-rzfcientlv

tiam

and! also for some high magnification
fiber regio!,,ý.

technicue was also emolo-ed in
particularly- the

(00012C)

the studv of the carbon fibers,

ddark f11iel-d3,

about basal preferred orientat-ion;
could be measured directly.

-Toe dark field

since it
in

provides infori-iation

addition,

crystallite sizes

4.

Scanning Electron Microscoov
SEM provides magnifications

and electron microscopv.

S•_)
intermediate between optical

Textures of sides and fractured ends

of fibers could be observcd as well as overall composite fracture
characteristics.
Polarized Liqht AaL-is

5.

The interaction of verticilly

with polished cross-sections

incident plane polarized light

of fibers may be used to determine

radial distributions.
Using t"Le optical theory dcscribed
3
previously, it has been possile
to u
characterize
several fibers used in

this study.

Although ithe ovtical inter-

action has not been as well charact-ri, ..ed for the organic fibers,
the same principles apply and have Ieen used in

a more qualitative

fashion.
6.

Reverse Radio Frequencv Sputtering
Reverse R.F. sputtering techniques make i,

possible to

progressively and controllably etch away fiber surfaces without
apparent damage.
target material,

During this process,
in

inert gas ions bombard a

this case fibers mounted in

under the influence of a controlled power R.F.
7.

an epoxy matrix,
field.

Bulk Densities of Fibers
The densities of these fibers were measured using a CCI

CiHBr

3

d&asity gradient column.

24 hours after initial

imimersion.

4

-

Density was measured approximately

J7"

8.

Carbon Fibers
Listed in Table f are the carbon fibers studied to date along
The fibers

with the tensile modulus data furnished by the s4qniiers.
are grouped by precursoi

(Fayon.

and arranged within each group in

Orlon,

and miscellaneous),

order of increasin~g tensile

Also listed are the densities, which were measured at

modulus.
R.P.I.,

CourtlZ

and moduli correzted

for density i.e.,

(2.26/fiber density)

Such a ccrrection permits a clearer comparison cf fibers,

X E.

assumes that the porosit5° is

parallel to the fiber axis ; in

but

view of

previous small angle scattering work done here as reported in
Part I,

this is

not an unreasonable limiting assumption.

Also

included are the x-ray determined crystallographic parameters:
basal spacing, d0002
stack height 1index of preferred orientation, W½

1.
2.
3.

Information on the preparation procedures used for the
commercial samples is

proprietary for the most ?art.

Fibers with the

CS code desi.gnation weere special experimental samples provided by
Mr.

H.

M. Ezekiel.

ai: exaerimental P.M homopolymer,

CS-! was prepared fro
tenacity,

dry spun yarn.

technique

(i.e.

it

high

was made by a direct graphitization

no carbonization step) and was not surface treated.

CS-2
,CS-2 was prepared from a vv:et sDpun experimental hcmopolymer in

11

1the usual manner
graphiti-ation)

(i.e.

full sabilization,

carbonization,

and was surftcr- treated,

CS -3
CS-3 was made. from Villw.,te

rayon and was not surface treated.

CS -4
from a cor.-nercia-l carbon yarn VYB 70-½ by

CS-4 was -re•..e.•

a catalytic graphitiza-:on proress
fication,

1,295,289)

and

•

(British provisional speci-

not surface treated.

CS-5
CS-5 was also prepared according to the same catalytic
graphitization process as
P;IN varn,

.

:.

was made from a commercial

Dralon T, and was not surface treated.

CS -7
CS-7 was commercial HTS t-yp

carbon yarn.

C-eneral Electric Monofilament
The monoiilament is
acetylene precursor,

ar: experiimiental fiber made from a poly-

and was developed at the General Biez-tric

Research and Development C.enter ; samples were provided through
the courtesy of

D.

G. Flom.
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TABLE I
RAYON BASE FIBERS
6 psi.

EXi0

Fiber

Ecorr.

__

dOO02,A

1c

W

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

75

726

94

1.82

CS-4

88

107

1.86

3.37

155

7.5

CS-3

103

135

2.73

3.396

69.7

2.6

W-TYB

Thorne!

