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ABSTRACT OF THE DISCLOSURE

A process is provided for the efficient conversion of
acrylonitrile homopolymer fibrous materials and closely
related acrylonitrile copolymer fibrous materials to gra-
phitic fibrous materials of high tenacity. The process in-
corporates an initial brief fiber heating step which is con-
ducted at a temperature of about 170 to 220° C., a pre-
oxidation step, and a tandem carbonization/graphitiza-
tion step as described. The relationship of the various
variables required to produce the high temacity graphitic
fibrous product is set forth in the equation provided. In
a preferred embodiment of the invention the carboniza-
tion/graphitization step of the process is conducted on a
reliable and stable basis wherein the desired tenacity is
achieved without the necessity of resorting to the exer-
tion of high longitudinal tensions upon the preoxidized
acrylic fibrous material. The fibers may contain 2-10
percent residual solvent from the fiber spinning operation.

CROSS REFERENCE TO RELATED APPLICATION

In our commonly assigned U.S. Ser. No. 354,469, filed
Apr. 25, 1973, is claimed a generically defined improved
process (described herein) for the production of high
tenacity graphitic fibrous materials wherein residual sol-
vent may be omitted from the acrylic fibrous precursor.

BACKGROUND OF THE INVENTION

In the past procedures have been proposed for convert-
ing an acrylic fibrous precursor to an amorphous carbon
form or to a graphitic carbon form which retains essen-
tially the same fibrous configuration as the starting mate-
rial. The acrylic fibrous material is first thermally stabi-
lized, and then carbonized.

The thermal stabilization of an acrylic fibrous material
in an oxygen-containing atmosphere is well known in the
art and involves (1) an oxidative cross-linking reaction of
adjoining molecules as well as (2) a cyclization reaction
of pendant nitrile groups to a condensed dihydropyridine
structure, The cyclization reaction is exothermic in nature
and must be controlled if the fibrous configuration of
the acrylic material is to be preserved. Accordingly, stabi-
lization procedures commonly proposed are conducted
for many hours (e.g. at 220° C, for 3 to 7 hours, or
more). During the carbonization reaction elements in the
stabilized fibrous material other than carbon, e.g. nitro-
gen, hydrogen, and oxygen are expelled. The term “car-
bonized fibrous material” as used herein is defined to be
a material consisting of at least about 90 percent carbon
by weight, and preferably at least about 95 percent car-
bon by weight. Depending upon the conditions under
which the carbonized fibrous product is processed, sub-
stantial amounts of graphitic carbon may or may not be
present in the same as determined by the characteristic
X-ray diffraction pattern of graphite.

The achievement of uniformly superior mechanical
properties in carbon fibers, such as tensile strength and
initial modulus, has been an elusive goal when employing
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processes of the prior art. For instance, heretofore, it has
been proposed that high longitudinal tensional forces be
exerted upon a carbonaceous fibrous material during the
formation of graphitic carbon. Unfortunately, such proc-
esses which operate under high tensions tend to be un-
stable and have a tendency to fail because of fiber break-
age which may be traced at least in part to incipient flaws
or voids present in the fibrous material. For a reliable
commercial operation, such process failures cannot be
tolerated.

Carbon fibers are being increasingly proposed for
utilization as a reinforcing medium when embedded in a
suitable matrix to form a strong lightweight structural
component. Such composites find particular applicability
in aerospace applications. There is accordingly a demand
for high strength graphitic fibrous materials having uni-
form properties which may be reliably looked to for the
desired reinforcement.

It is an object of the invention to provide an improved
process for the conversion of certain acrylic fibrous mate-
rials to high strength graphitic fibrous materials.

It is an object of the invention to provide a process for
the production of a graphitic fibrous material possessing
essentially uniform mechanical properties, i.e. a high
tensile strength and a high initial modulus.

It is another object of the invention to provide a proc-
ess for the conversion of certain acrylic fibrous materials
to graphitic fibrous materials in which the carbonization/
graphitization portion of the process may be conducted
on a reliable and stable basis wherein the desired tenacity
is achieved without the necessity of resorting to the exer-
tion of high longitudinal tensions upon the preoxidized
fibrous material undergoing conversion.

It is another object of the invention to provide a proc-
ess for the production of high tenacity graphitic fibrous
materials which is relatively insensitive to variations in
longitudinal tension during the carbonization/graphitiza-
tion portion thereof.

It is a further object of the invention to provide a rela-
tively rapid process for production of graphitic fibrous
materials which does not require that the acrylic pre-
cursor be water washed to remove residual solvent prior
to its utilization, .

These and other objects, as well as the scope, nature,
and utilization of the invention will be apparent from the
following detailed description and appended claims.

SUMMARY OF THE INVENTION

It has been found that an improved process for the
conversion of a drawn acrylic fibrous material selected
from the group consisting of an acrylonitrile homopoly-
mer and acrylonitrile copolymers which contain at least
about 95 mol percent of acrylonitrile units and up to
about 5 mol percent of one or more monovinyl units co-
polymerized therewith to a high strength graphitic fibrous
material comprises:

(a) coatinuously passing a continunous length of said
acrylic fibrous material for a residence time of about
90 to 900 seconds through a pretreatment heating zone
provided with a gaseous atmosphere at a temperature
of about 170 to 220° C. while under a Jlongitudinal
tension sufficient to permit up to about a 20 percent
reduction in length brought about through shrinkage
or the maintenance of a constant length,

~ (b) continuously withdrawing said continuous length of

the resulting pretreated fibrous material from said heat-
ing zone,

(c) continuously passing said resulting continuous length
of pretreated fibrous material for a residence time of
about 90 to 210 minutes through a preoxidation heat-
ing zone provided with an oxygen-containing atmos-
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phere at a temperature of about 260 to 290° C., and
(d) continuously passing a continuous length of said re-
sulting preoxidized fibrous material while under a
longitudinal tension of about 0.05 to 0.8 gram per
denier through a carbonization/graphitization heating
zone provided with an inert atmosphere and a tempera-
ture gradient in which said fibrous material is raised
within a period of about 20 to about 300 seconds from
about 800° C. to a temperature of about 1600° C. to
form a continuous length of carbonized fibrous mate-
rial, and in which said carbonized fibrous material is
subsequently raised from 1600° C. to a temperautre
within the range of about 2400 to about 3100° C. with-
in a period of about 3 to 30 seconds where it is main-
tained for about 10 seconds to about 200 seconds to 15
form a continuous length of graphitic fibrous material;

said steps (a) and (c) being conducted in accordance
with the formula:

A=3X3(12Xs+8X3--7X) L 17X+ 10X,

20

where
X Residence time in preoxidation zone in minutes—137

2=

33
Temperature of preoxidation zone in °C.—277.5

Xs 75
X Percent shrinkage in pretreatment zone—12

4=

2.2

and where A is equal to or less than 111.

