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The carbonization behavior of polyoxadiazole (POD) fibers was investigated in comparison
with that of films by using wide- and small-angle X-ray scattering, scanning electron
microscopy and measurements of density, mass, volume and dimensional changes. On
heat-treating POD fibers and films at a degradation temperature of about 500 °C,
small-angle X-ray scattering from a long-period structure appeared and disappeared again,
which indicated inhomogeneous progress of the scission of POD molecules. This
accounted for the ability of this polymer to keep the macroscopic precursor geometry
during carbonization in spite of yielding a graphitizing carbon. During the volume reduction
process, the nuclei of the carbon layer stacks formed immediately after degradation of POD
were piled up parallel to the material surface. This led to autonomous increase in the
preferred orientation of the carbon layer stacks at higher temperatures. When the interlayer
spacing decreased below 0.340 nm, the carbon layer stacks assumed three-dimensional
regularity. The degree of the stacking regularity was higher for the films than the fibers. The
macroscopic precursor geometry imposed a stronger restriction on the growth of the
carbon layer stacks in the fibers than in the films. © 7999 Kluwer Academic Publishers

1. Introduction cellulose-based carbon fibers, a low-temperature ther-
Carbons derived by heat-treating polyacrylonitrile mal oxidation process is required in order to render the
(PAN) and cellulose fibers are non-graphitizing [1] andprecursor fibers infusible prior to carbonization. The
the development of graphite structure at a higher tempreliminary oxidation should be carried out under con-
perature is retarded. On the other hand, itis known that ditions requiring control of a considerable amount of
polyoxadiazole (POD) film gives a graphitizing carbon heat evolution, and this makes the process extremely
which has the ability to acquire the graphite structure atengthy. On the other hand, POD can be converted to
a higher temperature. Murakaatial. [2, 3] have shown  a carbon without the preliminary oxidation process, by
that carbon layer stacks with three-dimensional regukeeping the macroscopic precursor geometry.
larity are developed in a POD-based carbon film heat- A number of studies have been performed on the
treated at about 200@ and large and highly oriented spinning of POD mainly from the viewpoint of ac-
nearly ideal graphite crystallites are produced abovejuiring heat-resistant fibers. Frazetr al. [6-8] have
2800°C. As compared with various carbons derivedobtained POD fibers by spinning polyhydrazide fibers
from other heat-resistant condensation polymers, thand applying thermal conversion of polyhydrazide into
POD-based carbon film shows a higher electric conOD. Imai [9] has obtained POD fibers by directly
ductivity [4]. It is considered that POD is an attractive utilizing the synthesized POD solution as the wet-
material also as the precursor of highly oriented carborspinning solution. Jones and Soehngen [10] have suc-
fibers. cessfully spun POD homopolymer fibers, which had
Using POD for the precursor of carbon fiber is fur- been deemed to be difficult because of high viscosity,
thermore advantageous in shortening the carbon fibdsy using a dry-jet wet-spinning method. With respect
production process because a preliminary oxidatiorto the production of POD-based carbon fibers, Dobro-
process is not required due to the highly heat-resistantol'skayaet al. [5] have investigated structural changes
nature of POD [5]. For the production of PAN- and of POD fibers by heat-treatment up to 8@ It is
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considered, however, that the development of carbomet, acid-containing fibers were soaked in a water bath
structure is not sufficient at this temperature. Exceptait 95°C and drawn to a desired draw ratio. The fibers
for patent [11], relatively few reports have been pub-were washed thoroughly and dried at 2@without
lished on the structure development of the POD-basedllowing length shrinkage. The sample codes of these
carbon fiber at higher temperatures. fibers, CD-1 and CD-3, indicate that the draw ratios
The present authors have been studying the struawere respectively 1 and 3, where the draw ratio was
ture of POD-based carbon fibers derived by the heatdefined as the ratio of the fiber lengths after and before
treatment up to 280CC. The influences of the spinning drawing.
method and its conditions on the structures of the as- The POD films were prepared by spreading a fuming
spun fibers and the resulting carbon fibers have beesulfuric acid solution of 10 wt% POD on a glass plate
reported in a previous paper [12]. The present authorbeated at 70C and coagulating the extended films in
have also investigated the difference in the microtex-an aqueous solution of 40 wt % sulfuric acid at room
tures between POD-based carbon fibers and the film@mperature. The coagulated films were removed from
[13]. This paper reports the results of more detailed inthe glass plate and held with a rectangular frame in
vestigations on the changes in the structure and the morder to prevent length shrinkage during succeeding
crotexture of POD fibers during heat-treatment in ordemashing and drying processes. The films were washed
to elucidate the carbonization behavior of POD fibersn a water at 95C and dried in an ordinary atmosphere
and the influences of the macroscopic precursor geonmand in vacuum. The thickness of the films was in the
etry. POD copolymer is used for the precursor materiatange from 30 to 5@:m.
since it shows better processibility as compared with
POD homopolymer. POD copolymer fibers are spun
with a dry-jet wet-spinning method and heat-treatedy 5 Heat-treatment