-

8.1

--

COURTELLE PAN BASE FIBERS

AS

31

39

1.80

3.410

13.8

29.5

Morganite Ii

34

43

1.79

3.413

18.1

23.5

CS-7

37

47

1.77

3.390

24.1

25.1

fiTS

39

5:

1.73

3.439

22.2

22.7

Fortafil 5-Y

55

65

1.91

3.390

61.1

16.3

HMIS

56

67

1.88

3.390

55.4

13.8

Morganite I

65

76

1.94

3.388

93.4

7.8

Great Lakes 3T

30

38

±.80

3.414

12.7

29.7

Great Lakes 4T

38

48

1.80

3.400

21.4

25.8

Great Lakes 5T

-8

59

1.85

3.384

33.5

19.6

Great Lakes 6T

-'8

69

1.96

3.354

57.5

11.2

41

55

1.69

3.433

16.8

28.3

ORLON PAN BASE FIBERS

ROUND PAN BASE FIBER
cS-2

DOGBONE PAN BASE FIBERS
cs-i

100

106

1.95

3.357

115

5.9

CS-5

116

124

2.12

3.36

203

2.3

45

63

1.62

3.406

55.4

9.9

OTHER
G.E. eilonofilament
Polyacetylene

V3

SECTION III
RESULTS AND DISCUSSION
ParitA.

individw~l Carbon Fibers

.

Characterizat-ion

CS-S

CS-5 is a dogbone shaped carbon fiber having an axial tensile
modulus of lib Msi and was pDroduced via the catalyticgabtzto
process from Dralon T precursor.
Shown in

Fig.

1 is

an cilectro

CS-S fiber f;.actured in bendina.
is

bright field photogaho
The verv Jagged

fracture profile
Ths_.

indicative of a very high axial p~referred orienttin

in. agreement with the previous hypothesis which suggested that as
the microfibrils becon'e bel-er aligned,
them is

reduced;

and as a consequence,

cracks will be deflected

t'he shear coupling between
when the fiber is

fractuzed

for ljong distances between the ribbons

since this is the patCh of lecaSt resistance.
Electron difffractlon Datterns of CS-5 f.ail into two categories
depending on whether t-he
a pat-tern of the first

(1010) is modulated.

Show.n in Fig. 2 is

The six spots indicate

type.

three

dimensional ordering ofj' partL of the fiber from. which the diffraction
oriLginaited.

it.

is

slignifican-

3C~bt the six soot oattern is

sym~metrically displace-i with r!spelct to t-he

maxima.

Th~e positions of these spots

directions in

show

the Contribut-ing aicrofibrILs

away from t-he (0002)

aXis

of

--h

(0002)

not

intensit-y

-that one of the "a"
Is

displaced about 15-

rliLon as shown followaing:

4E
MEN

AWRa

PII

Fiber Axis
Because only a part of the
these six spots,

it

(1010) intensity is

concentrated in

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)
0

is

shown in

Fig.

3.

L,

crystallite sizes

0

ranging from about BOA to over 500A are present as well as axial
la values in
ripple,

the micron range.

The amplitude of the microfibril

especially when compared to lower modulus fibers,

expected to be very small for such a high modulus fiber.

is
Othex

areas of CS-5 which exhibited di ffraction patterns of the second
type gave rise to (0002) dark fields as exemplified in
In

this case lc is

around !50A while Ja, axially,

into the micron range.

Fig.

4.

again extends

On thle side of the fiber, some evidence

exists for cross correlation of microfibril ripple,

as indicated

in

stage of

the blocked area.

This may illustrate the first

17
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adjacent ribbon fusion, and would be expected to begin at the
fiber surface.
developed is

That the surface itself

supported in

Fig.

5,

is

at least locally well

an extraction replica of the

longitudinal surface of a single CS-5 fiber.

The apparent

smoothness accompanied -v a striaLtsd texture is

suggestive of

basal character.
Shigh
To help clarify the uossibilitv of a duolex microstructure,
a bundle of CS-5 fibers was mounted in

an epoxy matrix such that

the fiber axes were aoproxim-atelv oarallel to the specimen
mounting surface; suhseauentg

and polishing produced

longitudinal sections suitable for rmetallographic examination.
Shown in
in

Fig.

6 are such ionqitudinal sections of several fibers

reflected polarized light.

The longitudinal surfaces of these

fibers appear to be covered by a layer which behaves optically
like a series of pyrolytic growth cones.

