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used for any purpose other than in connection with a definitely related 
Government procurement operation, the United States Government thereby 
incurs no responsibility nor any obligation whatsoever; and the fact that 
the Government may have formulated, furnished,  or in any way supplied 
the said drawings,  specifications,  or other data, is not to be regarded by 
implication or otherwise as in any manner licensing the holder or any 
other person or corporation, or conveying any rights or permission to 
manufacture,  use, or sell any patented invention that may in any way be 
related thereto. 

This report has been reviewed and is approved for publication. 
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Methods to measure molecular weight distributions in MP pitches have beer 

developed.   Number and weight average molecular weights and their distribu- 
tions have been determined as a function of P. I.   in MP pitches. 

Significant progress has been achieved during this report period both In the 
art of spinning very thin MP pitch filaments and in the understanding of struc- 
tural changes that take place during the conversion of pitch fibers to high- 
performance carbon '»bers. 

The properties of the carbonized monofilament in some instances exceeded 
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1 
20.    the Urget properties.    Elongations to break between I. 2 and 1. 9 percent 
have been repeatedly observed in filaments with short gauge tensile strensths 
ranging from 2. 75 to 3. 45 GPa (400 x 10J psi to 500 x 10' psl).   The highest 
average monofilament values weret 3. 45 GPa (510 x 10J psi) long gauge tensile 
strength: 4. 14 GPa (600 x 10» psi) short gauge tensile strength; 440 GPa 
(64 x 10   psi) elastic modulus.    The properties of continuously processed multi- 
filament yarn were lower but have attained already useful levels,  viz.     strand 
tensile strength of I. 77 GPa (256 x 10J psi). elastic modulus of 228 GPa 
(33 x 10 psl), and elongation-to-break of 0. 8 percent 
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PREFACE 

The work reported herein was performed under the sponsorship of 
the Air Force Systems Command,  United SUtes Air Force,  Wright- "atterson 
Air Force Base, Ohio   45433,   Contract No. F33615-71-C-1538,  Project No. 
7320, Fibrous Materials for Decelerators and Structures,  Task No. 732001, 
Organic and Inorganic Fibers.    The technical direction was provided by 
Mr.  W.   H.   Gloor,  Project Engineer,  Composite and Fibrous Materials 
Branch,  Nonmetallic Division, AFML. 

The Contract is Union Carbide Corporation, Carbon Products Division, 
Parma Technical Center,  P.   O.   Box 6116,  Cleveland, Ohio   44101. 

The Senior Investigator is Dr.   R.   Didchenko.   Major contributors to 
the effort are Dr.   J.   B.   Barr,  Dr.   S.   Chwastiak,  Dr.   L   C.   Lewis, 
Dr.   R.   T.   Lewis,  and Dr.   L.   S.   Singer.     They are assisted by 
Mrs.   Barbara Petro (GFO),  Messrs.   J.   D.   Ruggiero and A.   F.  Silvaggi,  Jr. 
(Microscopy) and by the Fiber Testing Group under Dr.   D.   J.   Kampe. 
Dr.   S.   L.   Strong helped and consulted in the X-ray Studies. 

This report covers the period from February 1973 to January 1974. 
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SECTION I 

INTRODUCTION 

This Technical Report contains the results of the continuing effort 
under Contract No. F336l5-7l-C-\538.    The goal of the Contract is lo demon- 
strate the feasibility of an economic, continuous process for high-pertormance 
carbon/graphite fibers from pitch.    The target for the tensile strength of the 
fibers was set at 2. 75GPa (400 x 103 psi) with a   minimum elongation-to-break 
of 0. 8 percent. 

In Part I of this report series (AFML-TR-73-147,  June 1973) the 
preparation and the rheological properties of suitably modified pitches were 
described along with some very promising properties obtained on monofila- 
ments of carbon fibers derived from these pitches.    The effort in the period 
covered in this report was expended on achieving a better understanding of 
the molecular weight distribution of spinnable pitches; on spinning and proc- 
essing ultraflne (<l0jim diameter) monofilament; and on continuous processing 
of multifilament yarn.    The Investigation of fiber structure and its correla- 
tion with fiber properties also has been initiated.   All these studies led to 
significant improvements in both the processing and the properties of the 
fibers.    The target properties have been repeatedly exceeded in carbon mono- 
filaments. 

.  ----"^- -'--'■■-"^ —-■■'■"'~-^ ^•"^-----     ■■■   -      -wi     nfricrff-^-—- — 
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SECTION II 

SUMMARY 

Methods have been ^^^^^^^^^^' 
tion in the MP pitches ^l f •'«•^^Ä^Jl««. .duble portion 
weight distributions in both the P-S;/"^0,"      a function of the P.I. content 
^the reduced PI.  ^^^ -pecie- are most 
of MP pitch.    The '••;*• p^f^tiw.    Monofilaments with **™*"J*™Xn 
rS^1^^8^^^^^^ on the improved spuuung apparatus. 

After carbonization and ^^TÄ 
filaments had ^^^i'.Sf^uS Su£« w^oftS l« excess of 2.75GPa 
gauge tensile strength of llMJlvl*^V2Sl Arlld from 240 GPa (35 x 106 psi) to 
(400 x 10J P") while their elastic m^;^™ " rtle- of a batch of mono- 440GPa (64 x 10* ?•*>•   Th« Wg^.t av.'^. pr«^rtt i^      ^        ngth; 4>        pa 

filaments were:   ^\^™*££%^£^ (b4 x 10* p.l). elastic 
(600 x 10J psi).  short gauge ^"V^Jl   6 oercent was obtained in a sample modulus.   An elongation-to-break ^ 6 Pe'«„t ^ ^ ^^ 

which had short «"«• f~"* V^^pfi)?   An even higher •Ration-to-       - 
^ a.Tp^renO wa's^acheVina fanlpl. with an elastic modulus of Z00 GPa 

(29 x I06psi). 

In continuous processing 0^^^^^^^^ l\T 
erties achieved after ^l^^V^^ps) elastic modulus.   A better cojn- 
psi) tensile strength and 276°Pa j,4°n

X
a 24J"i ament yarn which had a strand 

of ^Vrlm.nt.1 dUflcultl.. »nd h.«rd.. 

f' the th.rmo..ttlng .t.p.    The "V"""'"^.,,. ».lightly    during c.rboni- 

^   t 1 A(;nor fibers in an epoxy composite 

(12.900 psi). 

t^^**^^,^^. 
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SECTION III 

MOLECULAR  WEIGHT  DISTRIBUTION IN MP PITCHES 

It has been found in our studies'^that when the same P.I.  content of 
an   MP pitch has been achieved under different preparation conditions, the 
pitches often showed considerable variations in their rheological and spinning 
behavior.    These variations which are attributed to differences in the molecu- 
lar weight distributions,  ultimately are reflected in the uniformity,  structure, 
and processibility of the fibers.    It was,  therefore,  deemed justified to develop 
methods to measure the molecular weight distributions in the MP pitches. 

I.     Analytical Methods 

The Gel Permeation Chromatography (GPC) technique has been se- 
lected as the most promising method for determining the molecular weight 
distribution in MP pitches.    Although GPC has been employed extensively for 
polymers, its application to pitches presents some unique difficulties: 

The molecular weight range involved is very low (about 
500 to 3500) compared to more conventional polymer 
systems. 

The MP pitches are very insoluble. 

