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Abstract

This report documents an improvement in the preparationof low density microcellular carbon as
well as a characterizationof the spatialhomogeneity of that material. In addition, the report
documents in detail the process for preparing the microcellularcarbon from poly(acrylonitrile)
raw material. In this process, a microcellularpolymer precursor (typical density = 0.025 g/co) is
first prepared via a solution-based process and then pyrolyzedto produce the microcellularcarbon
in a monolithic form (typicaldensity = 0.05 g/co). The process improvement developed in this
study permits the pore structure of the microcellularpolymer precursor and the microcellular
carbon to be reproduced consistently in different laboratoriesfor the first time. We determined
that the pore structure is affectedby an unexpected variable,the completeness of dissolution of
the polymer raw material. That variablecan be adjusted via the dissolution temperature or the
particle size of the raw material. The second topic in this report involvesdetermining the spatial
fluctuation in mass density caused by periodic, millimeter-scalebands, known as "tree rings".
These are clearlyvisible on machinedsurfaces of the carbon monoliths. To measure the

. fluctuations, we developed a very high precision, spatially resolved X-ray transmission technique.
We determined that the periodic bands caused less than :t.2%variation of mass density in a
microcellular carbon havingaverage density 0.041 g/co.
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ADVANCES IN PREPARING AND CHARACTERIZING

LOW DENSITY PAN-CARBON MICROCELLULAR FOAM

' Introductioni

. Development of a process for preparinglow density microcellularcarbon from poly(acryionitrile)
(PAN) was initiated in the mid 1980'sby C. Arnold, J. Auben, P. Rand, and A. Syiwester(1-3).
The first step in the process is to cause a phase separation of the polymer from solution by a
thermal quench. The quench also causes the solvent, maleic anhydride,to crystallize. The
crystallized solvent is then removed via vacuum sublimation,leaving a microcellular PAN
monolith having density typicallynear 0.025 g/co. Finally,the microcellu!arPAN is thermally
pyrolyzed to produce a microcellular carbon monolith havingdensity typically near 0.05 g/co.
The pore structure of the PAN precursor, that is, the density,void fraction, and pore size can be
modified by changing certain variables in the solution quenching. Since the pore structure of the
PAN precursor is closely duplicated in the _inalcarbon, the carbon pore structure can be tailored
for optimum performance in selected applications. Examples of unclassified applicationsfor this
tailored microcellular carbon are electrodes for electrochemicaldevices, adsorbents for purifying
and storing gasses, and thermallystable supports for catalysts.

This report addresses two issues that have limitedthe utility of the microcellular carbon
technology for certain applications (14). First, we identifiedan important, but previously
unrecognized variable in the process for preparing the microcellular PAN precursor. This variable
had been causing unacceptable variability in its pore structure and mechanical strengtl_. Second,
we characterized a peculiar defect consisting of regularly spaced bands, known as "tree rings",
visible on machined surfaces of the microcellular carbon. We determined that the bands had little

effect on the spatial homogeneity of the material,because they caused less than 5:2%variation in
mass density. In addition, this report documents the process and the analysis of raw materials
used to prepare the microcellularcarbon. This documentation will facilitate preparation ofthe
novel carbon material in the future.

Process for Preparing Low Density Mlcrocellular PAN
and Microcellular Carbon

Raw material characterization

The poly(acrylonitrile) was purchased from Aldrich ChemicalCompany (Catalog # 18,131-5) and
was used without further purification. It was determined to be an atactic homopolymer by 13C
NMR analysis (4,5). The atactic nature ofthe PAN homopolymer means that the nitrile side

, groups attached to the main chain are placed randomly on either side of the chain. The 13CNMR
spectrum shown in Fig. 1 reveals three major peaks corresponding to the three different bonding
structures of carbon in the PAN repeat unit. The random tacticity of the PAN was det_rminedby
analyzing the splitting of the peak near 27 ppm. Gel permeation chromatography(5) on the PAN



yielded a poly(styrene) equivalentweight average molecular weight Mw=7x105 and a
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Figure 1. High resolution (50 MHz) 13c NMR spectrum of PAN raw material. Assignment of the peaks
tothevariouscarbonatomswithintherepeatunitofthepolymerareshown.Splittingofthepeaknear
27ppm,perhapsnotapparentinthefigure,wasusedt(',determinethatthepolymerhadanatactic
(random)placementof thenitrilesidegroup.(Ref.4.)

polydispersity ratio Mw/Mn= 3. The polydispersityof 3 is expected for a polymer prepared by
free radical polymerization, Since that polymerization method is used to prepare atactic PAN(6),
the measured polydispersity is consistent with the determinationof an atactic chain structure by
13C NMR. The GPC results are shown later in this report.