at high temperatures. These fibers are examined using,e pop fibers were heated to various temperatures up
wide- and small-angle X-ray scattering and scanning, goo-C under a constant tensile stress of 2.62 MPa.
electron microscopy. For understanding the peculiafrpg finers heated up to 80G were further heated to
carbonization behavior of POD in which the macro'varioustemperatures above 8@by sandwiching the
Scopic precursor geometry is kept during carbonizaipe s hetween two graphite plates and held at the max-
tion in spite of yielding a graphitizing carbon, mea- ., ;m temperatures for 10 min. The heating rate of both
surements of density, mass, volume, fiber length ang.o o+ ents was 16 min-! and after the treatments

long-period structure are carried out around the degrgge fihers were cooled spontaneously in the furnace. The

datlontemperature of POD. These r_esults are compareth o+ treatments below and above 1300vere made

with those of POD-based carbon films and PAN- and, 5 nitrogen and an argon atmosphere, respectively.

pitch-based carbon fibers. The heat-treatments of the films were carried out in
one step, similarly to the heat-treatment of the fibers
above 800C.

2. Experimental
2.1. Precursor materials
A random copolyoxadiazole with a chemical structure 5 3 Measurements
2.3.1. Wide-angle X-ray diffraction
N—N N—N of carbon layer stacks
/A I\ The carbon layer stacks with graphite and turbostratic
C\ /C W©—C\ /C% structures give quite different wide-angle X-ray diffrac-
0 o] n tion (WAXD) patterns. Examples of the WAXD profiles
of the carbon layer stacks with graphite and turbostratic
structures which were observed for the pitch- and the
was synthesized from terephthalic acid, isophthalic acidPAN-based carbon fibers, respectively, are shown in
and hydrazin sulfate in fuming sulfuric acid accord- Fig. 1. The (00) diffractions owing to the period-
ing to a method proposed by Imai [9]. A mixture of icity, perpendicular to the layer plane, of the stack-
terephthalic acid and isophthalic acid by a weight ratioing sequence are produced for both structures. For the
of 75/25 was added to a fuming sulfuric acid solutiongraphite structure, thén( ) diffractions separate into
of hydrazin sulfate heated at 76. The reaction mix- individual peaks with different values bfFor the tur-
ture was stirred at 120 for 2 h and at 140C for an  bostratic structure, however, theK1) diffractions ap-
additional 2 h. The inherent viscosity of the synthe-pear as a tail of theh(k0) diffraction owing to lack
sized POD measured at 30 and at a concentration of of the stacking regularity parallel to the layer plane.
2 kg m2 was in the range from 0.12 to 0.1& kg . These diffractions are indexed as tlnek] diffraction.

The POD was spun into fibers with a dry-jet wet- The broadening of theh(k) diffraction is in inverse
spinning method [12]. The fuming sulfuric acid solu- proportion to the carbon layer extent, while its coeffi-
tion of 7 wt% POD at 20C was extruded through a cient (Scherrer constant) varies depending on the de-
single-hole nozzle into a coagulation-bath consisting ofyrees of the stacking regularity and the preferred ori-
an aqueous solution of 40 wt % sulfuric acid at’2D  entation of the crystallites. For the three-dimensionally
The coagulated polymer was taken up on a winder ategular structure, the value of the Scherrer constant is
a linear velocity of four times that of extrusion. The 0.94. On the other hand, Warren has shown that this
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angle scan of the (0 0 2) diffraction were made with the
symmetrical transmission geometry by using a propor-
tional counter. On the intensity distributions measured
as a function of the diffraction angle, the correction
for the instrumental peak broadening was made by as-
suming that an observed peak was represented by the
convolution of two Gaussian functions approximating
a true diffraction and an instrumental peak broaden-
ing. The instrumental peak broadening was determined
from the diffractions of Si single-crystal and SiPow-

der standards.