The use of model compounds for calibration is not fea- 
sible because the separation of aromatics is based on 
complex factors of shape and size as well as on molec- 
ular weight. *2'   These difficulties were alleviated by 
several modifications of the standard GPC procedures. 

To encompass the low molecular size range, a column set was used, which 
included four columns of the lowest pore size available.    The pore sizes of 
the columns ranged from about 45nmbo 250nm as contrasted to the range of 
IOVim to IO^imemployc'd.inconventional polymer analysis.    Toluene at 80oC 
was used as a solvent system after other solvents had been eliminated as un- 
suitable.    The samples were stirred with hot toluene and filtered.    An esti- 
mated 50 to 60 percent of the P.S. fraction of MP pitches was extracted by 
this procedure.    Fortunately, the limited solubility in toluene does not produce 
a fractionation of molecular weights since the average molecular weights of 
toluene solubles and of pyridine soluble fractions, as measured by osmometry, 
are nearly identical. 

In order to obtain GPC data for the P. I. portion of MP pitch,  a prior 
reduction with lithium and ethylene diamine is required to render this material 
soluble in toluene.    This reduction procedure has been described in the pre- 
vious report. 
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2.     Calibration of the GPC Apparatus 

The Waters GPC instrument was first calibrated for molecular size 
Narrow fractions of polystyrene and polyglycol (supplied by Waters Assoc  ) 
were used to relate elution volume to chain length in nanometers. Linear al- 
kanes were used to extend the calibration to smaller chain lengths.   A smooth 
curve was drawn through the semilog plot of the chain length versus the elution 
volume (counts).    Figure I shows the calibration curve obtained for the elution 
volume range of an MP pitch. 

Figure 2 shows the manner in which the molecular size distribution 
data can be plotted for a typical MP pitch.    The plots show the cumulative per- 
Cu ntL0c    aterial a8 a function of molecular size for toluene soluble portions of 
the P.S. and reduced P.I. fractions.    It is of interest that the P.S. fraction 
shows a very narrow distribution in molecular size,while the distribution in 
the P.I. fraction is quite broad.    The size range of 4 to about I2nm in the P S 
fraction corresponds to about 4 to 10 condensed aromatic rings.    The broad' 
size distribution of the P.I. fraction indicates that the polymerization process 
leads to dimers,  trimers,  and even tetramers of the reactant molecules of the 
P.S. fraction. 

3.     Molecular Size Data for MP Pitch 

Table I presents molecular size distribution data for a precursor 
petroleum pitch and for the P.S. and the reduced P.I.  fractions of an MP 
pitch derived from it.    The data are presented in terms of weight average 
molecular size imnanpmeters (Aw), the number average molecular size in 
nanometers (An),  and a molecular size distribution parameter,  (D=Xw/Xn). 
The precision of the Aw and Xn measurements is about ±0. 15 while the pre- 
cision in the D values is ±0. 010. 

TABLE I 

MOLECULAR SIZE  DATA  FOR MP  PITCH 

Material Xw,  innm   Xn, in nm   D(Aw/An) 

Precursor Petroleum Pitch (ITS'C S. P. ) 
P.S.  Fraction of MP Pitch 

Reduced P.I.  Fraction of MP Pitch 

0.86 

0.65 

5.79 

0.63 

0.51 

4. 17 

1.367 

1.264 

1.390 

-"■--■■■ 
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The data in Table I show that both the distribution parameter,  D,  and 
the average molecular size for the P.S.  decreases with P.I.  formation.    This 
result suggests that the larger molecules of the precursor pitch are the most 
reactive.    Both the size distribution parameter and the average molecular size 
of the reduced P.I.  fraction are considerably greater than those of the F.b. 
fraction. 

4.      Calibration of the GPC for Molecular Weight 

In order to obtain molecular weight distribution data for MP pitch, 
the GPC apparatus was recalibrated in terms of molecular weight.    Selected 
fractions of MP pitch were used as standards.    Results based on such calibra- 
tion should be much more meaningful for pitchesthah those based on polystyrene 
polymers.    The following procedure was employed in the calibration. 

A 10 gram sample of standard MP pitch was separated 
into its individual P.S.   and Jr.I. fractions. 

The P.I.  fraction was reduced with lithium in ethylene 
diamine to produce a solubilized product. 

Three successive GPC runs were made on each of the 
P.S. and reduced P.I.  materials; the Chromatographie 
fractions were then collected from each run and the 
identical ones were combined.    In this manner about 
50 fractions were collected for both the P.S.  and for 
the reduced P.I.  materials. 

Fifteen selected GPC fractions of the P.S.  materials 
and 15 fractions of the reduced P.I. materials were 
subjected to molecular weight measurement by vapor 
phase osmometry. 

These molecular weight data were plotted versus 
elution volume to give the calibration curve shown in 
Figure 3.    The curve was determined by a least 
squares analysis of the data. 

It is apparent that the molecular weight composition of MP pitch 
ranges from about 500 to 3500.    The higher molecular weight components of 
the P.S. fraction show molecular weights in the range of 1000 or greater 
which overlaps the molecular weights of the species in the P.I.  fraction. 

Table II presents molecular weight data for a precursor and an MP 
pitch obtained with this GPC calibration curve.    The results include the weight 
average molecular weight (Mw),  the number average molecular weight (Mn). 
and the molecular weight distribution parameter (D = Mw/Mn). 

....■■■...-...-_,.[ ■-,.. iiiiiiiiiiiiii^^iiiiiMfl 
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TABLE II 

MOLECULAR WEIGHT   DATA FOR MP  PITCH 

xxa*.r4ai Mw      Mn D(Mw/Mn) 

Precursor Petroleum Pitch 674      629 1.071 

P.S.  Fraction of MP Pitch 592      582 1.017 

Reduced P.I. Fraction of MP Pitch      2800      2330 1. 203 

Comparison of the P.S. material with the precursor pitch shows the 
same trend a. that found for molecular size; both the average moUcu ar weight 
and molecular weight distribution parameter decrease with increasing F.I. 
formation. 

The molecular weight value for the reduced P. }• /^tion in Table II 
is about four times that of the P.S.    This result leaves little doubt that the 
formation of MP pitch involves a thermal polymerization process. 

5.     Effect of P.I. Content on the Molecular Weight 
Distribution of MP Pitch .  

Table III lists the molecular weight data for the toluene solubles of 
both the P.S. and the reduced P.I. fractions of a variety of MP pitches pre- 
oared at the same temperature but having different P.I.  contents.    The amount 
of the reduced pl.wUäh has resisted solubilizatiorv.i- listed in the last column 
of the   table. 

A general decrease in both the molecular weight averages and the dis- 
tribution parameter D   with increasing P.I.  formation is seen for the F.b. 
fraction.    The decrease in the molecular weight ^«tribution in the P S    frac. 
tion with increasing reaction is to be expected.   As more of the molecular 
Components of the P.S. fraction react, the overall di8trib»tlon "Y„%Tt\lJ 
concurrent decrease in the molecular weight average imPlie8 .&8"n *at £« 
larger constituents of the P.S. fraction polymerize most easily to form P.I. 

Figure 4 presents a plot of D value foJ the P.S. fraction versus P.I. 
content in the starhng MP pitch.    The curve . h^ws that the D value reaches 
unity at a 100 percent P.I. 