Furthermore,

of the layer in

to be either extra-

the blocked area appears

ordinarily thick,

the section

or to have broken away implying that the bondin9

between the outer layer and fiber interior is

not great.

This

separation may have occurred when the fiber bundle was broken in
bending before mounting.

Subsequently the sample was reverse RF

sputtered and replicas of- the surface were prepared.

Fig.

7 is

an extraction replica of such an etched longitudinal surface.
Though z bit out of focus,

the surface layer is

pyrolytic-like morphology in

similar to the

the optical photomicrograph.
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The e-xtent- to waten h.~

Thver 3xJ st-s was revealed by polarized

light microscopy of t~he cr--oss
as shown in

or

a bundle of CS-S fibers

Inr~seczxcn reveals that the characteristic

clos-

Fig- 8.

seertior

94-

optical activilty pattpyrn occurs caiv on rx;-ers comprising the

[

perimeter of t~he bundle.

~

Fuarthcr observations

~microscope suggest tlm-tz
bridge some of the
origin.

a redeposition
may explain the surface~ laye r

__vVJf

roce'dure may not have been

is that the cata&lyti-c ar.:±::to
=uni-form,

only afeý.

oJ.t.-rmost zxeso

Fur-t'her useý o:fs

enabled quan'titativ<,4- dnetnZr-inatinotpca

determtined.

-

layer.Qatttv

v-ls
wre

measurements of rotaton

fro

-undle

atsditiuin

iLn CS-S Ifibjers not. ooss.css_-na teurc

mnade- u.s inn

~iv~rabl

sli t

th

LeiTs MPV

m..easdring diýaphragm.
of light reflecte6

litclchara.cter

This syst-em-, enables th

h

pýol arvizcd, 14 glt inter actio n

rc-~~

micrscoe-ootoeterwit

the optical

layer may in fact

:vritr1c

xtcrfiesugsting

Anrother poss

in

Icron on a sideo to be quantitatively

aras
s sallas

The combn.:t4ai on of t--ins ;nrormation with' caxleful

evaluation of phlot-oar-ap-nt

data

ha--s led t%-o tChe proposed -radial-

distribut-iin s-noYw-n i.n Fiqr.

9a.

it

sywimetry is

a significant departure

is

clear

t-hat

tz-±e overall

from the largely onion sky-in

I

t-extures seen previousl

tms

eepaie

htrda

dist~ribut~ions w~ithlin t1-he bund-le studied varied; on4.on skin distrrbut-ions were found,

but were certainly not as dominantC as h-as been

24
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Iwozyý
4:"Jet

the case for lower modulus fibers studied.
central area between the lobes is

In

particular,

oriented about 40-500 away

from that expected of an onion sk-in type morphology.
structure is

the

This rrucro-

similar to an understabilized Courtelle PAN base

carbon fibjer where the outer stabilized surface region is
skin and the inner understa'iliz-ed structure is

radial.

onionHowever,

the authors do not know. f the diffusion limited stabilization
which apparently gives thu duolex microstructure of Courtelle base
fibers also holds for this Dralon T sample.
Given in

Fig. 9b,

also from optical measurements,

contour lines representing zones of
tilt

e]_ constant axial

of the basal plane away from the fiber axis.

lines are drawn for 100 increments.
preferred orientation is
orientation -is found in
rapidly in

T

is

The contou,

apparent that the axial

very far from uniform; the highest axial
the area between the lobes and decreases

the direction of the lobes.

developed its

are the

Each lobe appears to have

own concentric axial preferred gradient.

of the convex surface of the fiber is

Over much

a very thin but highly aligned

skin.
If
is

a constant stress model is

assw,:ed ftr

this fiber,

and it

further assumed that the -moduli within each region parallel to

the fiber axis are functions only of the tilt

of the basal plane,

then the moduli may be calcul3ted from the compiliance transform:
S Iin•'4÷
11
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of ter correction for fiber tilt

Raui-,tll Distribut-ion,

CS-5
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<5

Numbers represent axid moduli values (in Msi)
over the cross section of the fiber.
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oeC-

where E = 1/S 1

5

5
For these calculations,

the following elastic constants were used

Sll= 9.85 x 10-14 cm

/dyne

.....

s 33 = 275
......

s 4 4 = 2 50 0

.It

= -3.3

s13

2

is

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 thta

the overall radial structure of CS-5

was not onion skin; hw.;ever,
planes is

while the orientation of the basal

a radical departure from fibers previously reported,

more or less concentric axial preferred gradient still
Furthermore,

it

is

a

exists.

apparent that a very sharp modulus gradient

results from such a distribution of $'s,
residual stress on cool-dow;n,

and will be a source of

Additionally,

the high modulus of

thF skin and central area of the fibers will make uniform loading
difficult.
Summary of CS--5 Fiber
CS-5,

a catalytically graphitized PJAN based fiber, has a

corrected modulus of 124 Msi; a three dimensional schematic mode]
is

shown in

Fig.