From the meridional and the equatorial (1 1) diffrac-
tions of the fibers, the extent of carbon layers lying
parallel to the fiber axis, measured in the fiber axis di-
rection (L) and inthe transverse directiony; ), were
respectively calculated by using Equation 1. From the
(11) diffraction of the through-view film specimens,
the extent of carbon layers lying parallel to the film

Figure 1 Equatorial WAXD profiles of pitch- and PAN-based carbon P
fibers comprising carbon layer stacks with graphite and turbostraticstruc—surface (—a||) was Slmllarly calculated [17]'

tures, respectively. WAXD profiles were normalized so that (11 0) and The average "T[e_rlayer spacmg)()g) and the car-
(11) diffraction peak intensities were equalized. Diffraction indices arebon layer stack heightL(;) were estimated from the

shown in figure. (002) diffraction using the Bragg and Scherrer equa-
tions. From the (002) and (004) diffractions, when
. developed, the standard deviatian)(and skewness
value for the randomly oriented carbon layer S'[""Cksparameten(:) of the distribution of interlayer spacings

wnt;)turl?ostrat|ctstr;19turells |1?4 d[14]'. The.t[ﬁfore’f'ghewere estimated [17]. The skewness parameter takes a
carbon layer extent 1S calcu'ated using either ot thesey 4y e yajye if the distribution of intelayer spacings

two valges without knowing the_degrges of the stackin as a longer tail at larger spacings, while it takes a neg-
regularity and the preferred orientation of the crystal-gy e value if the distribution has a longer tail at smaller

lites, the maximum error can be as large as 96%. Th pacings [18]. These parameters, determined for the

phreser;(t ?#hors. havelshown thlat if;he ]E)rr?adeniﬂg ibers using the equatorial diffractions, concern the car-
the (n_ ) diffraction at ower angle side of the peaxs y,, layers lying parallel with the fiber axis. These pa-
used instead of the full-width of the peak, the maximumy, oo~ determined for the films using the normal

error can be redgced to 10% for various degr_ees of thgdge-view diffractions, concern the carbon layers lying
stacking regularity and the preferred orientation of the

h ) é)arallel with the film surface.
crystallites [15, 16]. Thg proposed equation to calculat From the relative intensities of the (110) and (112)
carbon layer extentl(y) is

diffractions, when developed, the stacking regularity

parameter R) was estimated [17]. This parameter is
(1) zero for the turbostratic structure, and increases with

increasing stacking regularity up to unity for the reg-

) ] ] ) ular ABAB type stacking sequence of the hexagonal
where 2, is the peak diffraction anglegthe diffrac-  graphite structure [18].

tion angle at half-maximumintensity onthe lowerangle " From the full-width at half-maximum intensity
side of the peak andthe X-ray wavelength. The coeffi- (r\wHM) of the azimuthal angle scan of the (002)
cient, 0.26, is the optimal value for the (1 1) diffraction. gifraction, the orientation parameter, which is defined
This equation will be used in this study. as 1-FWHMfr, was estimated [17]. The orientation pa-
The wide-angle X-ray diffraction from the carbon rameter determined for the fibers represents the distri-
layer stacks was measured on aligned carbon fibers anglition of the angles between carbon layer normals and
stacked carbon films by using nickel-filtered Cuk&-  thefiber axis. The orientation parameter, determined for
diation gnd a diffractometer. With the _fllms, two types the films using the edge-view specimens, represents the
of specimens were prepared to permit the X-ray beangjistribution of the angles between carbon layer normals
to impinge on the surface and the edges of the stackeghd the normal of the film surface. The orientation pa-
films, and these specimens will be called throughyameter is zero if carbon layer normals are randomly

and edge-view specimens, respectively. The diffracyjstributed and increases up to unity for perfect orien-
tions from the edge-view specimen were scanned ifation.

the planes parallel and perpendicular to the film sur-

face, and these geometries will be called the in-plane

and normal edge-views, respectively. The diffraction

angle scan of the (11) diffraction was made with the2.3.2. Small-angle X-ray scattering

symmetrical transmission geometry, with respect to the of microvoid

diffraction peak, by using a position-sensitive propor-The small-angle X-ray scattering (SAXS) produced
tional counter (PSPC). The diffraction angle scan ofby the microvoids was measured using nickel-filtered
the (00 2) and the (0 0 4) diffractions and the azimuthalCu K, radiation, a diffractometer and the PSPC without

70 75 80 85 90
Diffraction angle / deg

0.26x

* ™ sing, — sing
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attaching a height-limiting slit at the X-ray entrance POD homopolymer fiber

window of the PSPC. The measurements were made (010) (210)
on the same specimens used for WAXD using th&0-2 Equator
transmission geometry as is ordinarily used for SAXS.
From the equatorial SAXS of the fibers, the mag-
nification of the electron density difference at the pe- (004)
riphery of microvoids £), the volume fraction of mi-
crovoids ¢p) and the parameters representing sizes of \/wmn

the microvoid cross-section perpendicular to the fiber POD copolymer fiber

axis such as the cross-section argg,(the inertial dis- Equator
tance D3) and the chord lengthH4) were calculated.