■ "• ■-*- 
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Figure 4.    Plo?ö/^^ercent P.I.  in MP Pitch vs 
D Value of the P.S.  Fraction 
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TABLE III 

MOLECULAR WEIGHT  DATA FOR MP PITCH 
AS A FUNCTION OF P.I.   CONTENT 

P.S. 
Mn 

Reduced P. I. 
MP Pitch 

% P. I. Mn Mw D Mw D % undis solved 

-oW 640 687 1.074       

6 613 644 1.051     mmm 

28 597 614 1.029 2220 2740 1.233 3.4 

37 582 593 1.018 2270 2700 1.192 0.8 

46 586 600 1.018 1840 2230 1.209 2.5 

52 579 586 1.013 2250 2740 1.215 0.7 

63 571 576 1.010 2090 2540 1.215 1.0 

76 569 566 1.006        2230 

fi pitch (HS'CS. 

2750 

P.). 

1.271 46.2 

^'Precursor pe troleun 

Figure 5 show» a similar plot of the P.I. content versus ^ •*•***• 
molecular weights Mw and Mn of the P-S .fractions B^ «oU««U» weights 
decrease and the curves approach each other at high P. I. contents. 

Let us now consider the results for the P.I. ^^ons    P'"«*d J» 
Table III.   It is apparent that the average molecular weights for the reduced 
PI    are about th?ee times higher than those of the P.S.    The considerably 
Lher D tabues for the P.I. indicate a much broader distribution of molecular 
wetghts? consütent withapolymerizationmechahism   The most significant 
narfmeter for the reduced P.i. is the amount insoluble after r«ducti°n ^^ 
RSSToSJ Se high P.I. pitch (76 percent) contains a Urge amou^o^ 
undissolved material.    This result indicates that at hl8h.P-^r

l*v
o

e.lh
8
e"

1C m0ie 

ular components of the P.I. fraction continue to react with each other. 
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Figure 5.    Plot of the P.I.  Content vs the Average 
Molecular Weight of the P.S.  Fraction 
of MP Pitch 
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SECTION IV 

SPINNING 

The problems of spinning fine filaments and of obtaining uniform 
structure are interrelated.    It was easier to obtain both fine filaments and 
m'ifomi textures from the well-spinning pitches which became ^lUble 
^ecentTy.    Some evidence of structural „onuniformity was still seen occasion- 
luv    even with these good pitches,   so it was decided to stir the pitch in the 
^^e x^nofilament apparatus.    This required a complete «design of the 
apparatus, including the spinnerette.   In the first design, the stirrer was 
looted near the bottom of the pot but a relatively large dead volume still 
existed ^bovetL.pinnerette.   In the improved design, the dead vol^ne was 
eUminated by extending the stirrer shaft into the »P^"6"*^, ^"^ 
millimeters of the orifice.    The details of the construction of the «J«»«1»- 
rent^n"ng head are shown in Figure 6.   Pitch filaments spun with the 
improved apparatus had much more uniform texture. 

Cartridge heaters were mounted in the •P^r.ttt ^ InjuUUd with 
a transite cover.    The temperature of the spinnerette, monitored with a fine 
?herm"coupU. was then controlled to within Z'C of the pitch ^«PJ"^- 
The Present splnnerettes are machined out of aluminum which, being a good 
l^tVon^ctor   resTt» in a uniform temperature distribution     Howler   the 
orifice quality is poor compared to the standards of commercially d""?d 

orifices^ steinle« steel splnnerettes.   It was expected that the »™oothn"8 

and uniiormity of commercial spinnerette holes might contribute to the ease 
of spanning and to Improvement in the quality ^/ilameJ*- ^S^let we« 
to uie commercial stainless steel spinnerette discs ^*h * *J^ * Xl'^! 
unsuccessful.   Even if all the holes but one were sealed, these spinnerettes 
^d not work    A single hole spinnerette with an aluminum ^dy was made by 
mounting in it a small disc containing the hole '"« *^•r*£ 'Xum- 
-*—i -«f«r>.i.»«-*     These splnnerettes performed reasonably wen. presum 
Iblybetu^oftketaVroved thermal conductivity, but th.y wer. ..ill inf.r.or 
to the all-aluminum spinnerettes. 

The monofilament spinning machine was further improved W jeplac- 
ing the Jesona winder with the smoother operating Meteor coil winder    The 

maments were collected in discrete bands on cardboard -P00^' J^ent8 

as fine as 7.5^diameter have been spun repeatedly with this apparatus. 

Thr** tvues of structures have been observed in the as-spun fibers: 
radial.  onÄTand^ndo^   A deUiled description of these strut ^ 
given in Section VUI.    Most filaments in the yarn,  spun " de%crlbed In the 
previous report. ^ have a radial orientation but some exhibit random structure, 
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Furnace Thermocouple 
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Insulating Cover 

Spinne rette 
Thermocouple Well 

Figure 6.    Monofilament Spinning Head 
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I 

The monofilament machine produced mostly the random structure, with occa- 
sional occurrence of an onionskin structure.    We have not yet succeeded in 
identifying which elements of the spinning process are responsible for these 
structural variations. 
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SECTION  V 

PROCESSING OF   YARN 

I.      Development of Continuous Line 

The continuous processing line,  described in the previous report, 
was redesigned.    The movable belt, used for the r mo setting, was replaced by 
a liquid bath and a gas phase oxidation furnace.      The liquid removes the yarn 
finish and renders infusible the filament surface.    The partial infusibilization 
by the liquid bath allows the fiber to be heated in the oxidation furnace without 
melting or deforming at temperatures favorable for rapid reaction with oxygen. 

Initially, the thermoset fibers were processed continuously up to 
10000C,  collected on spools,  and then heat-treated to 1600°-l700oC in a sep- 
arate furnace.    Fibers prepared by this method exhibited properties matching 
those of small samples processed in batches through identical stages.    For 
example,  batch processing of multifilament (15^m diameter) pitch fiber yield- 
ed a carbonized product with a short gauge (3 mm) tensile strength of I. 60 GPa 
(232 x 103 psi) and with a Young's modulus of 241 GPa (35 x 106 psi).    Careful 
matching of the continuous process to the batch processing conditions pro- 
duced,  in two separate runs, fibers with average short gauge tensile strength 
between I. 59 GPa (231 x 103 psi) and 1.45 GPa (210 x 103psi) and with Young's 
modulus between l79GPa (26 x 106 psi) and 193 GPa (28 x 106 psi). 

The strength of the carbonized fiber is sensitive to the thermosetting 
conditions.    In experiments in which only the temperature of the second stage 
was increased, the average short gauge tensile strengths decreased from 
I. 54 GPa (203 x 103 psi) to 0.89 GPa (129 x 103 psi). 

The thermoset yarn was weak and brittle,  but its handleahility im- 
proved after heating it at 10000C.    The continuous line was operated at a rate 
of only 20 meters   per hour to minimize the damage to the yarn by transport 
rollers and flexing devices. 

Single filament properties representative of the better yarn samples 
prepared at this stage of our work are listed in Table IV.    Large differences 
between average and maximum tensile strengths demonstrate lack of uniform- 
ity through the fiber bundle.    Long gauge average values were often as low as 
0. 69 GPa (100 x 103 psi), while the maximum nhort gauge values fell sometimes 
in the range of 2. 75 GPa (400 x 103 psi) to 3. 45 GPa (500 x 103 psi). 