The resulting graphitic fibrous materials commonly
exhibit a single filament tensile strength of at least about
300,000 p.si., and a single filament initial modulus of
at least about 75,000,000 p.s.i. 35

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a representative response surface map which
visually presents those operating areas in terms of A
values wherein optimum graphite tensile strengths are
achieved when operating at various prefreatment shrink-
ages and various preoxidation times holding the pretreat-
ment temperature constant at 185° C., the preoxidation
temperature constant at 270° C., the graphitization time
constant at 48 seconds, and the longitudinal tension
exerted upon the fibrous material within the carboniza-
tion/graphitization zone constant at 0.34 gram per denier.

FIG. 2 is a response surface map similar to that of
FIG. 1 with the exception that the preoxidation tempera-
ture is held constant at 285° C., rather than 270° C.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The starting material

45

50

The acrylic fibrous materials which serve as the start- 55
ing materials in the present process are formed by conven-
tional solution spinning techniques (i.e. are dry spun or
wet spun), and are drawn to increase their orientation.
As is known in the art, dry spinning is commonly con-
ducted by dissolving the.polymer in an appropriate sol-
vent, such as N,N-dimethyl formamide, or N,N-dimethyl
acetamide, and passing the solution through an opening
of predetermined shape into an evaporative atmosphere
(e.g. nitrogen) in which much of the solvent is evap-
orated. Wet spinning is commonly conducted by passing
a solution of the polymer through an opening of prede-
termined shape into an aqueous coagulation bath.

The acrylic polymer utilized as the starting material is
either an acrylonitrile homopolymer or an acrylonitrile
copolymer containing at least about 95 mol percent of 7
acrylonitrile units and up to about 5 mol percent of one
or more units derived from a monovinyl compound which
is copolymerizable with acrylonitrile such as styrene,
methyl acrylate, methyl methacrylate, vinyl acetate, vinyl
chloride, vinylidene chloride, vinyl pyridine, and the like. 75

4

The acrylic fibrous materials are provided as continu-
ous lengths and may be in a variety of physical configura-
tions. For instance, the acrylic fibrous materials may be
present in the form of continuous lengths of multifilament
yarns, tows, strands, cables, tapes, or similar fibrous as-
semblages.

When the starting material is a continuous multifila-
ment yarn a twist may be imparted to the same to im-
prove the handling characteristics. For instance, a twist
of about 0.1 to 5 t.p.i., and preferably about 0.3 to 1.0
t.pd. may be utilized. Also a false twist may be used in-
stead of or in addition to a real twist. Alternatively, one
may select bundles of fibrous material which possess es-
sentially no twist.

The starting material is drawn in accordance with con-
ventional techniques in order to improve its orientation.
For instance, the starting material may be drawn by
stretching while in contact with a hot shoe at a tem-
perature of about 140 to 160° C. Additional representa-
tive drawing techniques are disclosed in U.S. Pat. Nos.
2,455,173; 2,948,581; and 3,122,412. It is recommended

that the acrylic fibrous materials selected for use in the
pocess be drawn to a single filament tenacity of at least

-about 3 grams per denier. If desired, however, the start-

ing material may be more highly oriented, e.g. drawn up
to a single filament tenacity of about 7.5 to 8 grams per
denier, or more.

The acrylic fibrous material which is converted to a
graphitic fibrous material in accordance with the present
process may Oor may not contain appreciable quantity
of residual solvent. In a preferred embodiment of the in-
vention the fibrous material is unwashed and contains
about 2 to 10 percent by weight residual solvent. In a
particularly preferred embodiment of the invention the
fibrous material is dry spun, unwashed, and contains
about 2 to 10 percent by weight of residual N,N-dimethyl
formamide or N,N-dimethyl acetamide. Residual N,N-di-
methyl formamide or N,N-dimethyl acetamide contents
of about 2 to 5 percent by weight are commonly en-
countered in such unwashed dry spun fiber. Alternatively,
the starting material may have been previously washed
and contain essentially no solvent prior to introduction
into the heating zone described hereafter. The acrylic
fibrous materials treated in the present process commonly
have an inherent tendency to shrink in length when heated
at about 170 to 220° C. (e.g. at about 185 to 220° C.).

The acrylic fibrous material which serves as the start-
ing material in the present invention has not been pre-
viously thermally stabilized, such as by exposure to an
oxygen-containing atmosphere at an elevated temperature
for an extended period of time. The properties of the
acrylic fibrous material as it is withdrawn from the pre-
treatment heating zone, described hereafter, are dissimilar
to those of a thermally stabilized acrylic fibrous mate-
rial. For instance, during thermal stabilization the bound
oxygen content of the acrylic fibrous material increases
to at least about 7 percent by weight and possibly as
high as 18 percent by weight as determined by the Unter-
zaucher analysis. Not only is the fibrous material upon
thermal stabilization rendered black in appearance, and
non-burning to a match flame, but its mechanical prop-
erties such as tenacity are substantially reduced. The pre-
treatment heating step described hereafter generally re-
sults in no substantial diminution of mechanical proper-
ties, such as tenacity. Also, even if the pretreatment heat-
ing step, described hereafter, were conducted in an oxy-
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gen-containing atmosphere, such as air, no appreciable
increase in the bound oxygen content as determined by
the Unterzaucher analysis results (i.e. less than a one
percent increase in bound oxygen) during the passage of
the fibrous material through the pretreatment heating
zone,

The pretreatment heating step

In accordance with the present invention the continuous
length of acrylic fibrous material is continuously intro-
duced into a pretreatment heating zone provided with a
gaseous atmosphere at the temperature indicated. The
nature of the gaseous atmosphere is not critical and may
be varied widely. For instance, ordinary air may be uti-
lized, or alternatively the atmosphere may be inert, e.g.
nitrogen, argon, etc. The gaseous atmosphere which is
selected should not be one which is unduly reactive with
the acrylic fibrous material so as to diminish its mechani-
cal properties under the conditions of the heat treatment.