It should be noted that the PAN used in our process is different from the polymer used
commerciallyto prepare acrylic fibersfor textile applications and precursors for preparation of
high strength carbon fibers, The polymers used in the commercial processes are actually
copolymers of acrylonitrilecontaininga smallfraction of comonomers such as vinylacetate or
itaconic acid,

The maleic anhydride solvent used for processin_ the PAN into a microcellular material waspurchased from Monsanto ChemicalCompany, 3C MR spectra showed that it contained
maleicacid as an impurity(4). Maleic acid is expected to be present since it is the product from
reaction of maleic anhydride with atmospheric moisture, The maleic anhydride was purified via
vacuum sublimation at a temperature of 30.40°C, 13C NMR measurements(4) showed that the
purification caused the maleic acid concentration to be reduced to 0,06 wt%,



Preparation of Mlcrocellular PAN Precursor

The first stepin processingthe PAN raw materialinto a microcellularfoam is to dissolve 1.7 wt%
of the polymer in maleic anhydrideat about 160°C in an evacuated andsealed flask. The vacuum,

, (produced by a mechanicalpump) minimizesbubblesin the agitated solution, which would
produce large voids in the microcellularPAN monolith. Afterthe solution appears to be
homogeneous (see discussion below), the flask is cooled to 140°C. Then the solution is poured

' into a heated rectangular mold. The bottom of the mold is a copper or aluminum sheet that is
coated with a protective layer (approximately3 ram)of silicone rubber. The walls of the mold are
constructed of 1 inch thick silicone rubber and the opening to the mold is sealed with a silicone
slab of similar thickness. The next step in the process is to cool the bottom ofthe mold on a
water cooled copper plate held at 26°C. The molddesign ensures that the cooling is primarily
one dimensional,through the bottom, Since the solution is cooled below the equilibriummelting
temperature of maleic anhydride (53°C), crystallizationoccurs. The crystallized solvent is
removed from the rectangular casting by sublimationunder vacuum at 30-40°C. The final
rectangular monolith of microcellularPAN has a typical density of 0.025 g/cc. The density can be
adjusted by varying the concentration of PAN in the original solution.

Preparation of Microcellular Carbon

The microcellularPAN is thermallypyrolyzedinto microcellularcarbon havingsimilarpore
structure. The pyrolysis is performed in two steps. First, the PAN monolith is heated in air using
a forced convection oven. The oven temperature is increased over a period of 2 hours to 220°C
and then held there for 16 hours before cooling back to ambient temperature. The second step in
the pyrolysisis performed in a flowing argon atmosphere using a quartz tube furnace. The
furnace temperature is raised at 4°C/rain to 1000°C,held there for 1 hr, then raised at 3°C/rain to
1100°C, and held there for 8 hr, before cooling back to ambient temperature. Figure 2 shows
typical pore structures of the microcellularPAN and carbon. In both materials the pore size is
about 3-5 Bm, and the walls of the pores are made up of interconnected flakes. The similarityin
pore structure means that the microcellularcarbon can be tailored by adjusting the pore structure
of the PAN precursor.