Strand testing of epoxy impregnat«d yarn was introduced as larger 
amounts of carbonized fibers became available.    The strand fiber tests were 
carried out with 25 mm gauge lengths for tensile strength measurements (10 
strands) and 125mm gauge lengths (2 strands) for the Young's modulus. 

16 



TABLE IV 

CARBON FIBER SINGLE  FILAMENT  PROPERTIES 

Short Gauge T* ensile Strength 
Maximum 

Average Young's 
Modulus 

Avg. 
Run Average Break 
No. GPa [103 psi) GPa (103 psi) GPa (10° psi) Strain (%) 

6-89A 1.54 223 2.68 389 234 34 0.62 

6-95A 1.77 256 3.21 466 200 29 0.89 

6-100A 1.81 262 3.68 534 200 29 0.90 

U-IA 1.46 212 2.34 339 235 34 0.51 

The strand data are generally believed to be more indicative of composite 
properties than are the single filament data.   Strand tensile strengths aver- 
aging I. 55GPa (225 x 103 psi) and higher were common but they were gener- 
ally lower than the single filament properties.    The average diameters of 
carbonized filaments were approximately Lljun; the densities of the 1650*0 
carbonized products were about 2.0 Mg/m».    Table V shows strand data for 
some of the better yarn samples. 

TABLE  V 

CARBON FIBER STRAND PROPERTIES 

Run 
No. 

11-7A 

11-8 

11-13 
11-15A 

11-16A 

üP; 

Short Gauge Tensile Strength 
Average Maximum 
;—'(i^psll—GPT    (Wpsl) 

1.47 

1.74 

1.68 

1.63 

1.63 

213 

252 

244 

236 

236 

GPa 

1.87 

1.84 

1.88 

1.99 

1.98 

271 

267 

273 

287 

287 

Average Young's 
Modulus  

GPi—rrP^n 
207 

276 

262 

234 

Avg. 
Break 

Strain (%) 

30 

40 

* — 

37 

34 

0.71 

0.63 

0.62 

0.70 
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To te.t the capability of our line at this stage,  pitch yarn was pro- 
To test the "P^Y c    ith onl    one break in the yarn in four 

ceased continuously throu87
h
n
l00°  ^h

ca
0
r

n^nized material.    This product 
hours of operation to give ^ «•*•"« ^"JS"27 GPa (184 x 10» psi) and a 
exhibited •V^r^VlGpltl9 x li^.i). ^r heating to IbSO'C    the average 
ralte^^lngt^incased toPl .63 GPa (236 x 10» psi) and the modulus 
increased to 262 GPa (38 x 10   psi). 

!„ the next stage of its ^1^1^ 
was expanded to include the final ^-treatment .te^M ^^ 

the need for winding and »™1^'^J** fn a carbon tube furnace with an 
^^^"^^^:S ^ ^ tungsten-rhenium alloy 

thermocouple. 

2.     SDO Experiment 

The effect of P-e.-ing pa^ 
in a series of experiments P%£or™tecause of £e Lrge number of interde- 
Optimization scheme was employed bec^°e^V™ !* |erformed under varied 
pendent variables.    So far. ^^XÄ t^cIrCl.^ fiber properties 
conditions.    The results in

u 
Table .^J^ ' ^'conditions.    Strand tensile 

are indeed influenced ^ cl*ng" *» P'^^V^^T^GPa (247 x 10» psi). strength varied between 0  83 GPa (121 x 10   psi) a     ^ ^^ {^ ^ ^ ^ 

Young's modulus ranged from J5^^* l,"rtf ?  nn GPa (300 x 103 psi) appeared in 
indivfdual single filaments ^f'^f ^^^J^^lue strength waT about 
70 percent of the samples.    In S6""^' "?* ;ilament vaiaes but the maximum 
10 percent lower than the long «^««"^le ^lament vai ^^    0n 

strand test values -ometlm«. •»roectod th. ^a
t^c

fl
8

h
tranS te

8
Bt wa8 mostly 

the other hand, the ^'^/^ll^^l^ge tests on single filaments. 

3.     Sample Preparation 

After achieving a smooth ^-^.^ ^Tn" ^c^*- 
attempts were made to prepare larger »«^ ^^Q „eter8 of yarn 
Perr "^r 1650'^'T^r^co^^^^^^^^ 
ra^onire^ Ä^r of 13^   --8^fiber P^H.--: 
short gauge tensile strength    l-^°f ^2"i ' 1.41 GPa (205 x lO3 psi).   This 241 GPa (35 x 106 psi); strand tensile strengtn, 

sample was sent to AFML. 
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Since the standard processing rate was only 20 meters per hour, the 
accumulation of large amounts of 120 filament yarn was tedious,  particularly 
in quantities needed for the preparation and evaluation of composites.    To in- 
crease the volume of material, 480 filament pitch yarn was made by plying 
together four 120 filament strands.    The processing of the four-ply yarn was 
carried out with conditions identical to those used for 120 filament strands. 
Properties of the final (l650oC) product were lower than desired. 

The processing of 240 filament yarn proved to be more successful; 
approximately 400 meters of carbonized (l650oC) fiber were produced at 
speeds of 25 to 35 meters per hour.    The yarn had an average strand *•«»"• 
strength of l.77GPa (256 x 103 psi) and a Young's modulus of 228 GPa (33 x IU 
psi).    The complete test results are given in Table VII.    The highest average 
strand tensile strength (1.89 GPa,   274 x 103 psi) was obtained at the slowest 
processing speed.    The corresponding single filament properties were:   long 
gauge tensile strength,   2. 24 GPa (326 x 105 psi); short gauge tensile strength, 
2   19 GPa (317 x 103 psi); Young's modulus,  283 GPa (41 x 10   psi). 
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SECTION  VI 

PROCESSING AND PROPERTIES OF  ULTRAFINE  FILAMENTS 

Durine the previous contract period, maximum strengths approach- 
ing 3. 50 GPa (500 x 103 psi) were obtained on some filaments with as-spu" 
dUm^ters of 10am or less.    These findings prompted a systematic effort to 
raUe the average properties to these levels.    Ten series of expenments were 
done with different baches of ultrafine filaments with average diameters be- 
^een 7  7am and 9. b^m.    In each series the procedure consisted of varying 
STtheVmosetting conditions, while ^^ ^r^r^S^lTooT' 
stant.    The final heat-treatments were usually 1500 .  1650  . and 1800  C. 
The processed filaments were evaluated by single filament tests both at 
20 mm and 3 mm gauge length. 

Previous experience indicated that the properties of carbon fibers 
from MP pitches are largely determined in the thermosetting stage.    There- 
for" a broad range of thermosetting conditions was explored in each experi- 
ment serTes.    Surprisingly, no consistent effect of thermosetting on the 
filament properties was apparent in these experiments.    Either the thermo- 
semng   imeTused were n* critical in these thin filaments or variations in 
filame'nt diameter and filament quality were ««? S^^^^^,. 
the level of final properties.    Increasing the final heat-treatment temperature 
Kenerllly raises L elastic modulus,  but again this effect was not consistently 
Present in these experiments.   Some of the best results,  obtained at a final 
Seat-treatment of?650-C. are shewn in Table VIII     Both the ^»«^ .•*"n8th 

and the elongation-to-break achieved in most samples are v"y P'*™8"18' 
The tensile Strengths.  3.56GPa (520 x 10^ PJ^/^^Xwti.t a^Ja« 
(600 x 103 psi) short gauge,  measured on sample C are the highest average 
values everobserved'on pitch carbon fibers.    Tables IX and X reproduce the 
computer printouts of the single filament tests for this sample. 