The gaseous atmosphere of the pretreatment heating
zone is provided at a temperature of about 170 to 220° C.
In a preferred embodiment of the invention the gaseous
atmosphere is at a temperature of about 185 to 220° C.
In a particularly preferred embodiment of the invention
the gaseous atmosphere is at a temperature of about 190
to 220° C. If the acrylic fibrous material undergoing treat-
ment contains an appreciable quantity of residual sol-
vent, it is recommended that provision be made for cir-
culating the atmosphere or for the withdrawal of solvent
generated during the pretreatment heating step.

The equipment utilized to produce the requisite tem-
peratures to carry out the pretreatment heating step may
be varied widely as will be apparent to those skilled in
the art. For instance, the continuous length of acrylic
fibrous material may be passed through a circulating oven,
or the tube of a muffle furnace. The speed of movement
through the pretreatment heating zone will be determined
by the size of the zone and the desired residence as dis-
cussed hereafter. Rollers or guides may be provided with-
in the zone to direct the movement of the continuous
length of acrylic fibrous material. In a preferred embodi-
ment of the invention the acrylic fibrous material is
passed through the pretreatment heating zone in the di-
rection of its length and is substantially suspended there-
in with minimal contact with guides or rollers. If desired,
the continuous length of fibrous material may be passed
through the pretreatment heating zonme a plurality of
passes until the desired residence time is achieved.

The acrylic fibrous material is passed through the pre-
treatment heating zone for a residence time of about 90
to 900 seconds. If the residence time is much below about
90 seconds then the desired enhancement of fiber prop-
erties accomplished in the pretreatment heating zone tends
to be insufficiently achieved. If the residence time is much
more than about 900 seconds, then the thermal stabili-
zation reaction tends to take over. In a preferred embodi-
ment of the invention the acrylic fibrous material is passed
through the pretreatment heating zone for a residence
time of about 90 to 500 seconds. Also, it is preferred that
the residual solvent content of acrylic fibrous material
treated in accordance with the present invention be less
than about 0.1 percent by weight at the time of its with-
drawal from the pretreatment heating zone. Such solvent

content determinations can be made by conventional gas

chromatography techniques.
While passing through the pretreatment heating zone,
the longitudinal tension on the continuous length of

acrylic fibrous material is adjusted so that it is sufficient .

to permit up to a 20 percent reduction in length brought
about through shrinkage, or the maintenance of a con-
stant length. In a preferred embodiment of the invention
the longitudinal tension on the continuous length of
fibrous material is sufficient to permit a reduction in
length of about 5 to 15 percent brought about through
shrinkage. The relative tension exerted upon the con-
tinuous length of fibrous material may be adjusted
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through a proper selection of feed and withdrawal rates
taking into consideration the inherent tendency of the
fibrous material to shrink.

The theory whereby the pretreatment step of the pres-
ent process enhances the properties of the continuous
length of fibrous material is considered complex and in-
capable of simple explanation. It has been found, how-
ever, that a more uniform and more dense microstructure
results which is believed to be produced through the heal-
ing of voids and the release of internal stresses. The more
uniform morphology of the pretreated fiber is also be-
lieved to be carried over the graphitic fiber utimately
derived therefrom.

The pretreatment heating step of the present process
is fully described in our commonly assigned U.S. Ser. No.
17,962 (now abandoned), filed concurrently herewith,
which is herein incorporated by reference.

The preoxidation heating step

The continuous length of pretreated fibrous material is
next continuously stabilized (i.e. preoxidized) at a rela-
tively severe temperature. The peroxidation heating step
may be conducted in accordance with certain embodi-
ments of commonly assigned U.S. Ser. No. 749,957, filed
Aug. 5, 1968, of Dagobert E. Stuetz, which is herein incor-
porated by reference.

More specifically, the continuous length of pretreated
fibrous material is continuously introduced, passed
through, and continuously withdrawn from a preoxida-
tion heating zone provided at a temperature of about 260
to 290° C. The pretreated fibrous material is maintained
in the preoxidation heating zone for a residence time of
about 90 to 210 minutes. The preoxidation heating step
is preferably conducted in tandem with the pretreatment
heating step with the pretreated fibrous material as it is
withdrawn from the pretreatment heating zone being
passed directly to the preoxidation heating zone.

It is essential that the heated atmosphere which is pro-
vided within the preoxidation heating zone be oxygen-con-
taining so that the desired stabilization reaction brought
about by preoxidation is accomplished. The preferred oxy-
gen-containing atmosphere is air.

In a preferred embodiment of the invention a longitu-
dinal tension is exerted upon the continnous length of
pretreated fibrous material whereby a constant length is
gnaintained while passing through the preoxidation heat-
ing zone.

The fibrous material as it is withdrawn from the pre-
oxidation heating zone (1) retains essentially the same
fibrous configuration as the starting material, (2) is ca-
pable of undergoing carbonization, (3) is black in ap-
pearance, and (4) is non-burning when subjected to an
ordinary match flame. Even if the acrylic fibrous material
which was originally inrtoduced into the pretreatment
heating zone was unwashed and originally contained an
appreciable residual solvent content, the fibrous material
following treatment in the preoxidation heating zone is es-
sentially non-coalesced. The stabilized fibrous material as
it is withdrawn from the preoxidation heating zone com-
monly exhibits a bound oxygen content of at least about 7
percent by weight as determined by the Unterzaucher
analysis.

The equipment utilized to produce the requisite tem-
peratures to carry out the preoxidation heating step may
be varied widely as will be apparent to those skilled in the
art. For instance, the continuous length of pretreated
fibrous material may be passed through a circulating
oven, or the tube of a muffle furnace provided with the
requisite oxygen-confaining atmosphere, such as air. The
speed of movement of the pretreated fibrous material
through the preoxidation heating zone will be determined
by the size of the heating zone and the desired residence
time. Rollers or guides may be provided within the pre-
oxidation heating zone to direct the movement of the con-
tinuous length of pretreated fibrous material, In a pre-
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ferred embodiment of the invention the acrylic fibrous ma-
terial is passed through the preoxidation heating zone in
the direction of its length and is substantially suspended
therein with minimal contact with guides or rollers. If
desired, the continuous length of fibrous material may be
passed through the preoxidation heating zone for a plu-
rality of passes until the desired residence time is
achieved.