The parameter takes a value larger than unity if some

material is included inside the microvoids or some el- — A\

ement with a high electron density exists at the wall Meridian
of the microvoids [19]. This parameter is unity if the
microvoids are truly vacant holes.

From the normal edge-view SAXS of the films, the
inertial distancelD3) of the microvoids measured in the
film thickness direction was calculated.

The precise definitions and estimation methods of ung
these parameters have been described in other papers MG'V'GW

Normal
edge-view

POD copolymer film

[17, 20, 21].
Through-
view
| | | ) | | ) ) |
2.3.3. Small-angle X-ray scattering 0 5 10 15 20 25 30 35 40
of long-period structure Diffraction angle / deg

The SAXS from the long-period structure was mea-
sured similarly to the measurements of SAXS from theFigure 2 WAXD profiles of POD homopolymer fiber, POD copolymer
microvoids. The meridional and the in-plane edge-vievxfibe’ and POD copolymer film measured with symmetrical transmission

eometry. In order to enhance crystallinity, fibers and film were prelim-

SAXS was measured for the fibers and the films, reSpe(%arily heated up to 450C. During this treatment, POD homopolymer

tively. fiber was kept at 380C for 1 h. WAXD profiles were normalized so that
(2 10) diffraction peak intensities were equalized. Diffraction indices are
shown in figure.

2.3.4. Scanning electron microscopy

The gold-sputtered cross-sections of the fibers perper8. Results and discussion

dicular to the fiber axis and those of the films perpen-3.1. Crystallite structure of precursor POD
dicular to the film surface were observed with scanningThe present authors have determined the lattice con-
electron microscopy (SEM). stants of the crystallites of the POD homopolymer
synthesized from terephthalic acid and hydrazin sul-
fate. It has been obtained that the unit cell is mono-
clinicanda=0.939 nm,b=0.639 nm,c=1.468 nm,
a=pB=90 andy =76.0° [22]. The end-to-end dis-
tance of two monomer units in the conformation allow-
ing periodic displacements is estimated to be 1.5 nm,

2.3.5. Density
The densities lower than 1600 kgwere measured
with a n-heptane/ethylene dibromide density gradi-

ent column, and those higher than 1600 kgirby a which corresponds to theaxis length. From the den-

sink-floatmethod using a carbon tetrachloride/ethylengyy e it cell is estimated to contain three molecular
dibromide mixture. The measurements were made, -, o

at30°C. The crystallite structure of the precursor POD

copolymer used in this study was investigated with
WAXD. The WAXD profiles of the POD copolymer

2.3.6. Dimensional changes fibers and films are compared with those of the POD
The volume of the specimens was calculated byhomopolymer fibers in Fig. 2. It is seen that the POD
dividing the mass with the density. copolymer fibers and films have similar crystallite

The length changes of the fibers during heat-treatstructure as that of the POD homopolymer fibers. For
ment were measured on the fibers extended horizorthe fibers, emergence of the (00 4) diffractions on the
tally in aninfrared tubular furnace. During the measure-meridian indicates that theaxis is preferentially ori-
ments, the fibers were heated at a rate of@tnin~*  ented in the fiber axis direction. For the films, the ab-
up to 900°C under constant tension in a nitrogen at-sence of the (01 0) diffraction from the normal edge-
mosphere. The fiber diameter was calculated from th&iew indicates thab-axis is nearly parallel to the film
volume and the length of the fibers by assuming a cirsurface. The absence of thH21(0) diffraction from the
cular fiber cross-section. in-plane edge- and through-views indicates that the nor-

The film thickness was measured with a micrometermal of the @ 1 0) plane is nearly in the film thickness
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Figure 3 (a) Density and (b) relative mass versus heat-treatment temrigre 4 (a) Relative volume, (b) relative fiber diameter and relative film
perature. Precursor materials are)(CD-1 fiber, (V) CD-3 fiber and  thickness versus heat-treatment temperature. Precursor materidid are (
(@) POD film. CD-1 fiber, ) CD-3 fiber and ) POD film.