The average mechanical properties from all ten experimental series 
are-   short gauge tensile strength.  3. 10 GPa (450 x 103 psi); modulus.   276GPa 
?40 x I0°psf); elongation-to-break.   I. I percent.    At least 4 breaks on individ- 
ual filaments ga^ strengths close to 7. 0 GPa (I x 106 psi).  indicating that even 
the beTaver^ge properties achieved still fall short of the ultimate potential 
of our fibers. 

Final heat-treatment to l550oC generally results in lower properties 
as shown in Table XI.    The comparison of individual samples with those in 
Table VIII illustrates the previously mentioned lack of systematic correlation 
between the final heat-treatment temperature and ^e properties.    The last 
entrv in Table XI shows a particularly attractive combination of 290 GFa 
(42 x 106 psi) for the elastic modulus with 3. 59 GPa (520 x 103 psi) for the 
long gauge tensile strength. 
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TABLE XI 

PROPERTIES OF  ULTRAFINE  MONOFILAMENTS 
PROCESSED  TO  1550oC 

Sample 
No. File, 

Tested 
Diam. 
[j.m 

Tenaile 
GPa 

Strength 
(!0J psi) 

Young's Modulus 
GPa      (TO6 psi) 

El.  to 
Break % 

l2-96a 7 6.5 2.34 340 174 25 ._. 
6* 7.3 2.55 370   -- 1.5 

12-96b 7 5.8 2.28 330 207 30 * - — 
6* 6.8 2.34 340   -- I. 1 

12-96c 6 5.7 1.65 240 268 39 m m m 

5* 6.3 2.34 340   -- 0.9 

14-I3a 7 5.5 2.96 430 268 39 wm mm 

7* 6.8 3.18 460   -- U 2 

14-I3b 7 4.9 2.55 370 324 47 — — ^ 
6* 7.1 2.28 330   -- 0.7 

14-I3c 7 6.3 3.58 520 290 42 mm m 

7* 6.9 3.30 480 1.2 

4i 
Short gauge tensile test. 

The diameters of the carbonized filaments ranged from 5. 7 to 7. l^m; 
reflecting a 50 percent reduction in the cross-sectional area of the raw pitch 
fibers.    Simultaneously,  the fiber density increases from about 1.35 Mg/m3 

in the as-spun state to about 2. I Mg/m3 in the processed filaments.    The 
filaments shrunk 11 to 12 percent in length during processing up to lOOO'C. 
No measurable effects occurred above that temperature. 
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SECTION VII 

THERMOSETTING WITH NITROGEN DIOXIDE 

The thermosetting of pitch fibers in oxygen or air is relatively slow. 
The process is significantly faster when the fiber is pretreated « a liquid 
oxidizing bath,  but there are some inherent disadvantages associated with the 
trealment.    Therefore,  search for rapid gaseous thermosetting agents has 
been continued. 

In the patent literature. ^ there are several references to nitrogen 
dioxide as a very effective thermosetting agent for pitch fibers.    It was of 
interest to establish whether this reagent has any advantages for use with MP 
pitch fibers.   Nitrogen dioxide is indeed unique as a thermosetting agent for 
MP pitch fibers in that the gas is effective at room temperature with the usua! 
second stage heat-treatment in oxygen being optional.    Ensure    *>*"*0*™ 
dioxide for periods as brief as 15 to 30 seconds renders the pitch fibers in- 
fusible.    TableXII shows the results of a study of the fiber properties as a 
function of thermosetting severity in nitrogen dioxide.    Yarn ^»Jou* I5^m 
filament diameter was used.   After carbonization, the filaments had diameters 
of about I Oum?   It is apparent that the additional oxygen treatment had no pro- 
nounced effeTt on fiber properties.    The strength levels tend to increase w th 
Ae degree orthermose£ingP and are comparable to those acMeved by our stan- 
dard thermosetting; the elastic moduli tend to be relatively high. 

A second group of experiments brought to light some difficulties as- 
sociated with this manner of thermosetting.   After more intensive treatment 
with nUrrgen dioxide,  some samples reacted violently with oxygen causing 
Istructio'n of the fiber.    In these tests, pitch fiber, were ^oB^irornXZO 
to 300 seconds to nitrogen dioxide at room temperature, and. in some cases 
nfusibihzation was continued by heating the ?bers in oxygen     Several ^the 

nitrogen dior.ide treated pitch samples ignited in the hot oxygen.    The experi- 
mental conditions .nd the results are shown in Table XII. The '"f™**     re 

fibers again follow the trend of increasing tensile ■^•^•^^ •^f/, 
to nitrogen dioxide.   Surprisingly, the properties ach eved with thinner fibers 
(B) were not better than those of the thicker fibers (A). 

The chemical analysis revealed that pitch fibers treated for 30 sec 
onds in nitrogen dioxide hed O,  11.8 percent; N,   1. 84 Percen ; O/N •tamlc 
ratio,  5.6.    Much longer, 30 minutes, exposure to nitrogen dioxide produced 
Tfiber with the composition:   O,  34. 2 percent; N.  2. 67 percent; O/N atomic 
ratio,   11.2.   It Is apparent that both oxidation and nitration are occurring 
simultaneously,  with oxidation being dominant during the longer exposure. 
TS mechanism of the nitrogen-dioxide-pitch reaction is not ^own but a 
variety of products can be expected.   Aromatic compounds generally react 
with N02 to give substituted rltro products; however, qulnones and carboxyl 
groups also may form. 
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The extremely corrosive and noxious nature of nitrogen dioxide makes 
the experimentation with this gas very difficult.    Furthermore, the possibility 
of inadvertently producing something akin to TNT discouraged us from con- 
tinuing this study inspite of the rather promising properties. 
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SECTION  VIII 

FIBER STRUCTURE 

The mechanical properties of carbon fibers depend upon their struc- 
ture. It is, therefore, important to correlate the structure and the properties 
as a guide for improving properties and optimizing processing variables. The 
structural techniques which have been found most useful are X-ray diffraction, 
polarized light microscopy (PLM), and scanning electron microscopy (SEM). 
Some preliminary efforts have also been made to utilize transmission electron 
microscopy (TEM). 

In the next section,  these techniques are described and the type of 
information that can be derived from them is discussed.    As the quality and 
uniformity of our fibers improved and their diameters decreased,  certain 
structural features seemed to change while others did not.   It is, therefore, 
instructive to compare the early observations on larger diameter, nonuniform 
fibers with those obtained more recently.    The experimental results for sev- 
eral examples of fibers made at different times under different spinning and 
processing conditions are presented and discussed in Section 2. 

I.     Experimental Techniques 

a.     X-ray Diffraction 

The degree of preferred orientation of carbon layer planes along the 
fiber axis and the apparent crystalline stack height (L  ) were obtained from 
flat-plate diffraction patterns.    Bundles of single filaments or several strands 
of multifilament yarn were inserted into thin-walled (lOum) glass capillary 
tubes of 0. 7 mm I. D.    Each sample was then cut to ~ 20 mm length and posi- 
tioned vertically in front of the X-ray beam.    The flat-plate film holder was 
placed 30 mm from the sample.    For this geometry,  exposures of 0. 5 to 2 
hours with 45 Kv copper (K«) X-ray radiation were required to obtain adequate 
contrast on the film. 