11.

X-ray preferred orientation measurements of

aligned bundles of fibers indicate that about 2/3 of the basal
planes are within 2.30 of the fiber axis.

Electron diffraction

measurements indicate that three dimensional order exists over

30

limited regions of the fiber, particularly the surface.
is

surface texture itself
highly basal nature.
distribution in

relatively smooth,

The

characteristic of a

(0002) dark field work indicates that a

axial preferred orientation exists over the length
Quantitative optical measurements confirm this,

of the fiber.

and also indicate that steeu modulus gradients exist over the crosssection of the fiber.
departure

from other fibers observed,

onion skin is
in

The overall radial symmetry is

present.

a radical

although a very thin (< 0.511)

The poorest preferred orientation is

the core of each lobe.

found

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 diffractometer indicate that the average basal

Sspacing,

d 0 0 0 2 , is

3 40A while the stack height,

from the (0002) peak half width is

icI

as determined

about 12 basal layers.

It can

be inferred from electron diffraction patterns that while surface
preferred axial orientation is
volume average,

it

is

present and better than the fiber

not great.

three dimensional ordering exists.

31

Furthermore,
,;havin in

no evidence for

Fig.

12 is

an (0002)

dark field photograph of a CS-7 fiber fractured in bending.

No

modulation of the licht intensity is observed at the end: the
bluntness of the end is an indication of overall poorer preferred
The area in

orientation.

the block along the fiber side is

evidence for reoatively poor longitudinal structural develccrnent
since the intensity is

j:he

this local region.

lower in

In

addition,

other longitudinal surface does show some small scale intensity

variations,

but these are not marked.

This lack of higher

structural development may be related to the fact that CS-7 has
been surface treated.
Further information necessary for the development of radial
distributions is
Shown in

found from optical polarized light microscopy.

Fig. 13 are transverse sections of CS-7 fibers as seen

when the nicols are at 900.
are approxi-mately circular,

The cross sections of CS-7 fibers
and the diameter is

approximately l0U,

but fiber diameters as high as 1511 are also observed.
one extinction cross, which is
present in

each fiber.

At least

due to form bireflectance,

is

The positions of the crosses remain relatively

fixed with respect to the polarizer and analyzer when the microscope
stage is

rotated.

This indicates primarily onion skin and/or

spoke-like radial structure having the fiber axis as symmetry
center.

It

is

also apparent that the largest fibers possess a

cross within a cross; close insoection reveals that the magnitude
of this effect is

proportional to the diameter of the fiber.

33
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Using techniques described
mined that

the overall

a progressively better

in

Part I

14.

report,

radial structure of CS-7 is

it

The axial preferred

was deter-

onion skin with

developed spoke configuration in

for the larger diameter fibers.
Fig.

of this

the core

These models are illustrated

orientation is

better

of the fiber since the form bireflectance cross is

in

at the outside

more intense.

The apparent rotation angle at the 450 Position was about 70, thus
indicating that the average angle that the carbon micro-fibrils
make with the fiber axis is

aporoximately 200 near the surface.

A scanning electron photomicrograph of a reverse R-F sputtered
sample is

shown in

have etched in

Fig.

15.

a markedly different way,

preferred surface structure.
and this is

The outside surfaces of the fibers
and delineated a highly

Furthermore,

the cores are dimpled,

prob--bly related to either a different axial or radial

preferred orientation,

or both.

Summary of CS-7 Fiber
CS-7 is

a circular cross section fiber which is

earlier produced sample of LTTS; its
model is

shown in

thickness is

Fig.

16.

three dimensional structural

The basal spacings 3.40A and the stack

about 12 basal layers.