direction. Since thé-axis and the normal of th& (@ 0) 1.4 CD-1,2.62 MPa
plane make an angle of 58,8here may be an inclina-
tion of theb-axis from the direction parallel to the film
surface and/or the normal of th2 1 0) plane from the

film thickness direction. The-axis is considered to be £ 120} CD-1, 0.81 MPa
parallel to the film surface. qé':

§ CD-3, 2.62 MPa
3.2. Pyrolytic degradation of POD % '/\
The changes in density, mass, volume and dimensions @ 1.0

of the POD fibers and films with increasing heat- CD-3 081 MPa
treatment temperature are shown in Figs 3 and 4. A
large scatter of film thickness is due to an uneven sur-

face texture. The POD fibers and films show a rapid 0.8 : : : : :
reduction of mass and dimensions in a narrow temper- 200 400 600 800 1000
ature region at about 50C. Temperature / °C

: Muraka-mi et al. [23] hqve proposed the follow- Figure 5 Changes in relative fiber length with heat-treatment temper-
Ing.ChemlcaI changes which take place at the. degraa-ture under tensile stresses. Precursor fibers and applied stresses are
dation temperature of POD: The oxadiazole rings iNsnown in figure.
POD are decomposed, apddicyanobenzene anp-
aminocyanobenzene are released causing mass reduc-
tion. In the residues, benzen compounds having a In the temperature region from 350 to 50D the
—N=C=0 group are formed and these compounddibers become extensible even under a small tensile
are coupled into carbodiimides-N=C=N-). The stress, and the relative fiber length shows a maximum
carbodiimides react with each other by the cycliza-at about 500C. The fibers prepared with lower draw
tion reactions forming heterocyclic rings. At high ratios show larger values of the maximum relative fiber
temperatures, the heterocyclic rings change to nitrogerlength. As shown in Fig. 3, significant and transitory
containing aromatic polycyclic compounds. increase in fiber density is brought about by heat-
The structural changes taking place around the degrdreatment at 450C. Simultaneously, the WAXD from
dation temperature is sensitively reflected in the fibethe POD crystallites was observed to increase. These
length change as shown in Fig. 5. It is found that thereesults indicate that in the temperature region from 350
are two characteristic temperature regions, one fronio 500°C, the degradation reaction of the oxadiazole
about 350 to 500C and the other higher than 500. ring promotes the rearrangement of POD molecules.
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perature. Precursor materials ar®)(CD-1 fiber, ) CD-3 fiber and
Figure 6 (a) Meridional SAXS profiles of CD-3 fiber and (b) in-plane (®) POD film.
edge-view SAXS profiles of POD film. Heat-treatment temperatures are
shown in figure.

nuclei of the carbon layer stacks is allowed in gas or

Atabout 500°C, the fibers under tensile stress turn toliquid state. It is considered that the inhomogeneous
shrink. At this temperature, the mass reduction nearl"09r€ss of the scission of POD molecules accounts for
finishes, and the density begins to increase. The lengti€ ability of this polymer to keep the macroscopic pre-
shrinkage arises as a result of the volume contractiofUrSor geometry during carbonization in spite of yield-
of the fibers due to the formation of the nitrogen- Nd & graphitizing carbon.
containing aromatic polycyclic compounds and their
stacks.

Since the ability of POD to keep the macroscopic3.3. Development of carbon structure
precursor geometry during carbonization is considere@WAXD characteristic of carbon layer stacks became
to be closely related to the structural changes takingevident at about 80TC. The average interlayer spac-
place around the degradation temperature, more invesag (dyo2) of the carbon layer stacks in the POD-based
tigations were carried out using SAXS. Fig. 6 shows thecarbon films decreases with increasing heat-treatment
SAXS profiles of the POD-based fibers and films heattemperature and takes a value close to that of graphite,
treated at temperatures from 450 to 5801t is found  0.335 nm, at above 250C as shown in Fig. 7. With
that a long-period structure transitorily appears in thishe POD-based carbon fibers, however, the reduction
temperature region. The long-periods are about 10 andf the interlayer spacing is retarded at 2000
13 nm for the fibers and the films, and are aligned in If the average interlayer spacing, instead of the heat-
parallel to the fiber axis and the film surface, respectreatment temperature, is adopted as a measure of the
tively. degree of carbonization, unique relationships, indepen-