The films were analyzed on a Joyce-Loebl microdensitometer by 
taking a series of radial scans at 3* (2d) intervals.    The degree of preferred 
orientation, FWHM flull-width at half-maximum of the azimuthal intensity 
distribution), was obtained from the microdensitometer tracings of the (002) 
arcs as described previously. "'   The crystalline stack height (L  ) was deter- 
mined by means of the reduced Scherrer equation 
the width of the central peak. Lc = 

90     wheS-e A(2e) is 

Since these MP carbon fibers are graphitizable, accurate d-spacings 
were obtained with a standard cylindrical camera from the (001) lines of 3000'C 
heat-treated fibers.    The three-dimensional order diffraction lines were used 
as an indication of the degree of graphitic character. 
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b. Polarized Light Microscopy (PLM) 

The size,   uniformity,   and relative orientation of the anisotropic do- 
mains in the fibers were obtained from PLM observations.    The fibers were 
encapsulated in an epoxy resin so that either transverse or longitudinal sec- 
tions could be examined.    The samples were first ground on silicon carbide 
laps,  then polished successively on diamond paste laps and finally on a micro- 
cloth saturated with a 0. 3 percent suspension of alumina in water.    The 
polished samples were examined with a Bausch it Lomb metallograph under 
crossed polarizers at magnifications up to 1000X. 

Although the optical anisotropy cf fibers is readily observed under 
crossed polarizers,   there still remains some ambiguity concerning the actual 
orientation of layers in the fibers.    For example,   since layer orientations 
either parallel or perpendicular to the crossed polarizer directions exhibit 
extinction,  certain obviously different fiber structures,   such as a radial or an 
onionskin structure,  would not be distinguishable. 

However,   the insertion of a sensitive tint plate would permit the two 
types of structures to be distinguished.  *    Figure 7 illustrates schematically 
the comparison of the two types of fiber structures with higher-oriented pyro- 
lytic graphite as an orientation standard.    It should be emphasized that the 
actual shades and intensities of colors depend critically on the particular 
microscope setup,   type and thickness of the sensitive tint plate,  optical filters, 
camera,  exposure,   and type of photographic film used to record the observa- 
tions.    However,   if all observations are made on the same microscope under 
identical conditions for both the fibers and the pyrolytic graphite standard,   no 
ambiguities arise.    For the particular Bausch & Lomb microscope employed, 
the observed color scheme was,   B - blue,  P - pink,  and M - magenta.    The 
layer orientations corresponding to these colors are shown in (a) for the pyro- 
lytic graphite standard.    The color patterns for the two types of fiber structure 
are illustrated schematically in (b) and (c).    The maltese crosses in both 
structures were magenta,   since as indicated in (a),  the parallel and perpen- 
dicular orientations are indistinguishable.    However, the blue and pink colors 
in (b) and (c) were precisely reversed.    The only structures consistent with 
the observed color schemes would be the radial (b) and the onionskin (c). 

c. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy of fractured fibers gives an indication 
of the type of flaws in the fibers and also yields information about the micro- 
structure of the fibers.    Flaws ot defects are revealed because the fiber will 
often break at the flaw.    Microstructural information can often be inferred 
from the fracture surfaces because of the high magnification,   up to 10,000X, 
and the appreciable depth of focus of the SEM. 
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(a) 

-^ Directions of 
Crossed Polarizers 

(b) 

Figure 7.   Schematic Diagram of Sensitive Tint Observations 
(a) Edge Views of Highly Oriented Pyrolytlc Graphite, 
(b) Cross-Section of Fiber with Radial Structure, 
(c) Cross Section of Fiber with an Onionskin Structure. 

The Colors are Represented by,  B - Blue,  P - Pink, 
and M - Magenta 
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F.   , 

Samples for examination by SEM were prepared by manually fractur- 
ing a bundle of filaments in tension,  mounting the fractured flbenjn a holder, 
and coating the fibers with a gold film. 
Microscope was used. 

The "MAC 700" Scanning Electron 

d.      Transmission Electron Microscopy (TEM) 

Transmission electron microscopy enables one to study the finest 
microstructural details of carbon fibers at greater «»gnUlcation. t^n tho.e 
obtainable by SEM.    In addition, the application of f«1«0*^ »"Vi JoTalo " 
fraction techniques can provide information on the layer orientation both along 
and across the^iber.    However,  sample preparation for TEM I. much more 
difficult and tedious than for SEM,  and the initial effor* wa%l;^t^b

t° ^.^ 
evaluation of several sample preparation techniques and modes of observation. 

2.      Results and Discussion 

a.     Early Batch-Processed Fibers 

These fibers, l0-20um in diameter, were thermoset at several dif- 
ferent levels of severity and subsequently heated to 1500» or 3000''C. X-ray 
diffraction, PLM, and SEM measurements were made on this series of sam- 

ples. 

(I)   X-ray Diffraction 

The degree of preferred orientation (FWHM) and crystalline stack 
height (L ) were similar to the values determined previously on thicker fibers, 

namely,  gbout 30' and 3nm,   respectively.^   The de8"e of ^'V6^^""nd 
tation for all the l500eC heat-treated samples was approximately the same and 
seemed to be independent of the thermos etting level.    The "y«^Uinejtock 
height of about 2. 2nm indicates some degradation m crystallimty comPared 

to the as-spun and thermoset fibers,  but the crystalline perfection and degree 
of preferred orientation increased rapidly with heat-treatment ^P6"*1"     s 
above l500oC.    The patterns for single filaments of 3000'C heat-treated fibers 
were extremely sharp,  the FWHM being between 58 and \0  .  and L   gre»Mr 
than lOnm.    The interlayer spacings of the 3000-C fibers ^*r*** f*™4™* 
006 lines) were 0.3367 ± 0. 0003nm and independent of the degree of thermo- 
setting.    On the other hand,  the degree of three-dimensional order, as mani- 
fested by the resolution of the (10) band and the diffuseness of the (\"' Une' 
indicated a slight decrease in three-dimensional order with increasing degree 
of thermosetting. 

(2)   Microscopy Examinations 

Polarized light micrographs   of the  as-spun and thermoset fibers 
were  similar;  some  severely thermoset fibers  are   shown in Figure 8. 
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Figure 8.    Polarized Light Ph0*01"1"*?«'^,8 °*    , 
Severely Thermoset MP Fibers (1000X) 

(a) Cross Section 
(b) Longitudinal Section 
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The distinct,   syrnmetrical maltese «"• P^^^^ 
8a) indicate ^^ndrical «rTt^be ctarTradüranl not onionskin.    There 
tint,  the configuration is found to be c^*j7e'*J*'^on up to SOOO'C heat- 
is essentially no change   n tins ^^.^'^^^^^^    8mall (lO^tn) 
treatment.    The longitudxnal 8ec*l°n^n

e ^
g

e
U^/°;"eXt on of the sectioning 

and uniform domain size. howev%r ^ P"""    ^longitudinal sections of 

fibers. 
SEM picture, of ''«t«.d th.rm...t «^r. .U. .h«.^.^ ^•-ri 

ence, b.^.« t}-o^', »^^.m».^ Äi.'^t L that observed 
^r ar^un «b'eT   o'*e Other hand, the more extensively thermo.et fiber 
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Figure 12 shows an SEM comparison of the two types of structures, 
(a) the radial structure of a \0\an diameter fiber and (b) the onionskin struc- 
ture of one of the Spm diameter fibers.    The fibers in (a) and (b) had been 
heat-treated at l500oC and 16500C,  respectively.   These structural differences 
were also detected in the as-spun fibers.    Figure 13 compares PLM pictures 
of the two types of as-spun fiber,   (a) those with radial structure and (b) those 
with onionskin structure.    The structural differences are not apparent without 
the sensitive tint plate in PLM,  since both Figures 13(a) and 13(b) indicate 
similar maltese cross extinction patterns which remain stationary with stage 
rotation.    This invariance under rotation is to be expected since both radial 
and onionskin structures poss« ss cylindrical symmetry.    However, with the 
sensitive tint plate inserted, the color patterns of the two fibers were reversed 
in the manner indicated in Figure 7.    It is also of interest that fiber diameter 
alone does not determine the type of structure,  since considerably larger fibers 
(up to 10^m as-spun diameter) have been observed with an onionskin structure. 