CS-7 shows evidence of

incomplete stabilization in contrast to HTS,
the difference in

and this may explain

average basal spacing; overall however,

preferred orientation of CS-7 is
making an angle of about 20-

E3

actually an

the radial

onion skin with the basal planes

with respect to the fiber axis

ONION SKIN TEXTURE

-

I

ONION SKIN WITH SPOKE CORE
Fig.

14

Schematic illustrations of t-he Two Types of Radial
Preferred Orientations

found in CS-7 Fibers
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at the fiber surface.

These results are supported by differential

etching rates of CS-7 in
.

an PF olasma.

G. E . Monofilament Characterization

SC

This - 25p diameter monofilament is

produced from a poly-

acetylene precursor having a char yield of about 90% and has high
performance properties

-its structural model is

From. corrected x-rav results the d 0 00

given in

Fig.

17.

was determined as 3.395A

2

0

while l. was 104A.

4tftive determinations of basal axial

Quan

preferred orientation indicate that the elastic tensile modulus
should be in

the 60-90 Msi range based on similar measurements

rayon and PAN precursor materials.

While the axial preferred

orientation and i-c are reasonably high,
were observed.

Dark field

no three dimensional lines

(0002) electron microscopy revealed the

basic structural unit has the rippled ribbon morphology,
ic

is

about 100A,

carbon fibers,

of

Ln agreement with x-ray results.

and that

As with other

the ribbon length appears to extend at least into

the micron range.

Optical characterization shows the radial

preferred orientation is

onion skin, with the axial preferred

orientation being greatest at the outside of the fiber.
PART 2.
A.

General Studies of Carbon Fibers

Density Results
Fig.

18 is

a plot of uncorrected

fiber elastic modulus versus

densitv.

Then the curves are drawn connecting fibers of the same

precursor

as shown, several unusual features are observed.
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Modulus -;s. Density of a wide Range of Carbon Fiber
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A pronounced minimum occurs
M

at about 40-45 Msi.

for the Courtelle and Orlon type fibers

A drop also occurs for the rayon fibers as

well but in a much higher modulus region.
An upper bound for fiber elastic modulus as a function of
density has been calculated by assuming perfect orientation of
the basal planes parallel 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 obtainable 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 qiven fiber density.
for the elastic modulus,
distributed in
fiber model.

series,

A lower bound

corresponding to any porosity being

cannot be made without postulating a

This development will be described in

the future

reports.
Fig.

19 shows the variation in basal spacing,

function of modulus; again,
connected.

d00 0

2

as a

points for a common precursor were

As modulus increases the interplanar spacing drops

smoothly for the rayon fibers, with the exception of the catalyti-
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cally graphitized CS-4 which is

much more graphitic than the others.

orlon fibers from
SThe
3T through 6T also become progressively
graphitic at a faster rate than rayon.

The situation for the

Courtelle fibers is

erratic.
The d00 0 2 droos from about 3.41A
as E rises from 40 to 47 Msi; then it increases ra4idly to 3.44A
as E reaches 51 Msi.

Subsequently,

it

drops rapidly in

a uniform

fashion.
The stack height,
precursor type is

l., as a function of modulus for each

given in

Fig.

20.

of the catalytically treated CS-4,

Again, with the exception
the crystallite size increases

uniformly for the rayon base fibers.
true,

The same appears to be

though to a somewhat lesser extent,

for the dogbone titers.

The behavior for the Courtelle fibers again is

anomalous in

the

same region where the densiy and interplanar soacing ceviate.
Viewed in
d0002

a different way,

Fig.

21,

is

atomic basal spacing

as a function of crystallite stack height,

rayon fibers Ic

for the orlon fibers,

1c,

increases in

As d 0 0 0 2 drops

an almost linear fashion

the material becomes almost totally graphitic.
If

the curvs for the Courtelle fibers is

points in
is

For the

increases uniformlv as d 0 0 0 2 decreases with the

exception of the boron catalysed sample CS-4.

till

l.

order of increasing tensile modulus,

seen to be very complex.

Morganite II

to CS-7,

drawn connecting
the relationship

As the modulus rises from ;S and

d0002 drops and the crystallite size increases;

44

22+

I

200- o
-f
180C-0
1-

I

I

I

I

I

....iI

I

I

I

RAYON
COURTELLE PAN
ORLON PAN
EXPERIMENTAL PAN
DRALON PAN

I

I

'

4)

1607
140120-

c:

80

40200

20

40

60

80

100

120

140

Ecorr, MSi

Fig.