Controlling the Pore Structure of the Mlcrocellular PAN Precursor

Background

Although conceptually simple, the process for preparing the PAN precursor proved to be difficulti

to control(7,14) Specifically,separate teams working in diff'erentlaboratories had difficulty
producing microcellular PA_Nhaving the same pore structure, even though they used exactly the

, same raw materials and they dt_plicatedall process conditions as closely as possible. Two limiting
types of pore structure were commonly observed, In one type the pores were defined by
interconnected flakes, while in the other the pores were defined by spherical structures, as shown
in Fig. 3. The mechanical strength ofthe two microcellularPAN materials shown in Fig. 3 was



dramaticallydifferent even though they had the same density, 0.025 g/co. The material with the
interconnectedflake structure(Fig. 3a) was strongenough to be handledeasily, and it produced a
microcellularcarbon that could be machined into complex shapes. In contrast, the materialhaving
the sphere structure (Fig. 3b) would invariablybe damaged by handling, and it produced
microcellularcarbonthat was too weak to machine. Another measureof the differencein

mechanicalpropertiesbetween the two types of microcellularPAN is the Shore 000 hardness
measured with a 1/2 inch spherical indenter. The PAN samplehaving the flakestructure had a
Shore hardnessof 85, while the samplehavingthe sphere structurehad a hardnessof 2:_5.

(a) (b)
Figure2. Scanningelectronmicrographs(takenatthesamemagnification)ofthemicrocellularPAN
precursor(a)andthemicrocellularcarbon(b)preparedfromthatprecursor.Theshapeandsizeofthe
poresareverysimilarinthetwomaterials.ThemagnificationisIndicatedbythe5proand101_mwhitebars
atthebottomofmicrographs(a)and(b),respectively.



(a) (b)
Figure3. Scanningelectronmicrographsof two limitingmorphologiesobservedcommonlyin the
mlcrocellularPAN. In (a) the flake-likeporewalls arewell interconnectedend the mechanicalstrengthis
higher. In (b) the flakes appearaggregatedintosphericalstructures,reducingthe degreeof three
dimensionalinterconnection.The spheremorphologyproducesmuchlowermechanicalstrength.The
magnificationis indicatedbythe 10Hmwhite bar at the bottomof each photo.

Results and Discussion

A seriesof'carefully controlledexperimentsshowed that a very subtle differencein the method
used to dissolvethe PAN rawmaterialinthe maleicanhydridesolvent caused the variationin pore
structure and mechanicalstrength. First, we demonstratedthata smallvariationin dissolution
temperaturecauseda significantchangein pore structureand strength. We performed
experimentswhere all compositionandprocessvariableswere kept strictlyconstant,except for
thetemperature used to dissolve thePAN. Whenthe dissolutiontemperaturewas 155°C, the
finalmicrocellularPAN hadthe highly interconnectedflake morphology(Fig. 4a) and robust
mechanicalstrength,indicatedby a Shore hardnessof 84. Whenthe experimentswere repeated
with 10°C highertemperature,the morphologywas less well interconnectedandincludedlarger
pores (Fig.4b), and the Shore hardness,70, was considerablylower. Thevisualappearanceof
the PAN solutions differedmarkedlyinthe two experiments. The solutionpreparedat the lower

' temperaturehad a hazyappearance,indicatingsubstantialconcentrationfluctuations. (No
individual,undissolvedpanicles could be resolvedby visualexamination,however.) In contrast,

. the solution prepared at the higher temperature was much clearer,indicatingsmaller concentration
fluctuations.



(a) (b)
Figure4 Scanningelectronmicrographsof microcellularPAN materialspreparedusingtwo different
temperaturesfordissolvingthe polymerintothe solvent, In (a) the dissolutiontemperaturewas 155°C and the
flake-likeporewallsare relativelywell Interconnected,In (b) the dissolutiontemperaturewassomewhathigher,
165°C, and the flakesare lesswell Interconnected.Inthe latter mlcrograph,largerporesare visiblein additionto
the ;mall poresdefined bythe flakes. The higherdissolutiontemperatureproduceda microcellularmaterial
havinglowerhardness. The magnificationis indicatedbythe lOl_mwhite bar at the bottomof each photo,

Although tile microcellular PAN produced using the higher dissolution temperature (Fig. 4b) did
not exhibit the extreme case of the sphere morphology, these experiments showed that the
dissolution ternperature definitelyaffected the pore structure and mechanical strength of the
microcellularPAN. We speculate that the spherical morphology would have been produced in the
experiment having higher dissolution temperature if the solutionhad been held at that temperature
for a longer time. That speculation is based on additional experiments performed in our
laboratory.