The carbonization graphitization heating step

The continuous length of pretreated and preoxidized
fibrous material is next continuously passed through a
carbonization/graphitization heating zone provided with
a temperature gradient (described hereafter) wherein a
high strength graphitic fibrous material is ultimately pro-
duced. The carbonization/graphitization step may be con-
ducted in accordance with certain embodiments of com-
monly assigned U.S, Ser. No. 777,275, filed Nov. 20, 1968
(now abandoned) of Charles M. Clarke, which is herein
incorporated by reference.

An inert non-oxidizing atmosphere is provided within
the carbonization/graphitization heating zone. Represen-
tative inert atmospheres for utilization in the zone include
nitrogen, argon, and helium. The preferred inert atmos-
pheres are nitrogen and argon.

Since the pretreated and preoxidized fibrous material
is generally inherently hygroscopic, it is recommended
that it be supplied to the carbonization/graphitization
heating zone in an essentially anhydrous form in accord-
ance with the teachings of commonly assigned U.S. Ser.
No. 17,780, filed Mar. 9, 1970 (now U.S. Pat. No. 3,677,-
705), of Charles M. Clarke, Michael J. Ram, and John P.
Riggs which is herein incorporated by reference.

The continuous length of pretreated and preoxidized
fibrous material is generally provided at a temperature of
about 20 to 500° C. at the time it is introduced into the
carbonization/graphitization heating zone and is elevated
to 800° C. The temperature gradient within the carbon-
ization/graphitization heating zone raises the fibrous
material from about 800° C. to about 1600° C. within
about 20 to about 300 seconds to form a continuous
length of carbonized fibrous material, and subsequently
raises the carbonized fibrous material from about 1600°
C. to a temperature within the range of about 2400 to
about 3100° C. within a period of about 3 to 300 seconds
where it is maintained for about 10 seconds to about
200 seconds to form a continuous length of graphitic
fibrous material. In a preferred embodiment of the inven-
tion the fibrous material is raised from about 800° C. to
about 1600° C. within about 45 to 300 seconds. A pre-
ferred maximum graphitization temperature is about
2900° C.=50° C. where the fiber is maintained for about
20 to 60 seconds. Graphitic carbon in the fibrous product
may be determined by the characteristic X-ray diffraction
pattern of graphite.

While the continuous length of resulting preoxidized
fibrous material is passed through the carbonization/
graphitization heating zone, it is placed under a longitu-
dinal tension of about 0.05 to 0.8 gram per denier. In a
preferred embodiment of the invention the preoxidized
fibrous material is under a longitudinal tension of about
0.3 to 0.5 gram per denier while passing through the car-
bonization/graphitization heating zone. The longitudinal
tension exerted upon the fibrous material may be satisfac-
torily adjusted by controlling the relative rates of introduc-
tion and withdrawal of the fibrous material while passing
through the carbonization/graphitization heating zone.

1t has been found that when the acrylic fibrous material
has been pretreated at a temperature of about 185 to 220°
C., and when the temperature gradient within the car-
bonization/graphitization zone raises the fibrous material
from about 800° C. to a temperature of about 1600° C.
within a period of about 45 to about 300 seconds, then the
carbonization/graphitization portion of the present proc-
ess tends to be relatively insensitive to longitudinal ten-
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sion, Under such conditions a high tenacity product is
produced over a wide range of tensions. The exact pre-
treatment temperature range which is required in order
to yield this unexpected tension response has been found
to vary somewhat with different precursors, however, the
pretreatment temperature range of about 190 to 220° C.
tends to be preferred for the most pronounced observance
of this response.

The equipment utilized to produce the requisite heating
to carry out the carbonization/graphitization heating step
of the present process may be varied widely as will be
apparent to those skilled in the art. It is essential that the
apparatus selected be capable of producing the required
temperature while excluding the presence of an oxidizing
atmosphere. For instance, suitable apparatus include in-
duction furnaces, tube furnaces in which a hollow
graphite susceptor is heated by direct resistance heating,
and the like.

In a preferred embodiment of the invention, the con-
tinuous length of preoxidized fibrous material is heated by
use of an induction furnace. In such a procedure, the
continuous length of stabilized material is passed through
a hollow graphite tube or susceptor which is situated with-
in the windings of an induction coil. By varying the length
of the graphite susceptor, the length of the induction coil,
and the rate at which the fibrous material is passed
through the susceptor, many apparatus arrangements ca-
pable of carrying out the present process may be selected.
For large scale production, it is of course preferred that
relatively long susceptors and extended heating zones be
used so that the continuous length of fibrous material may
be passed through the same at a higher rate while still
being heated in accordance with the desired temperature
gradient,

Study of process parameters.

Table I presents representative graphite tensile strength
values achieved under a variety of conditions in which the
pretreatment temperature and shrinkages were varied, as
well as the carbonization/graphitization tension and times.

A continuous length of a 1600 fil dry spun acrylonitrile
homopolymer continuous filament yarn having a total
denier of 1920 was selected as the starting material. The
yarn was dry spun from a solution of the same in an N,N-
dimethyl formamide solvent into an evaporative atmos-
phere of nitrogen. The fibrous material was dry spun as a
40 fil bundle, and plied to form the 1600 fil yarn which
exhibited a twist of about 0.5 t.p.i.

The yarn was next drawn at a draw ratio of about 5:1
to a single filament tenacity of about 4 grams per denier
by stretching while passing over a hot shoe at a tempera-
ture of about 160° C. for a residence time of about 0.5
second. Contrary to standard acrylic fiber technology the
acrylic yarn was not washed and contained a residual
N,N-dimethyl formamide solvent content of about 4 per-
cent by weight. The yarn also exhibited an inherent tend-
ency to shrink in length when heated to about 170 to
220° C. :

The unwashed acrylonitrile homopolymer yarn was
next continuously introduced in the direction of its length
into a 50 inch muffle furnace (pretreatment heating zone)
having an internal diameter of 1.25 inches. A gaseous
atmosphere of air at the temperatures indicated (170
to 215° C.) was provided within the muffle furnace.
The yarn was pasesd through the muffle furnace for 3
passes at a speed of 30 inches per minute for a total
residence time of 300 seconds. Roller guides were pro-
vided at each end of the muffle furnace to facilitate the
multiple passes. While passing through the muffle furnace,
the longitudinal tension exerted upon the continuous
length of fibrous material was adjusted so that shrinkages
of 10 or 15 percent were recorded at the end of the
final pass. The resulting yarn exhibited a residual N,N-
dimethyl formamide content of less than 0.1 percent by
weight. Also, the bound oxygen content remained sub-
stantially unchanged following the heat treatment.
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The resulting pretreated yarn was next passed directly
to an adjoining preoxidation heating zone. The preoxida-
tion treatment was conducted while the pretreated yarn
was continuously passed in the direction of its length
through a multi-wrap skewed roll oven provided with