Figure 14 shows two views of a longitudinal section of one of th-   onion- 
skin fibers.    The dark line along the center of the fiber in (a) is consistent with 
an onionskin structure because,  at any level of sectioning parallel to the cen- 
tral axis,   such a structure would give rise to an extinction line or band as a 
result of looking directly along the optic axes of flat layer planes.    In (b) the 
microscope stage had been rotated 45° so that the axis was parallel to one of 
the polarizer directions; extinction is seen to be almost complete.    It should 
be emphasized that most monofilaments do not have a perfectly developed 
onionskin structure.    Ordinarily,  the strur.ure is more random as seen in 
Figure 15,  in which no maltese cross is observed. 

c.      Microscopy of Uniformly Processed Fibers 

As fibers with improved uniformity became available,  attempts to 
correlate fiber processing and structure with fiber properties were resumed. 
The first effort was a PLM and SEM study of the effect of two very different 
thermosetting conditions on the structure and properties of carbonized fibers. 
A cross section of the raw multifilament yarn used for this study is shown in 
Figure 16.    The filaments exhibit a radial layer plane orientation and most 
have a radial crack.    Several samples from this batch were processed under 
varying conditions.    The micrographs of the carbonized fibers with the better 
properties are shown in Figure 17.    This sample had a tensile strength of 
I   55GPa (225 x 103 psi) and a Young's modulus of 207 GPa (30 x 10   psi) deter- 
mined by the strand test.    Evidently,  the split in the as-spun fiber spread into 
a wedge during processing.    The fine-grained appearance in the cross section 
has been preserved during the thermosetting. 
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The second sample, which had been given a less extensive thermo- 
setting treatment, had poorer properties after processing to l650oC;the strand 
test results were 0. 83 GPa (121 x 103 psi) for tensile strength and 159 GPa 
(23 x 106 psi) for Young's modulus.    The micrographs of this sample arc shown 
in Figure 18.    The fibers were obviously underthermoset.    There is evidence 
of a thin, fine-grained skin and a coarse-grained core.    This core must have 
melted completely at some stage of carbonization.    The carbonized fibers have 
also deformed considerably from the original shape of the as-spun fibers. 

Since the alteration of the thermosetting conditions significantly 
changed the structure and resultant properties of the fibers,  a second series 
of samples was studied by optical microscopy to obtain more information on 
the relationship between structure and thermosetting conditions.    The as-spun 
fibers used in this second study had essentially the same characteristics, in- 
cluding the radial crack,  as shown in Figure 16.    Five samples were batch 
processed and subjected to final heat-treatment at l650oC,    The severity of 
the conditions in the two-step thermosetting process was gradually increased 
for the samples described in Table XIV.    All other processing conditions were 
kept constant.    The single filament test data and the optical microscopy results 
are given in Table XIV.    Optical micrographs of some of these samples are 
shown in Figure" 19 to 21. 

Samples A,  B, and C were thermoset with increasing residence time 
in the liquid thermosetting bath, while keeping the gas phase oxidation constant. 
The main effect was to decrease the fusing together of the filaments.    The gas 
phase treatment increased the viscosity of the entire fiber enough to prevent 
gross melting in the core but did not make the fibers completely infusible; 
the fibers had de.'ormed considerably from their original shape. 

In Samples D and E, the time of gas phase treatment was quadrupled 
over that used in Samples A to C.    This additional thermosetting was sufficient 
to make the entire fiber assentially infusible because the original shape was 
now retained.    The structure of Sample E, as determined by optical micros- 
copy,  appears to be identical to that of the sample in Figure 17. 

Fracture surfaces for the fibers in each of these samples were also 
examined by scanning electron microscopy.    Typical SEM pictures for several 
of the samples are shown in Figure 22.    Figure 22(a) of Sample A,shows the 
fiber deformation during processing.    Figure 22(b) of Sample C is a good ex- 
ample of splitting or cracking of a fiber.    Figure 22(c) of Sample E indicates 
that the shape of the cross section has been retained under these thermosetting 
conditions.    The results of the SEM examination are in accord with the optical 
microscopy results. 
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TABLE XIV 

DEPENDENCE OF FIBER PROPERTIES AND STRUCTURE 
ON THE SEVERITY OF THERMOSETTING 

Tensi'e,.. Young's 
,  * Strength Modulus 

Sample1 GPa      psi x 10"3      GPa      psi x 10"6       Optical Microscopy Results 

A 1.23 178 200 29 Fibers are deformed and some 
are fused together.    Fine- 
grained domain structure is 
still present.    No skin detectable. 
Several additional splits and 
cracks are apparent. 

B 1.23 178 165 24 Same as A. 

C 1.43 207 214 31 Similar cO A and B,  except 
that fibers are not so exten- 
sively deformed and fused. 

D 1.54 223 241 35 Not much fiber deformation 
apparent,  but many cracks and 
splits in the fiber are visible. 

E 2.23 323 283 41 Original shape of the cross 
section preserved.    No cracks 
present beyond those attribu- 
table to the crack in the as- 
spun fiber. 

Tal  'All samples batch processed and heat-treated at 1650SC. 

y   Short gauge single filament test. 
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d. Preliminary Results of X-ray Diffraction 
of Continuously Processed Fibers  

The following results were obtained on continuously processed multi- 
filament MP fiber yarn (120 filaments per strand,  "» IS^m as-spun diameter) 
as a function of thermosetting and final heat-treatment temperatures.    The 
thermosetting treatments incluied a liquid bath, air, oxygen, and combinations 
of these.    All the fibers were tl.ermoset and heat-treated continuously at the 
same rate. 