We initiallyhypothesizedthat a differencein thermal degradationof the PAN duringdissolution
causedthe differencein the finalmicrocellularmaterial, This hypothesiswas not supported by
characterizationexperimentsthatcomparedthe two limitingtypesof microcellularPAN, We first
compared materialhavingthe flakestructure (Fig, 3a) withmaterialhavingthe sphere structure
(Fig, 3b)using gel permeationchromatography(GPC). Both the weightand numberaverage
molecular weights (polystyreneequivalent)measuredby GPC were identicalwithin experimental
error for tl_ctwo materials. Moreover, the averagemolecularweights for the two microcellular
materialswere statisticallyidenticalto those of the PAN rawmaterial. The chromatogramsused
to derive the average molecularweightsare shownin Fig, 5, The chromatogramsrepresenta
separationof polymer species accordingto theirmolecularweight, The abscissarepresentsthe
variationinmolecular weight (increasingretentiontimecorrespondingto decreasing polymer
molecular weight) and the ordinate is proportional to the concentrationof each species. The ,
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chromatogramsdo not reveal any differenceinthe distributionof molecularweightsbetween the

(b)

(c)
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Figure5. GelpermeationchromatogramscomparingthedistributionofmolecularweightsInthePAN
rawmatedal(a),themechanicallyweakermlcrocellularPANhavingthesphere.typeporestructure(b),
andthemechanicallystrongermicrocellularPANhavingtheflake-typeporestructure(c).

two microcellularmaterialsand the PAN raw material,

Two othercharacterizationtechniques, infraredspectroscopyandNMP, spectroscopy,also
revealedno differencein the molecularstructurebetween the two limitingmicrocellularmaterials,
Fouriertransforminfraredspectra aresensitiveto asymmetricmodesof vibrationbetween the
atoms of'the PAN molecule. The close similarityin infraredspectra(Fig, 6) between the two
limiting microcellularmaterialsmeans that no differencein molecular structurecouldbe detected
by this technique. 13C NME spectra on the two microcellularmaterialswere identicalto each
other and indistinguishablefromthe spectrumofthe PAN raw materia(Fig, 1). In summary,
neithergel permeation chromatography,infraredspectroscopy,nor 13CNMR spectroscopy
revealed any evidence for a variation in the degreeof'degradationin PAN molecular structure

, duringdissolution at elevated temperaturesthat could explain the differencein pore structure and
mechanicalstrengthof the two microcellularmaterials,

• A finalexperiment added independent evidence that degradationin molecular structuredid not
cause the differencein the microcellularmaterials. Here we producedthe two limitingpore
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structures by simplyvarying theparticle size of the PAN raw material used to prepare the
solution, while keeping all other variables, including the dissolution temperature constant. A
solution made with finelypowdered PAN dissolved completely to a clear solution at 162°C and
produced the weak sphere morphology. A solution prepared at the same temperature using PAN
having a larger average particle size produced a monolith havingthe strong flake morphology.
The morphology and strength of the latter were different even though a) the solution was fi!tered
to remove large undissolved PAN particles and b) the concentration of PAN in the filtered
solution was the same as that in the clear solution made using the fine powdered PAN. Since the
dissolution temperature was the same in both eases, the extent of degradation of the polymer
should also have been the same. Differences in extent of degradation, therefore, do not appear to
cause the difference in pore structure. We speculate, instead, that the change in particle size of
the polymer raw material at constant dissolution temperature or the change in dissolution
temperature at constant particle size causes a difference in the supermolecular structure (larger
than molecular dimensions) of the PAN macromoleeules in solution. For example,variations in
the completeness of dissolution of the PAN could affect the degree of aggregation of individual
PAN molecules in solution. Consistent with this speculation is the fact that the PAN molecule
contains nitrile side groups that are known to attract each other strongly via dipolar forces(8).
Moreover, coupling of individualPAN molecules into larger aggregates in solution has been
reported frequently in the literature(9-12). Further details on the work reported in this section
can be found in Ref. 5.