10
water cooled copper coil having a length of 19 inches,
and a hollow graphite tube suspended within the coil
having a total Iength of 55 inches. The copper coil had
an inner diameter of 8 inches, and the copper tubing
from which it was formed was of 0.75 inch outer diameter

circulating air at 270° C. The residence time within with a wall thickness of 0.125 inch. The 35 inch hollow
the preoxidation heating zone was constant at 120 minutes graphite tube was provided in two adjoining sections.
in each treatment. While passing through the preoxida- The main section was 45 inches in length, and had an
tion heating zone, a longitudinal tension was exerted outer diameter of 3 inches and an inner diameter of
upon the treated fibrous material whereby an essentially 10 0.75 inch. The auxiliary section was 10 inches in length
constant length was maintained. The resulting preoxidized and was located at the exit end of the main susceptor
yarn was black in appearance, non-burning when sub- and had an outer diameter of 2 inches and an inner di-
jected to an ordinary match flame, and had a bound ameter of 0.75 inch. The copper coil encompassed the
oxygen content of about 10 percent by weight as deter- main susceptor and had its end located two inches from
mined by the Unterzaucher analysis. Upon withdrawal 15 the point where the main susceptor and the auxiliary
from the preoxidation zone the continuous lengths of susceptor were joined. Thermal insulation in a depth of
preoxidzed fibrous material were wound upon bobbins and 5 inches totally surrounded the graphite tube. Air was
stored in a forced air oven at 110° C. substantially excluded from the induction furnace by
The preoxidized fibrous material was dried in an in purging with nitrogen. The yarn was raised to a maxi-
line continuous manner immediately prior to its intro- oo Mum temperature of about 2900° C. while passing
duction into an induction furnace provided with a nitro- through the carbonization/graphitization zone.
gen atmosphere and a temperature gradient wherein both When passing through the carbonization/graphitization
carbonization and substantial graphitization occurred. heating zone at a rate of 10 inches per minute the yarn
Drying was conducted by passing the preoxidized yarn was raised to a temperature of 800° C. in approximately
in the direction of its length through four 12 inch muffle o5 48 seconds after entering the graphite tube, from 800
furnaces placed in an end to end relationship and pro- to 1600° C. in approximately 72 seconds, and from 1600
vided with circulating air at 200° C., 250° C., 300° C., to 2900° C. in approximately 60 seconds where it was
and 340° C., respectively. maintained +50° C. for about 48 seconds. When passing
The preoxidized yarns were passed through the dry- through the carbonization/graphitization heating zone at
ing zone and the carbonization/graphitization zone at g0 @ rate of 30 inches per minute, the yarn was raised to
rates of 10 inches per minute and 30 inches per minute. a temperature of 800° C. in approximately 16 seconds
Various longitudinal tensions of 0.08 to 0.72 gram per after entering the graphite tube, from 800 to 1600° C.
denier were exerted upon the fibrous material as it passed in approximately 24 seconds, from 1600 to 2900° C. in
through the carbonization/graphitization zone. The induc- approximately 20 seconds where it was maintained =-50°
tion furnace comprised an Inductotherm model Inducto g5 C. of 2900° C. for about 16 seconds. The resulting
50 unit provided with a 50 kw. power source, a 12 turn graphitic yarns exhibited a specific gravity of about 2.0,
TABLE I
Single fila-
Pretreat- Pretreatment Carbonization/ Time at ment tensile
Pretreatment ment longitudinal  Preoxidation Preoxidation graphitization graphitization strength in
temperature time in shrinkage 1 temperature time tension in temperature D.s.i.
in°C. seconds (percent) in° C. in minutes grams per denier in seconds 2(X1,000)
300 10 270 120 0.17 48 403
300 10 270 120 0.36 43 438
300 10 270 120 0.09 48 413
300 10 270 120 0.29 48 3592
300 10 270 120 0,54 43 445
300 15 270 120 0.08 48 388
300 15 270 120 0.27 48 413
300 10 270 120 0.08 48 352
300 10 270 120 0.18 48 397
300 10 270 120 0,27 43 445
300 10 270 120 0.36 43 417
300 10 270 120 0.45 48 432
300 10 270 120 0.58 48 414
300 10 270 120 0.69 43 388
300 10 270 120 0.80 43 417
300 15 270 120 0.16 48 378
300 16 270 120 0.35 48 452
300 15 270 120 0.55 48 417
300 10 270 120 0.10 48 350
300 10 270 120 0.20 48 362
300 10 270 120 0.32 48 320
300 10 270 “120 0.43 48 285
300 10 270 120 0.55 43 272
300 15 270 120 0.08 43 358
300 15 270 120 0.23 48 2892
300 15 270 120 0.48 48 210
300 10 270 120 0.18 16 355
300 10 270 120 0.38 16 405
300 10 270 120 0.19 16 368
300 10 270 120 0.40 16 352
300 15 270 120 0.08 16 352
300 10 270 120 0.09 16 320
300 10 270 120 0.17 16 325
300 10 270 120 0.27 16 338
300 10 270 120 0.37 16 410
300 10 270 120 0.46 16 400
300 10 270 120 0.59 16 380
300 10 270 120 0.72 16 262
300 15 270 120 0.17 16 378
300 16 270 120 0.37 18 440
300 10 270 120 0.09 16 243
300 10 270 120 0.20 16 252
300 10 270 120 0.30 16 260
300 10 270 120 0.40 16 332
300 15 270 120 0.17 16 247
300 15 270 120 0.37 16 260

1 Plus or minus one percent;
2 Average of five breaks,
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Table II presents representative graphite tensile strength
values dchieved under a variety of conditions in which
the pretreatment shrinkage and times were varied, the
preoxidation temperature and times were varied, and
carbonization/graphitization tension and times were