The cause of the transitory development of the SAXSdent of the types and the macroscopic geometry of the
peak is considered to be as follows: Periodical arrangeprecursor materials, can be obtained between some of
ments of the crystalline and amorphous regions havéhe crystallite parameters and the degree of carboniza-
been formed during the coagulation process of PODtion. The standard deviatioa{) and the skewness pa-
though the electron density difference between theseameter €;) of the distribution of interlayer spacings,
two regions is too small to produce a SAXS peak. Thethe stacking regularity parametdr), the carbon layer
degradation reactions proceed at differentrates betweestack height i), the carbon layer extentd §; and
these two regions, and the density decreases at a fasteg , ) and the orientation parameter for the POD-based
rate in one or other of the two regions. The electroncarbon fibers and films are plotted against average in-
density difference thereby becomes contrasted enouglerlayer spacing in Figs 8-10. In these figures, the crys-
to produce the SAXS peak. Due to continued formationtallite parameters for the PAN- and pitch-based carbon
of heterocyclic rings in both regions, the density differ- fibers cited from Ref. [17] are shown together. The layer
ence between these regions is reduced again, resultirxtent of the films heat-treated above 25Q0could
in disappearance of the SAXS peak. not be accurately determined since the (1 1) diffraction

The carbonization of the organic materials proceedpeak was sharper than the diffraction from the standard
via either gas, liquid or solid phases depending on therystals.
melting, boiling and degradation temperatures of the In Figs 8-10, the following aspects are com-
material. Under ordinary pressures, graphitizing carimonly observed independent of the precursor materi-
bons are usually yielded through gas or liquid phasels: Reduction of the average interlayer spacing below
carbonization since the rearrangement of the structur@.345 nm begins when the crystallite sizes begin to
necessary to acquire the near-parallel orientation of thgrow markedly. Simultaneously, the distribution of the
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Figure 8 (a) Standard deviatiow{) and (b) skewness parametey)(of Figure 9 (a) Carbon layer stack height (), (b) carbon layer extent
interlayer spacing distribution and (c) stacking regularity param&r ( parallel to fiber axis and film surfacé 4;) and (c) carbon layer ex-
versus average interlayer spacirty ). Precursor materials aré\) tent perpendicular to fiber axi& §, ) versus average interlayer spacing
CD-1 fiber, (V) CD-3 fiber, (O) POD fiber taken up at linear velocity (doo2). Precursor materials aré\) CD-1 fiber, (V) CD-3 fiber, @) POD

of twice that of extrusion and drawn to draw ratio of four [13) POD film, (O0) PAN fiber and ) pitch fiber.

film, ((J) PAN fiber and {») pitch fiber.

1.0 -

interlayer spacings notably decreases. Significant in-
crease in the stacking regularity for the POD- and pitch- 5 0.9
based carbons takes place when the average interlayer %
spacing decreases to 0.340 nm. The region of the av- g
erage interlayer spacing where the stacking regularity 0.8
develops for the POD-based carbons almost coincides 2‘
with that region reported for the cokes from petroleum 2 -
[24] and polyvinylchloride [25], below about 0.342 nm. g

The orientation parameters for the POD-based car- -2
bon fibers and films increase autonomously without © 0.6 | a g
stretching the materials during heat-treatment, and the
increase is pronounced in the region where the crys- 05 | | |

tallite sizes grow markedly. Although the orientation ) 0.34 0.35 0.36
parameter for the fibers and the films show a unique
dependence on the average interlayer spacing, it should
be noted that the carbon layer normals distribute 'n dlf'Figure 10 Orientation parameter versus average interlayer spacing
ferent manners around the symmetry axes. That is, th@y,,). Precursor materials are\j CD-1 fiber, ) CD-3 fiber and
carbon layer normals in the fibers are preferentially ori-(e) POD film.

ented perpendicularly to the fiber axis while those of

the films are parallel to the normal of the film surface.

The aspects which depend on the types or the macrature; and the anisotropy of the crystallite sizes. That
scopic geometry of the precursor materials are as folis, the layer stacking of the POD-based carbon films
lows: the changes in the crystallite parameters as a funés more ordered than the POD- and pitch-based carbon
tion of the heat-treatment temperature; the skewnesfibers, and approaches that of graphite. For the fibers,
of the interlayer spacing distribution; the values of thethe layer extent is larger in the fiber axis direction than
stacking regularity parameter reached at a high tempein the transverse direction.

d002/ nm
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Carbon fibers and films were also prepared from 2.0
POD homopolymer [12] by heat-treating at 1300 and
2800°C, and their crystallite parameters were com-

pared with those of the carbons from POD copoly- 1.5
mer. No marked difference in the crystallite structure w
attributable to the difference in the composition of POD 1.0

was detected.