Finally,it should be noted that more extensive studies(13) on microcellularPAN prepared using
completely different process conditions have shown that raising the dissolution temperature again
causes a change from the interconnected flake microstructure to the sphere microstructure similar
to that shown in Fig. 3. In this case, the microcellularPAN had higher density (0.1 g/cc) and it
was prepared from a more concentrated solution (10 g PAN/100 ce) using a completely different
solvent (a mixture of dimethyl-formamideand ethyleneglycol.) The sensitivity of pore structure
to the dissolution process therefore appears to be a general phenomenon for microcellularPAN
prepared using different concentrations and solvents.

Characterizing Density Fluctuations
Caused by Ring Structure in MicroceUular Carbon

Background

The problem addressed in this section is illustrated in a photograph of a machined surface of the
microcellular carbon (Fig. 7). This shows parallel bands havinga spacing of 3 ram. The bands
were visible on all exterior surfaces of the specimen. Examination of surfaces exposed by
machiningthe porous carbon revealed that the bands are present throughout the material.
Examination of larger specimens revealed that the bands in Fig. 7 are actually segments of
concentric rings. The distinct rings raised serious questions about the spatial homogeneity of the
microcellular carbon. Homogeneity was a critical requirement for an important application (14).
The objective of this portion of our work was to characterize the spatial fluctuation in mass
density caused by the tings.

12
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Figure6. Fourier transforminfraredspectracomparingthe weakermicrocellularPAN (a) with the
strongermicrocellularPAN (b).
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Figure7. Photographof a machinedsurface of the microce!lularcarbon derived from a PAN
precursor. The parallel bands (knownas "tree rings")visibleon the surface raisedseriousquestions
about spatialfluctuationsin the massdensityof the porouscarbon. The spatialperiod of the bands
wastypically3-4 ram.

The density fluctuation was characterized by spatially resolved measurements of the fractional

" transmission of a monochromatic X-ray beam. The basis for the method will now be

explained(15). When a monochromatic beam of X-rays is attenuated by absorption only (not

scattering) then the fractional transmission is given by

13



/_t_= exp(-#Lt), (1)
I0

i

where i0 is the intensity of the beam incidenton the sample, It the intensitytransmitted through
the sample, laL the linear absorption coefficient, and t the thickness. The linear absorption
coefficientfor a materialhaving massdensity P is determined from the massabsorption coefficient
for each constituent element, (_M)i, and the weight fractionof that element, wi, as shown in Eq.
2.

#L =P CM)i*w (2)
i

(The mass absorption coefficient is simply the fractional attenuation caused by 1gram of an
element, independent of its concentration within the material.) Making the reasonable assumption
that the elemental composition within the microcellular carbon is independent of spatial position
means that the summation in Eq. 3 is a constant K. Then the local value of the linear absorption
coefficient becomes directly proportional to the density.

_L =p*K (3)

Substituting Eq. 3 into Eq, 1 and taking the logarithm yields

- ln(_o ) =-(Kt )*p (4)

Eq. 4 shows that if the thickness of the specimen is constant, the logarithm of the fractional
transmissionis directly proportional to the local value of the density. The percentage variation in
densitywill then be equal to the percentage variation in the log of the fractional transmission.

Experimental

The method described above is obviously applicable to radiation sources other than X-rays. We

chose to perform the measurements with X-rays because an apparatus for performing these kinds' 55of experiments had already been built by W. D. Drotnmg(16), It consists of an Fe source of X-
rays (5.9 keV, wavelength=2.1 Ang. Units), a collimationsystem to define the size &the beam, a
detector to sense the transmitted intensity, and an automated translation stage to move the beam
to different positions on the specimen.

To measure small density fluctuations with millimeterspatial resolution, the collimation system in
Drotning's apparatus, as well as the data acquisition system were modified substantially. Very fine
collimationof the X-ray beam reduced its incident intensity. Accumulation of a large number of
detector counts was necessary to achievehigh precision in the measured fractional transmission in
order to detect small variations in material density. Accumulating the necessary detector counts
therefore required a very long measurement time at each location. A typical set of transmission
measurementsemployed displacement incrementsof 0.5 mm and covered a total displacement of
15 mm over the surface of the specimen. Several days of continuous operation were required to
complete the measurements on one specimen. Employing a long half-life radioisotope as an X,ray

14



is s n --source,insteadof a conventionalX.raygenerator,eJmuatedanyconcernwith driftin the
incidentX-ray intensityduringtheionsexperiments.