20

Basal Stack Height,

45

1c, vs.

Fiber Modulus

-I

2009

RAYON

o COURTELLE PAN
a ORLON PAN
EXPERIMENTAL PAN

ISOIfo -c

4ý

DRALON PAN

140120.100
80604020
0
-I

0 3.36

Fig. 21

3.42

340
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Basal St~ackr- Height,

46

1.,

vs.

Basal Spacing,

3.44

%0o

further relatively small increases in

modulus are not followed

but by the opposite.

by decreasing interplanar spacings,
the mc~ulus rises above 40 Msi as in

After

HTS and CS-2 the interplanar

spacing drops rapidly followed by a stalling at about 3.39A as
the stack height rises.
Given in
density,

Fig.

22 is

a plot of elastic modulus,

as a function of the index of preferred orientaton, W½,.

As modulus increases in

the rayon series, W½ drops in

true for the orlon fibers.

fashion; the same is

Courtelle base fibers which are in
lc,

corrected for

and d 0 0 0

2

anomalies,

of the points.

there is

a uniform

However,

for those

thie vicinity of the density,
a much higher degree of scatter

Another general feature is

that the rayon base

fibers have higher average axial preferred orientations for a
given modulus

(below E P 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
increases,
increases.

a more-or-less uniform fashion.

As modulus

basal spacing drops,

and !c size

density increases,

For the Courtelle fibers,

significance is

anomalies exist; of most

the fact that the erratic behavior corresponds to

the region marking the onset of the drop in

strength with

increasing elastic modulus.

As a minimum in

the b&Ik density occurs,

the basal plane spacing

fluctuates as does the size of the basal stack; furthermore,
47
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an instability in

The index of aKial preferred

occurs.

in

In

fact,

(Ecorr = 43 Msi)

orientation, W½,

the modulus progression from Morganite II

to CS-2 (Ecorr ý: 55 Msi),

there is

a drop in

axial preferred orientation.
In

any case however,

elastic modulus,

it

is

apparent that for the same corrected

the hot stretched fibers havL higher axial

preferred orientations than do tile PAN base materials.
The
implication is that the state of stress within the PAN fibers has
a significant component resulting from constant strain conditions.
From a structural standpoint this would imply that,

for a given

preferred orientation, more tangling of the micro-ribbons occur
such that adjacent ribbons restrrain each other under fiber tensile
load.

Whether the structural source of the restraint is

a purely geometrical effect,

or inter-ribbon bonding is

due to
not clear

at this point.
Howe-er, 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 treatment temperatures.
It has been calculated by
6
LeMaistre
that the magnitude of such stresses is of the order of
the strength of graphite in

the "c" direction.

Additional

preliminary calculations of the magnitude of circumferential
compressive stresses generated on cool-down in
circular cross-section fibe rs h••ver
of internal flaws via s,_er
interior.

In

any case

.oth

the interior of

lend support tothe generation

comp-ressive buckling in
h

the fie

models imply a processing

Furthermore,

region of structural instability.
lend support to optical results,

E

such models also

which suggest that the rippled

ribbons may more properly be described as rippled sheets,
interesting to note that HTS and CS-7 (
different values of d 0 0

02

the structures present

may be very highly straincd,

is

final

of heating, may -make a difference.

the ctalytically
futh

-n such fibers

and relatively small changes in

heat treatment temperature or rats

promotes graphitization;

,early
HTS) have radically

Assuming that production procedures

.

have changed only a little.

Additions of boron i-

Tt is

graohitized•

same moidulus,

fibers

the basal spacing

lower and the stack thickeness qreater.

PART 3.

Organic Fibers

The organic fibers which were studied include:
1.
2.
3.
4.
5.

PRD-49-i
PRD-49-III
PRD-49-IV
Old Fiber B
New Fiber B

Property information which was suoolied bv the Air Fcrce is
on duPont and AFML generated data.

5,0

based

TABLE

Ii

DU PONT AROMATIC POLYAMID YARN PROPERTIES
Fiber
PRD-49-I

III

IV

B

Tensile Strength x 103 csi

350

400

430

205

Modulus x 106 psi

19-21

19

12

8.2

Ecorr

20

19

12

8

Elongation, %

1.5-2.0

2.0

3.3

6.5

1.48

1.45

1.45

1.44

Moisture Regain, %

0.72

1.5

4.0

5.0

Denier

400-650

195-380

200-400

740

Density,

*

g/cc

Based on duPont and Lfi-L generated data.
Courtesy J. Ray, AFML.