Besides cellulose, PAN and pitch fibers and POD
films [2, 3], various polymeric materials such as aro- 0.5
matic polyamide fibers [26, 27], polp¢phenylene ben- 0.12
zobisthiazole) fibers [28] and polyimide films with dif-
ferent chemical structures [29-33] have been tested
for the applicability as the precursors of carbon fibers 0.09
and films. The similarity in the carbonization be-
havior of these polymers with POD is that the loss
of mass takes place in a relatively narrow tempera- & 006
ture range around 500—-600 for aromatic polyamide
[27] and polyimides [29] and around 700-80D for
poly(p-phenylene benzobisthiazole) [28]. It is consid-
ered that after decomposition of the starting molecules,
POD, polyamides and polyimides follow a similar car-
bonization path since carbodiimides are formed as
intermediates during decomposition of these starting
molecules and the heterocyclic rings are formed there-
from [23, 29]. The differences in the chemical structure
of the starting m0|e.CU|es’ m.o.leCUIar orientation [34_Fi ure 11 (a) Magnification of electron density difference at peripher
36]_an_d the processing conditions [3_7]1 however, Ca_USGfgmicrovoi(dg €) agnd (b) microvoid volumefrac)tliorv(,) versus aF\)/enge ’
variation in the structure and properties of the resultingnteriayer spacingdyo2). Precursor materials arerj CD-3 fiber, )
carbons. As a result, the POD-based carbon contairfN fiber and () pitch fiber.
a larger amount of nitrogen than the polyimide-based
carbon when compared at the heat-treatment tempera-
ture of 1400°C [29, 38]. The interlayer spacing of the
carbon heat-treated at 2500 is the smallest for the
POD-based carbon as compared with the carbons de-
rived from polyamideimide, aromatic polyamide, poly-
imide and polybenzimidazole [39]. The electrical con-
ductivity of carbons heat-treated at 1000 and 28D0

0.03

0.34 0.35 0.36
d002/ nm

is also the highest for the POD-based carbon among 0 '
these carbons [39]. 1.2 -
- - E
3.4. Development of microvoids S o8l
The microvoids in POD-based carbon fibers gave a

streak-like SAXS pattern extending along the equa-
tor. This suggests that these microvoids are of needle-
like shape, oriented in the fiber axis direction. The mi- 0.4 : : :
crovoids in POD-based carbon films gave a streak-like
edge-view SAXS pattern extending perpendicularly to
the film surface, while the through-view SAXS is lim-
ited in a very low scattering angle region. This suggests
that these microvoids are of plate-like shape, orienting
their flat surfaces parallel to the film surface.

The magnification of the electron density difference
at the periphery of microvoids) decreases with de-
creasing average interlayer spacing as showninFig. 11a
for the carbon fibers from POD, PAN [17] and pitch
[17]. Thus, it is known that the microvoids become Lc/nm
truly vacant holes with increasing temperature. _ , S

It was obtained that the microvoid volume fraction F'9ure 12 (&) Cross-section area), (b) inertial distance ) and
in POD-based carbon fibers takes two maxima at th c) chprd lengthI) versus carbon Iaygr stack helgm?]i. Precursor

aterials are {) CD-3 fiber, @) POD film, (d) PAN fiber and {»)
heat-treatment temperatures of 1300 and 2@X0'he  pitch fiber. Microvoid sizes were measured perpendicularly to fiber axis
increase in the microvoid volume fraction at 13@)  for fibers and in film thickness direction for films.