The results are summarized in Table XV.    The preferred orienta- 
tion (FWHM =30°) and stack height (Lc = 3.4nm) of the as-spun fibers are 
fairly typical and do not seem to be very dependent upon the pitch or the fiber 
uiameter.    The liquid bath thermosetting treatment,   since it predominantly 
affects the surface of the fiber, produced no changes in these bulk X-ray pa- 
rameters.    Gas phase oxidation of the fibers, either with or without prior 
liquid bath treatment,  decreased both the degree of preferred orientation and 
the crystalline stack height.    Unfortunately, it is not clear from samples 
number 3 and 4 in Table XV whether the increase in disorder occurred from 
the oxidative cross linking or the subsequent heat-treatment.   As can be seen 
from the samples numbered 5 to 10, the degree of preferred orientation 
present after the initial thermosetting partially recovered npon further heat- 
treatment to 700 0C,    while the crystalline stack height continued to decrease. 
Both the degree of preferred orientation and L    began to increase at some 
temperature between 1000° and l650oC. c 

e. Extended Study of Continuously Processed Fibers 

The first correlations of thermosetting condition and fiber structure 
with the fiber properties in multifilament yarn were described in Section c. 
The best properties were'obtained when the thermosetting conditions were at 
least sufficient to preserve the fine-grained domains and the undeformed shape 
of the as-spun fiber.   A more extensive study was undertaken in which an as- 
spun multifilament yarn was continuously processed to 1700•C after 16 differ- 
ent thermosetting conditions.    These thermosetting conditions varied from 
the relatively mold ones used for the samples in Table XIV of Section c to con- 
ditions which were at least an order of magnitude more severe.   Selected 
carbonized fiber samples were examined by X-ray diffraction, optical micros- 
copy, and SEM. 

In spite of the wide variation in thermosetting treatments, the pre- 
fer r^ : orientation (FWHM) and crystalline sta« k height (L ) were independent 
of these treatments,  namely,  21. 6 i 0. 5° and 6. I ± 0. 3nm,  respectively 
Similarly, the optical microscopy and SEM revealed identical features to 
those described in Table XIV for all samples subjected to comparable thermo- 
setting conditions, confirming the reproducibility of the processing. 
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The elastic modulus was somewhat lower in the samples which were 
thermos et as Sample B in Table XIV, that is,  under the mild conditions which 
resulted in a slight deformation of the fiber cross section.    The modulus was 
higher for more severely thermoset samples comparable to Sample E in Table 
XIV.    While the trend for the elastic modulus was the same as in Table XIV, 
a corresponding increase in strength with increasing thermosetting severity 
did not occur.    For the samples which were thermoset much more severely 
than those of Sample E in Table XIV, there was no definite indication of fur- 
ther change in elastic modulus or tensile strength.    It is not yet clear why the 
trend of increasing elastic moduli for the fibers thermoset under milder con- 
ditions, comparable to those used for the samples in Table XIV, was not 
reflected in the X-ray preferred orientation.    For those samples in which the 
severity of the thermosetting was equal to or greater than that employed in 
Sample E of Table XIV., there was no discernible difference in the appearance 
of the fibers examined either by optical microscopy or by SEM.    This result 
is in accord with the X-ray diffraction data and the fiber property data, which 
also do not indicate any appreciable changes.    Apparently,  increasing the 
severity of the thermosetting conditions an order of magnitude beyond that 
necessary to preserve the fine-grained domain structure and prevent defor- 
mation does not lead to any dramatic change in structure or properties for 
the multifilament yarn used in this investigation. 

Many fracture surfaces of more severely thermoset fibers described 
above were examined by SEM.    The most common type of fracture is shown 
in Figure 23(a).   This fracture surface is similar to those shown in Figures 
17(c) and 22(c).   Less common types of fracture surface are shown in Figure 
23(b),  (c), and (d).   Figure 23(b) shows what is apparently a "fibril" protrud- 
ing from the surface.   Figure 23(c) shows a surface in which portions of the 
fracture occurred in two different planes perpendicular to the fiber axis. 
Figure 23(d) shows a surface where the intersection of the outer fiber surface 
and fracture surface forms a helix.   Fracture surfaces with voids have not 
been observed, and no obvious surface flaws have been found with the possible 
exception of fractures such as that shown in Figure 23(d).    The major gross 
defect for this type of these particular carbonized fibers is the "missing 
wedge, " which has its origin in the radial crack in the as-spun fiber. 

f.      Preliminary Transmission Electron Microscopy Observations (TEM) 

Transmission electron microscopy studies using the JEM-6A micro- 
scope have been initiated to determine the microstructural details of MP carbon 
fibers at all stages of processing.   The efforts to date have been aimed at 
finding the methods and techniques which best reveal the structural details. 

A sample of adequately thermoset,  carbonized (1650*C) MP fibers 
has been used.   Thin longitudinal and transverse sections were prepared by 
microtoming fibers encapsulated in a mixture of methyl and butyl methacrylate. 
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The transverse sections were very poor because the fibers fractured too easily 
in the axial direction.    Some reasonably intact longitudinal sections of the por- 
tion of the fiber close to the surface were obtained.    An example of a bright 
field micrograph and selected area electron diffraction patterns obtained from 
a kngitudinal section is shown in Figure 24.    The electron diffraction pattern 
indicates that the layer planes are oriented along the fiber axis, which is in 
agreement with the polarized light and X-ray diffraction results.    It is not 
clear yet whether the striations parallel to the fiber edge in Figure 24 reflect 
the structure of the carbon fiber or are an artifact produced by the sectioning. 

Pieces of crushed carbonized fibers were also examined in bright 
field and by selected area electron diffraction.    The chips appear to be thin, 
elongated platelets which are similar in appearance to the longitudinal slices. 
A bright field micrograph and the selected area electron diffraction pattern, 
obtained from a piece of crushed fiber,are shown in Figure 25.    The orienta- 
tion determined by the electron diffraction pattern shows that the lorig direction of 
the chip was parallel to the fiber axis. 

A sample of MP fibers, which had a radial layer plane orientation as 
determined by PLM, was examined in thin sections in both the as-spun and 
partially processed state (500"C).    Thin longitudinal and transverse sections 
were obtained for the as-spun fibers,  but the damage from the microtoming 
was considerable.    Weak selected area electron diffraction patterns,  indicating 
preferential orientation, were observable on the phosphor screen of the micro- 
scope in some of the sections,  but the damage to the sample, probably from 
melting in the electron beam was too rapid to allow adequate photography of 
the diffraction patterns.    Visual observation of the transitory diffraction pat- 
terns indicated that the layer plane was along the fiber axis in the longitudinal 
slices and radial in the transverse slice (cross section).    Thin longitudinal 
and transverse sections were also obtained for the SOO'C fiber.    These sections 
were also damaged considerably by the microtoming.    The weak electron dif- 
fraction patterns, which were observed in some but not all sections of this 
sample, were considerably more persistent, presumably because of the better 
thermal stability of the SOO'C fiber.    The layer plane orientation was again 
along the fiber axis in the longitudinal sections, and radial in the transverse 
slices (cross section). 

The results for preferred orientation in the axial and transverse 
directions obtained so far by electron diffraction in the TEM are in accord 
with the PLM results described earlier.    In addition, no evidence of any 
micropores,  resembling those observed in carbon fibers derived from PAN 
has been detected yet.    Much more effort will be required to utilize TEM 
techniques in the study of MP carbon fiber structure. 
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SECTION IX 

COMPOSITE SHEAR STRENGTH 

The torsional shear strength of an epoxy composite with carbon fibers 
from MP pitch was determined to be only 32.8MPa (4750 psi).    The fiber used 
in this test was processed to 1650oC and possessed a short gauge tensile 
strength of l.83GPa (265 x 103 psi) and a Young's modulus of l72GPa (25 x 106 

psi).   However, the fiber    responded readily to a surface treatment.    The 
treated fiber exhibited a composite shear strength of 89,0MPa (12, 900 psi). 
Fiber loading in the torsicnal shear rod was 50 percent by volume in an ERL 
2256 epoxy matrix. 
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