12
Having made extensive empirical experimentation and
the compilation of substantial experimental data, a mathe-
- matical equation was obtained which specifies the general
relationship of the variables of the present process for
optimum results, and which aids one in selecting a com-

varied. 5 bination of variables wherein a fibrous graphitic material
The acrylonitrile homopolymer yarn was substantially of various high levels of tensile strength may be produced.
identical to that described in connection with the process It was determined that a second order polynomial func-
runs reported in Table I. Also, the same equipment was tion would be satisfactory to relate graphite properties to
utilized under the conditions reported in connection with 10 the experimental variables. The form of the second-order
the runs of Table I, except as indicated. More specifically, polynominal and its use to summarize process data are
the longitudinal shrinkage in the pretreatment zone varied discussed, for example, in “The Design and Aanalysis of
from 9.2 to 15.6 percent, and the pretreatment residence Industrial Experiments,” edited by O. L. Davies, Hafner
times varied from about 250 to 500 seconds. The pre- Publishing Company, New York, 1956, Chapter 11.
oxidation temperatures were 270° C. and 285° C., and pre- 15 The second order polynomial was derived by an analysis
oxidation times varied from 88 to 197 minutes. The pre- of the experimental data by way of least squares calcula-
oxidized yarn was passed through the induction furnace at tions. A procedure which uses a digital computer to per-
rates of 10 and 30 inches per minute, and was exposed to form the least squares calculations to derive the param-
the same temperature gradients as discussed in connec- eters of the second-order polynomial, and to present the
tion with the runs of Table I. Various longitudinal ten- 5, results in the form of response surface maps is reported
sions of 0.08 to 0.76 gram per denier were exerted upon by P.A.C. Cook and A. J. Rosenthal in the “Annual
the fibrous material as it passed through the carboniza- Technical Conference Transactions 1969” published by
tion/graphitization zone. The resulting graphitic yarns ex- American Society for Quality Control, pages 161-172,
hibited a specific gravity of about 2.0. May, 1969. Selecting preferred carbonization/graphitiza-
TABLE II -
. Single fila-
Pretreat-  Pretreatment Carbonization/ Time at ment tensile

Pretreatment mentg longitudinal Preoxidation  Preoxidation graphitization graphitization sirength in
temperature timein  shrinkage!  temperature time tensionin temperature p.sd.?
in° C. seconds (percent) in° C. in minutes grams per denier in seconds (X1,000)

300 9.3 270 116 0.09 48 413

300 9.3 270 116 0.29 48 352

300 9.3 270 116 0.54 48 445

300 15.6 270 119 0.08 48 388

300 15.6 270 119 0,27 48 413

400 10.6 270 158 0.09 43 422

400 10.6 270 168 0.28 48 432

400 10.6 270 158 0.51 48 417

400 13.6 270 158 0.09 48 414

400 13.6 170 158 0.18 48 412

400 13.6 270 158 0.29 43 380

400 13.6 270 158 0.55 48 390

400 13.6 270 158 0.76 48 405

500 9.2 270 197 0.14 48 355

500 9,2 270 197 0.30 48 435

500 9.2 270 197 0.48 48 388

250 10.7 285 88 0.09 48 364

250 10.7 285 88 0.28 43 282

250 10.7 285 83 0. 52 48 285

250 13.9 285 88 0.09 48 362

250 13.9 285 g3 0.28 48 365

250 13.9 285 $8 0.50 48 355

250 13.9 285 88 0.75 48 395

300 15.6 285 118 0.21 43 360

300 16.6 285 118 0.42 48 420

300 15.6 285 118 0.67 48 427

400 10.6 285 160 0.16 48 335

400 10.6 285 160 0.35 43 452

400 10.6 285 160 0.53 48 410

400 10.6 285 160 0.15 48 355

400 10.6 285 160 0.32 48 405

400 10.6 285 160 0.51 48 410

400 13.6 285 158 0.23 43 262

400 13.6 285 158 0.47 48 332

300 9.3 270 116 0.19 16 368

300 9.3 270 116 0.40 16 352

300 15.6 270 116 0.08 16 352

400 10.6 270 158 0.18 16 385

400 10.6 270 158 0.40 16 412

400 13.6 27 158 0.09 18 326

400 13.6 270 168 0.19 16 420

400 13.6 270 158 0.29 16 482

400 13.6 270 158 0.42 16 360

400 13.6 270 158 0.55 16 383

400 13,6 270 158 0.29 16 390

500 9.2 270 197 0.14 16 306

500 9.2 270 197 0.31 16 378

500 9.2 270 197 0.47 16 417

250 10.7 285 83 0.19 16 293

250 10.7 285 83 0.42 16 313

250 10,7 285 83 0.64 16 345

250 13.9 285 88 0.18 16 342

250 13,9 285 88 0.38 16 410

250 13.9 285 83 0.64 16 295

300 9.9 235 120 0.10 16 282

300 9.9 285 120 0,20 16 390

300 9.9 285 120 0.30 16 372

300 9.9 235 120 0.45 16 384

300 9.9 285 120 0.64 16 325

300 156 285 118 0.21 16 308

300 15.6 285 118 0.42 16 390

300 15.6 285 118 0.73 16 398

400 10.6 285 160 0.16 16 292

400 10.6 285 160 0.33 16 330

400 13.6 235 158 0.23 16 238

400 13.6 285 158 0.45 16 367

400 13.6 285 158 0.76 16 367

1 Plus or minus one percent.
2 Average of five breaks,
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tion conditions of 48 seconds while at 2900° C.+50° C,,
a longitudinal carbonization/graphitization tension of
0.34 gram per denier, and the carbonization/graphitiza-
tion temperature gradient heretofore discussed, it was
found that the estimated single filament tensile strength
of the graphitic fibrous material expressed in thousands
of p.s.i. could be calculated from the following equation:
Estimated tensile strength

=411—17X5—10X—37X2—24X X 3—21X,X,
where

(1)

10

X Residence time in preoxidation zone in minutes—137
p==

33
Temperature of preoxidation zone in °C.—277.5
Xo= 75
X‘_Percent shrinkage in pretreatment zone—12

2.2

To achieve single filament graphite tensile strengths in
excess of 300,000 p.s.i. utilizing the process of the present
invention it is generally necessary to select conditions
wherein the percent shrinkage in the pretreatment zone,
the temperature of the preoxidation zone, and the resi-
dence time in the preoxidation zone are such that the
right-hand side of the Equation 1 is equal to or greater
than 300. Inserting 300 for the estimated tensile strength
and regrouping the terms, one determines that the desired
fiber properties are generally expected if a parameter:

A=3X,(12Xp--8X5+7X,) --17X3-4+10X,

is equal to or less than 111.