R_:,sult8

' A benchmarkexperimentdemonstratedthatthe modifiedapparatuscould detectdensity
fluctuationson a scaleof 1ram, An arrayof four parallel0.7 mm diametermetalwires having an

, emptyspace of 0.7 mmbetweeneach wirewas set up as a trialspecimen,FiB,8 shows the
detectoroutputas a functionof spatialpositionalongwith the idealresponseexpectedif the
wires were completelyopaqueacross theirfullwidth, Althoughthe resultsinFiB,8 werenot
analyzedquantitatively,the substantialagreementbetweenthe detectoroutputandthe ideal
responsegave us confidencethatour apparatusandtechniquewere capableof measuringdensity
fluctuationscausedbythe rings. It shouldbe notedthat the benchmarkexperimentwas an
excessively severetest of ourapp_'atus,sincethe wire diameterand spacingweremuchsmaller
(fourtimes smaller)thanthe spacingof the ringsin the carbonmaterial.

To determinethe fluctuation inmass densitycaused by the rings in the microcellularcarbon,we
selected a specimen having rings that were favorablyorientedwith respectto the specimen basal

tgO,O_r ............. (

,o0.o...... ___./ .............................?............................- AQ -

l i 80'01...........................................................t o
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0.7 nun 40.0 "--_ ........ ' t
spaclnll ' .

t

Distance (mini

(a) (b)
Figure8. Benchmarkexperimentdesignedtodemonstratethata highresolutionX-raytransmission
techniquecoulddetectdensityfluctuationsona lengthscaleof 1mm,ThetestsampleshownIn(a)

' consistedof fourparallel0.7mmdiameterwireswith0,7mmspacing,TheresponseoftheX-rayintensity
detectorasa functionofpositionisshownin(b).Thedashedfineshowstheidealresponseof thedetector
ifthewireswerecompletelyopaque,

plane. That is, the rings,when viewed on the edge of the specimen,,i,ere normalto its basal plane.
Therefore,an X-ray beamincidentnormalto the basal plane should .=aveprobed a constant

15



structure as it propagatedthroughthe specimenthickness,as shownin Fig. 9a Thenwe could
determine the variationin the fractionaltransmission,andthereforethe spatialvariationin density,
caused by the ringstructureby translatingthe beamto a differentlocation. The specimen of
microcellularcarbonwas producedat the MartinMarietta OakRidge Y. 12 Plant, where it was
given an identificationnumberof 1495, It was 8 nunthick, and had an average density of 41
mg/cc,

0
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Figure9. ResultsofX-raytransmissionmeasurementsalonga15mmlineonthesurfaceofa
microcellularcarbonsample(a). Thelinefollowstheradialcoordinateofthecircularbands.The
fractionaltransmission(b)andthenaturallogof thefractionaltransmission(c)areplottedvs.spatial
position.Thenaturallogofthefractionaltransmissionisproportionaltothelocalmassdensityofthe
material,accordingtoEq.4, Thearrowonthex-axiscorrespondstotherepeatdistanceoftherings
determinedvisually.Thearrowonthey.axlscorrespondstoa fluctuationindensityof :t:2%.

!