A PRD-49-I/epoxy composite,
in

compression in

which had been tested to failure

the direction of the fiber axes was also examined.

An optical micrographcf a polished cross-section of the main
faulted zone within this sample is
of this zone is
axis.

If

shown in

Fig.

23.

The plane

at about 450 to the principle compressive stress

the fibers away from this faulted zone are viewed at

higher magnification and in

reflected polarized light, with the

fiber axes parallel to -he analyzer,

more detail emerges as shown

NL
~

'A

3-3

4L

pic

Microgrct,Pr-AO
D-xq-

Fai lure Zono in
7--

x-

Comoposite,
--

Comuression
±
cmn
100ijp

in

Fig.

24.

axes arise.

Lines of high optical activity at 450 to the fiber
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.
very jagged profile is
anisotropic structure.

indicative of a very highly aligned,
X-ray pinhole photograph of bundles of

the aligned fibers were taken; given in
pattern of PRD-49-I,
two are presented.
in

elastic modulus.

fiber is

The

and in

Fig.

Fig.

26 is

the diffraction

27 that of Fiber B.

Only these

since they are representative of the extremes
The PRD-49-I pattern indicates that this

paracrystalline,

while Fiber B is

much less developed,

but does definitely have a marked axial preferred orientation.
Differences in
fibers.

Fig. 28 is

radial textures are also present in

a montage of micrographs of polished cross

sections of the fibers mounted in
in

the organic

epoxy.

The fibers are arranged

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 tinme of this writing; it

is

apparent that this newer sample belongs between PRD-49-I and the
older Fiber B however.
One of the differences apparent is

that II,

Fiber B have what appear to be cracks present.
determine whether these cracks were present in

53

IV and new
In

an effort to

the samples or
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Cross Sections
Montage of Optical !licrographs of polished
!OW
of Organic Fibers in Reflected Polarized Light, 1 cm =

were induced by specimen prparation,

each of the samples was

polished in

one direction in

polishing.

Observations indicated that the cracks then were

the final stages of mechanical

parallel to the polishing direction for samples III,
the newer Fiber B.

In

IV,

and

the case of the old Fiber B and PRD-49-I,

there was optical anisotropy of the whole bundle of fibers.

The

fiber bundle anisotropy was characterized by an optical extinction
angle simailarly to single fibers.
Fiber

Induced Bundle AR

Fiber B
PRD-4 -IV
PRD-49-III
New Fiber B

PRD-49-I,

Cracks Present

160 + 1
; 00
0
200
20
< 50

PPRD-49-I

Thus,

The results are:

None
Many
Many
None
Some

two deformation modes are present.
deformation appears to be plastic,

the newer Fiber B behave more

ike brittle

For Fiber B and
while III, IV,

and

materials.

Such behavior suggests that while tensile behavior of PRD49-I may be spectacular,

compressive strength of composites will

be vevy low; machinability and toughness will be anicotropic.

The

same comments are true for older Fiber B with the differences of
lower modulus and strength.
?RD-49-IV,

MI,

The increased radial brittleness of

and the newer Fiber B, will impart a higher fiber

compressive strength,

thus improving overall composite performance.

Summary of Organic Fibers
Of the organic fibers studied,

59

PRD-49-I has the highest elastic

modulus,

In

and Fiber B the lowest.

indicates that PRD-49-I is

fact, the pinhole diffraction

paracrystalline.

Failure in

compression

is via shear at 450 to the principlE compression axis; i.e., along
the maximum shear stress plane,

and is

reflected polarized

Aight.

markinys in

observable as oblique strain
This implies that the

molecular chains are very highly aligned and have little
between adjacent linear elements.
chains is

This poor coupling between

also responsible for the ease with which optical aniso-

tropy may be introduced into a bundle - the same is
In

comparison,

are more brittle
cracks.

bonding

PRD samples Iii
in

and IV,

true for Fiber B.

and the newer Fiber B are

a radial direction - polishing produces internal

The shear strength in

compression is

probably higher,

and

thus also the composite compressive strength; however the tensile
moduli of these fibers is

4

r

lower.
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