Io/ nm
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Figure 13 SEM photographs of cross-sections, perpendicular to fiber axis, of CD-3 fibers heat-treated at (a) 1300, (b) 1800, (c) 2200 ang(d) 2800
and those, perpendicular to film surface, of POD films heat-treated at (e) 2200 and (f2800

accounts for the decrease in the fiber density at thisnicrovoid volume fraction decreases when the layer
temperature as shown in Fig. 3. On the other handstack height increases beyond 6 nm, the increase in the
the fiber density does not decrease at Z@Because microvoid sizes in this region is considered to be due to
of a marked growth of the crystallites at this tempera-the disappearance of the microvoids with smaller sizes.
ture. By plotting the microvoid volume fraction) for  In contrastto the fibers, the thickness of the microvoids
the carbon fibers from POD, PAN [17] and pitch [17] in the films, measured in the film thickness direction,
against the average interlayer spacing as in Fig. 11b, iends to decrease with the growth of the crystallites as
is known that the microvoid volume fraction increasesshown in Fig. 12b.

with decreasing average interlayer spacing from about

0.350 to 0.345 nm. After the microvoid fraction takes

a maximum, it decreases concomitantly with a marked®.5. Development of lamellar texture

growth of the crystallite sizes. It is considered that theThe SEM photographs of the cross-sections of the
rearrangement of the structure is allowed in this regionPOD-based carbon fibers and films, perpendicular to
promoting the significant growth of crystallites and thethe fiber axis and the film surface respectively, are
decrease in the microvoid volume fraction. shown in Fig. 13.

For carbonfibersfrom POD, PAN [17]and pitch[17], The fibers heat-treated at 130D show apparently a
the cross-section are&s|, the inertial distancelis)  smooth cross-section as shown in Fig. 13a, while small
and the chord length) of the microvoid cross-section granular domains were observed at a high magnifica-
perpendicular to the fiber axis are uniquely correlatedion. The granular texture becomes evident with in-
to the carbon layer stack height as shown in Fig. 12creasing temperature. At 1800, the granular texture
The microvoid sizes increase at a faster rate with inchanges into a circumferentially oriented lamellar tex-
creasing layer stack height up to about 6 nm, and ature as shown in Fig. 13b. The lamellae grow more dis-
a slower rate beyond this layer stack height. Since thé&nctly with increasing temperature. Polarizing optical
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microscopy showed that the carbon layers are alignedurface during volume reduction process of the materi-
in parallel with the lamellae revealed in the SEM pho-als. This led to the autonomous increase in the preferred
tographs. At 2200C, the circular cross-section of the orientation of the carbon layer stacks at higher temper-
fibers changes into a triangular shape as shown iatures.
Fig. 13c. The straight portions of the contour extends Thereduction ofthe average interlayer spacing below
with increasing temperature as shown in Fig. 13d.  0.345 nm for the POD-based carbons begun when the
With the films, the granular texture appears atsizesofthe carbon layer stacksbegunto grow markedly,
1000°C, and the lamellar texture appears at 1300 and the three-dimensional regularity of the carbon layer
The lamellae oriented in parallel with the film surface stacks was developed when the average interlayer spac-
grow more distinctly with increasing temperature asing decreased below 0.340 nm. The carbon layer stack-
shown in Fig. 13e. At 280TC, sharp kinks of the lamel- ing in the POD-based carbon films was more ordered
lae are produced as shown in Fig. 13f. than in the POD- and pitch-based carbon fibers. The
From the results shown so far, the changes in thenacroscopic precursor geometry imposed a stronger
structure and the microtexture of the POD-based carrestriction on the crystallite growth for the POD-based
bons can be summarized as follows: At the temperaturearbon fibers as compared with the films. This was re-
of about 500C, the gaseous compounds formed by thevealed also in the distortion of the fiber cross-section
degradation of POD are released from the material anéfom a circular shape into a triangular shape and in the
the volume reduction takes place. Simultaneously, theetardation of the reduction of the interlayer spacing for
nuclei of the carbon layer stacks formed in the residueshe fibers.
are piled up in parallel to the material surface. This The microvoids in POD-based carbon fibers were of
leads to the preferred orientation of the carbon layeneedle-like shape, oriented in the fiber axis direction.
stacks yielded at higher temperatures. With the growtiThe microvoids in the films were of plate-like shape,
of the crystallites at higher temperatures, the wrinkledorienting their flat surfaces in parallel to the film sur-
and wavy carbon layers are flattened, resulting in théace. The sizes of the microvoids in POD-based car-
reduction of the interlayer spacing. The lamellar tex-bon fibers increased with increasing crystallite sizes,
ture starts appearing when the crystallite sizes begin tavhereas the microvoid volume fraction decreased in
increase markedly. This takes place at the average ira high temperature region where rearrangement of the
terlayer spacing of about 0.345 nm for both fibers andstructure allowing marked growth of the crystallite sizes
films. Since the curved layer stacks formed in the fibergook place.
at earlier stages of heat-treatment tend to change into
the planar layer stacks by releasing the strain energy,
the circular cross-section of the fibers changes into a triAcknowledgements
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