It accordingly follows that the estimated single filament
tensile strength will generally be in excess of 350,000
p.s.d. if A is equal to or less than 61. The estimated single

filament tensile strength will generally be in excess of

400,000 p.sd. if A is equal to or less than 11. The esti-
mated single filament tensile strength will generally be in
excess of 450,000 p.s.i. if A is equal to or less than minus
39. A single filament initial modulus in excess of
75,000,000 p.s.i. can generally also be expected when A
is equal to or less than 111. The above A values should
not be considered as an absolute prediction of tensile
strength values. The utilization of the above formula is
highly useful, however, in selecting variables to be em-
ployed in the process of the present invention.

FIG. 1 is a representative response surface map which
visually presents those operating areas in terms of A
values wherein optimum graphite tensile strengths are
achieved when operating at various pretreatment shrink-
ages and various preoxidation times holding the pretreat-
ment temperature constant at 185° C., the preoxidation
temperature constant at 270° C., the graphitization time
constant at 48 seconds while at 2900° C. =+50° C., and
the longitudinal tension exerted upon the fibrous material
within the carbonization/graphitization zone constant at
0.34 gram per denier, Line “A” corresponds to an A value
of 111. Line “B” corresponds to an A value of 61. Line
“C” corresponds to an A value of 11. Line D corresponds
to an A value of minus 39.

FIG. 2 is a response surface map similar to that of
FIG. 1 with the exception that the preoxidation tempera-
ture is held constant at 285° C., rather than 270° C.

The following examples present representative com-
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parisions between calculated A values and tensile strength
values determined experimentally when employing the
process of the present invention. The runs identified in the
examples were selected at random from those previously
reported in Table IL It should be understood that the in-
vention is not limited to the specific details set forth in
the examples.

EXAMPLE I

The pretreatment was conducted at 185° C. for 300
seconds and at a longitudinal shrinkage of 13.6 percent,

the preoxidation for 158 minutes at 270° C., and the
carbonization/graphitization for 48 seconds at 2900° C.
=+50° C. while under a longitudinal tension of 0.09 gram
per denier. The calculated A value was —0.7. The single
filament tensile strength determined experimentally was
414 thousand p.s.i.

EXAMPLE 1L

The pretreatment was conducted at 185° C. for 400
seconds and at a longitudinal shrinkage of 10.6 percent,
the preoxidation for 160 minutes at 285° C., and the
carbonization/graphitization for 48 seconds at 2900° C.
=#+50° C. while under a longitudinal tension of 0.16 gram
per denier. The calculated A value was 36. The single fila-

ment tensile strength determined experimentally was 335
thousand p.s.i.

EXAMPLE III

The pretreatment was conducted at 185° C. for 400
seconds and at a longitudinal shrinkage of 13.6 percent,
the preoxidation for 158 minutes at 285° C., and the
carbonization/graphitization for 48 seconds at 2900° C.
=+50° C. while under a longitudinal tension of .47 gram
per denier. The calculated A value was 64. The single
filament tensile strength determined experimentally was
332 thousand p.s.i.

EXAMPLE IV

The pretreatment was conducted at 185° C. for 400
seconds and at a longitudinal shrinkage of 10.6 percent,
the preoxidation for 158 minutes at 270° C., and the
carbonization/graphitization for 16 seconds at 2900° C.
+50° C. while under a longitudinal tension of 0.40 gram
per denier. The calculated A value was —33. The single
filament tensile strength determined experimentally was
412 thousand p.s.i.

Although the invention has been described with pre-
ferred embodiments, it is to be understood that variations
and modifications may be resorted to as will be apparent
to those skilled in the art. Such variations are to be con-
sidered within the purview and scope of the claims ap-
pended hereto.
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We claim:

1. An improved process for the conversion of a solu-
tion spun and drawn acrylic fibrous material containing
about 2 to 10 percent residual solvent by weight and hav-
ing an inherent tendency to shrink in length when heated 5
at about 170 to 220° C. selected from the group con-
sisting of an acrylonitrile homopolymer and acrylonitrile
copolymers consisting essentially of at least about 95 mol
percent of acrylonitrile units and up to about 5 mol per-
cent of one or more monovinyl units copolymerized there-
with selected from the group consisting of styrene, methyl
acrylate, methyl methacrylate, vinyl acetate, vinyl chlo-
ride, vinylidene chloride, and vinyl pyridine to a high
strength graphitic fibrous material comprising:

(a) continuously passing a continuous length of said

acrylic fibrous material for a residence time of about
90 to 900 seconds through a pretreatment heating
zone provided with a gaseous atmosphere consisting
essentially of an inert gas or air at a temperature
of about 170 to 220° C. while under a longitudinal
tension sufficient to permit up to about a 20 percent
reduction in length brought about through shrinkage
wherein less than a one percent increase in bound
oxygen content takes place,

(b) continuously withdrawing said continuous length
of the resulting pretreated fibrous material from said
heating zone having a residual solvent content of less
than 0.1 percent by weight,

(c) continuously passing said resulting continuous
length of pretreated fibrous material for a residence
time of about 90 to 210 minutes through a preoxida-
tion heating zone provided with an oxygen-containing
atmosphere at a temperature of about 260 to 290° C.
to produce a preoxidized fibrous material which re-
tains essentially the same fibrous configuration as the
starting material, is capable of undergoing carboniza-
tion, is black in appearance, and is nonburning when
subjected to an ordinary match flame, and

(d) continuously passing a continuous length of said re-
sulting preoxidized fibrous material while under a
longitudinal tension of about 0.05 to 0.8 gram per
denier through a carbonization/graphitization heating
zone provided with an inert atmosphere and a tem-
perature gradient in which said fibrous material is
raised within a period of about 20 to about 300 sec-
onds from about 800° C. to a temperature of about
1600° C. to form a continuous length of carbonized
fibrous material, and in which said carbonized fibrous
material is subsequently raised from 1600° C. to a
temperature within the range of about 2400 to about
3100° C. within a period of about 3 to 300 seconds
where it is maintained for about 10 seconds to about
200 seconds to form a continuous length of graphitic
fibrous material; with said preoxidized fibrous mate-
rial being supplied to said carbonization/graphitiza-
tion heating zone in an anhydrous form;

said steps (a) and (c) being conducted in accordance with
the formula:
where
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_ Residence time in preoxidation zone in minutes—137

Xo= 33

X __Temperature of preoxidation zone in °C.—277.5
= 75

X __Percent shrinkage in pretreatment zone—12
= 2.2 ’

and where A is equal to or less than 111.
2. A process according to claim 1 wherein said solution 70
spun and drawn acrylic fibrous material has been dry
spun.
3. A process according to claim 1 wherein said solution
spun and drawn acrylic fibrous material has been wet
spun.