The results of a series of transmissionmeasurementscovering 15 mm across the surface of the
specimen are shown in Fig, 9. Most of the fractionaltransmissionvalues ranged from 67 to 68%
(Fig. 9b). At the beginningof the scan (near the corner),however, the transmissionwas higher
because we believe that the specimen was slightly thinnerthere, As suggested by Eq, 4, the
logarithm of the fractionaltransmissionis plottedvs, spatialposition in Fig, 9c, These results
indicatethat the spatial fluctuationin densityhas an amplitudeless than :1:2%,There is no clear
correlation between the spatial periodofthe densityfluctuationand the spacing of the visible
rings,

i

The results of a second 15 mm scan along a differentdirectionon the same specimen is shown in
Fig, 10, This scan again began at a cornerbut proceededalong one edge ofthe specimen, which
was oriented at an angle to the radialcoordinateofthe rings. The spacing between the visible
bands along the displacementdirectionwas therefore largerfor this scan as compared to the
previous scan, The logarithmicplot shown in Fig. 10c again shows a density fluctuationhavi' :_
an amplitude less than :t:2%and having a spatial periodunrelatedto the spacing between the

16



visiblebands.
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Fl0ureI0, ResultsofX.raytransmlsslonmeasurementsalon0a15mmllneIncllnedatanan01etothe
radialcoordinateoftheclrcularbands(a). Thefractionaltransmlsslon(b)andthenaturallogof the
fractionaltransmission(c)areplottedvs.spatialpositlon.Thearrowonthex.axlscorrespondstothe
repeatdistanceoftherln0sdeterminedvlsually.Thearrowonthey-axlscorrespondstoafluctuationof
indensityof :t:2%.

Dlscusslon

Weconcludethateventhoughconcentricbandsareclc,.trlyvisibleonmachinedsurfacesofthe
microcellularcarbon,theycausea fluctuationinmassdensityof'nomorethanabout:!:2%.In
fact,webelievethatthesmallspatialvariationinthefractionaltransmissionof'X-raysmaybe
causednotby densityfluctuationsbutby spatialfluctuationsinporesizewithinthemicrocellular
carbon.ThisspeculationisbasedonsmallangleX.ray scattering(SAXS)measurements(l?).
Theintensityof'scalleredX-rays showeda spatialfluctuationthatwasveryclearlycorrelated
withthevisiblebands.We thereforebelievethatourassumptionof'negligibleattenuationdueto
scatteringmaybeanoversimplification,andthatsomeof'thespatialvariationseeninFig. 9 and
10 is caused by variationsin scatterin8 insteadof absorption of X.rays. We are confident,
nevertheless, that our estimate of`:t:2%at least puts an upper limiton the spatial fluctuation in
mass density caused by the ring structure.

A final topic concerns the physical mechanismthat actually produces the concentric bands, This
• has been traced to the process used to prepare the PAN precursor for the microcellularcarbon.

Structural characterization during crystallizationof`the maleic anhydride solvent in the PAN
solution has shown that the crystallization produces a spatiallyperiodic fluctuationin the
orientation of'the maleic anhydridecrystals, Interestingly, this periodic fluctuation in the solvent
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crystal orientation remains imposed on the microcellularPAN even after the solvent is removed
by sublimation.Theperiodicstructurein thePAN precursorbecomesclearlyvisibleafterthe
precursoristhermallypyrolyzedto producethemicrocellularcarbon. A detaileddescriptionof
thisstudyisoutsidethescopeof thepresentreportbut isbeingdocumentedin aseparate
publication(l8). A brief summaryhasbeenincludedhereto indicateour levelof understandingof
the peculiar ring structure in the microcellularcarbon.

Conclusions

Controlling the Pore Structure of the Mlcrocellular PAN Precursor

1. Varying the completeness of the dissolution of the poly(acrylonitrile)in maleic
anhydridecauses a variation in the microcellularpolymermorphologyand mechanical
strength. The completeness of dissolution can be variedby changing the dissolution
temperature or the particlesize of the PAN raw material.

2. Characterizationexperiments sensitiveto the average molecular weight and chemical
structure of the poly(acrylonitrile)moleculesdo not revealany differencebetween the
strong and weak microcellularmaterials. We ,speculate that increasingthe completeness
of dissolution does not cause degradation ofthe PAN molecules but instead changes the
conformation of the molecules in solution, e.g. the degree of aggregationof'the molecules,

Characterizing Density Fluctuations Caused by Ring Structure In Mlcrocellular
Carbon

X,ray transmissionmeasurementsshow thatthe spatial variationin mass density caused by
the rings is no more than :t:2%in microcellularcarbon# 1495 having averagedensity 41
rag/co.
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