-3
[+

4. A process according to claim 1 wherein said acrylic
fibrous material is an acrylonitrile homopolymer.

5. A process according to claim 1 wherein said pre-
treatment heating zone is provided with said gaseous
atmosphere at a temperature of about 185 to 220° C. and
said continuous length of acrylic fibrous material is under
a longitudinal tension sufficient to permit a reduction in
length of about 5 to 15 percent brought about through
shrinkage while passing through said pretreatment heating
zone,

6. A process according to claim 5 wherein said gaseous
atmosphere of said pretreatment heating zone is air.

7. A process according to claim 1 wherein said oxygen-
containing atmosphere of said preoxidation heating zone
is air.

8. A process according to claim 1 wherein said con-
tinuous length of pretreated fibrous material is under a
longitudinal tension whereby a constant length is main-
tained while passing through said preoxidation heating
zone.

9. A process according to claim 1 wherein said inert
atmosphere provided in said carbonization/graphitization
heating zone is selected from the group consisting of nitro-
gen and argon.

10. A process according to claim 1 wherein said con-
tinuous length of said resulting preoxidized fibrous ma-
terial is under a longitudinal tension of about 0.3 to 0.5
gram per denier while passing through said carbonization/
graphitization heating zone.

11. A process according to claim 1 wherein said gaseous
atmosphere of said pretreatment heating zone is provided
at a temperature of about 185 to 220° C., and said tem-
perature gradient of said carbonization/graphitization
zone raises said fibrous material within about 45 to 300
seconds from about 800° C. to a temperature of about
1600° C.

12. A process according to claim 11 wherein said gase-
ous atmosphere of said pretreatment heating zone is pro-
vided at a temperature of about 190 to 220° C.

13. A process according to claim 1 wherein said con~
tinuous length of acrylic fibrous material is under a longi-
tudinal tension sufficient to permit a reduction in length
of about 5 to 15 percent brought about through shrinkage
while passing through said pretreatment heating zone and
A is equal to or less than 61.

14. A process according to claim 1 wherein said con-
tinuous length of acrylic fibrous material is under a longi-
tudinal tension sufficient to permit a reduction in length
of about 5 to 15 percent brought about through shrinkage
while passing through said pretreatment heating zone and
A is equal to or less than 11,

15. A process according to claim 1 wherein said con-
tinuous length of acrylic fibrous material is under a longi-
tudinal tension sufficient to permit a reduction in length of
abont 5 to 15 percent brought about through shrinkage
while passing through said pretreatment heating zone and
A is equal to or less than minus 39.

16. An improved process for the conversion of a dry
spun and drawn acrylonitrile homopolymer fibrous mate-
rial containing about 2 to 10 percent residual solvent by

weight and having an inherent tendency to shrink in length
when heated at about 185 to 220° C. to a high strength
graphitic fibrous material comprising:

(a) continuously passing a continuous length of said
acrylonitrile homopolymer fibrous material for a
residence time of about 90 to 900 seconds through a
pretreatment heating zone provided with a gaseous
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atmosphere consisting of an inert gas or air at a tem-
perature of about 185 to 220° C. while under a longi-
tudinal tension sufficient to permit a reduction in
length of about 5 to 15 percent brought about through
shrinkage wherein less than a one percent increase in
bound oxygen content takes place in the absence of a
substantial diminution of the mechanical properties
of said acrylic fibrous material,

(b) continuously withdrawing said continuous length
of the resulting pretreated fibrous material from said
heating zone having a residual solvent content of less
than about 0.1 percent by weight,

(c) continuously passing said resulting continuous
length of pretreated fibrous material for a residence
time of about 90 to 210 minutes through a preoxida-
tion heating zone provided with an oxygen-contain-
ing atmosphere at a temperature of about 260 to 290°
C. while under a longitudinal tension whereby a ¢on-
stant length is maintained while passing through said
preoxidation heating zone to produce a preoxidized
fibrous material which retains essentially the same
fibrous configuration as the starting material, is capa-
ble of undergoing carbonization, is black in appear-
ance, and is non-burning when subjected to an ordi-
nary match flame, and

(d) continuously passing a continuous length of said
resulting preoxidized fibrous material while under a
longitudinal tension of about 0.3 to 0.5 gram per
denier through a carbonization/graphitization heat-
ing zone provided with an inert atmosphere and a
temperature gradient in which said fibrous material
is raised within a period of about 45 to about 300
seconds from about 800° C. to a temperature of about
1600° C. to form a continuous length of carbonized
fibrous material, and in which said carbonized fibrous
material is subsequently raised from 1600° C. to a
temperature of about 2900+50° C. within a period
of about 3 to 300 seconds where it is maintained for
about 20 to 60 seconds to form a continuous length
of graphitic fibrous material; with said preoxidized
fibrous material being supplied to said carbonization/
graphitization heating zone in an anhydrous form;

said steps (a) and (c¢) being conducted in accordance
with the formula:

A=3X3(12X,+8X3+7X,) +17X3-+ 10X,
where

Xp=
Residence time in preoxidation zone in minutes—137

33

X Temperature of preoxidation zone in °C.—277.5
3=
7.5

X Percent shrinkage in pretreatment zone—12
= 2.2

and where A is equal to or less than 111,
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17. A process according to claim 16 wherein said drawn
acrylonitrile homopolymer fibrous material has been
drawn to a single filament tenacity of at least about 3
grams per denier.

18. A process according to claim 16 wherein said resid-
ual solvent is selected from the group consisting of N,N-
dimethyl formamide and N,N-dimethyl acetamide.

19. A process according to claim 16 wherein said
gaseous atmosphere of said pretreatment heating zone
is air,

20. A process according to claim 16 wherein said
gaseous atmosphere of said pretreatment heating zone is
provided at a temperature of about 190 to 220° C,

21. A process according to claim 16 wherein said
oxygen-containing atmosphere of said preoxidation heat-
ing zone is air.

22. A process according to claim 16 wherein said inert
atmosphere provided in said carbonization/graphitization
heating zone is selected from the group consisting of
nitrogen and argon.

23. A process according to claim 16 wherein A is equal
to or less than 61.

24. A process according to claim 16 wherein A is equal
to or less than 11.

25. A process according to claim 16 wherein A is equal
to or less than minus 39.
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