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SUBIRIARY 

Many graphites to be used for nuclear, aerospace or high-temperature applica- 
tions are now being made with synthetic components rather than with the traditional 
mixtures of coke filler and pitch binder. This additional control of raw materials 
results in a higher quality and more reproducible graphite. One class of synthetic 
polymers finding considerable use as graphite binder materials is furfuryl alcohol 
resins. The molecular size distributions of furfuryl alcohol resin binders as determined 
by gel permeation chromatography have been shown to play an important role in 
determining the physical properties of the resulting graphites. Gel permeation chroma- 
tographic data were related to graphite physical properties by two methods. In the 
first, the amount of material in a given molecular size interval was computed, and 
the effect of each size interval on the properties of graphite was determined using a 
graphical method. Secondly, the total molecular size distribution was then related 
to the physical properties of graphite by a statistical method, which was used to 
calculate parameters describing the gel permeation chromatographic data. The results 
of these studies have led to a more thorough understanding of the role played by 
furfuryl alcohol resins as related to their use in, the manufacture of graphites, and to 
specifications for the synthesis of an improved furfuryl alcohol resin for use as a 
graphite binder material. 

INTRODUCTION 

Artificial graphites are usually made by molding or extruding a semi-plastic 
mass of petroleum coke and coal-tar pitch, and subsequently heating the piece, over 
a period of several months, to a temperature of 2500 to 3000~. Such graphites, which 
find wide spread use in the aluminum and steel manufacturing industries, usually 
have rather low densities, high conductivities and moderate strengths. By careful 
selection of materials, nuclear grade graphites have been and still are being manufac- 
tured from mixtures of coke and coal tar pitch I. However, the increasingly stringent 
demands being made on the purity and uniformity as well as on the properties of 
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graphites for use in nuclear reactors have made it desirable to examine other raw 
materials. 

Most of the materials that are used as binders in graphite are polymeric in 
nature and are chemically heterogeneous ; i.e., they usually contain many different 
kinds of chemical compounds. Coal tar pitch binders 2, for example, are composed of 
a myriad of distinct organic compounds, and often contain an assortment of extrane- 
ous impurities. In addition, they can vary considerably, both chemically and physi- 
cally, from batch to batch.These factors make it difficult to control the reproducibility 
of graphite made using pitch binders. 

Binder materials that are based entirely on synthetic polymers have distinct 
advantages. A number of such synthetic binder materials have been used; however, 
this discussion will be limited to the various furfuryl alcohol polymers which are used 
as binders. 

Furfuryl alcohol polymers are also heterogeneous but they possess several de- 
sirable characteristics for the manufacture of high-quality graphite. In particular, 
the amou,nts of undesirable impurities can be kept to a mmimum. They are liquid at 
room temp,erature, which greatly simplifies the mixing and fabrication operations ; 

they result in high yields of carbon upon high-temperature pyrolysis;, and they are 
thermosetting, which is desirable if complex shapes are, to be fabricated. In addition, 
hy controlling the degree of polymerization of the resins, a variety of viscosities and 
molecular size distributions can be reproducibly synthesized. 

Considering the ‘numerous ‘purposes served by the bi,nder material during the 
manufacture of graphite it’has. been suggested a* 4 that the molecular sizes, or more 
precisely the molecular size distribution, of the _.binder might. be an even more im- 

’ portzint charact,eristic of it than its exact chemical composition. Based on this postulate, 
a study was, undertaken to determine: the effects of, the molecular size distributions 
of furfuryl alcohol polymers on the properties of graphites made from them. 

The molecular size distributions. of the .various ‘furfuryl alcohol polymers were 
determined using gel permeation chromatography (GPC). The resulting data were 
treated using ,a statistical metllod which resulted in a numerical description of the 
molecular size-distribution of the polymer. Correlations were made between the molec- 
ular sike distributions of the binder polymer and the physical properties of thegraph- 
ites made from them. These studies resulted in a better understanding’ of the rela- 
tionships between the binder and the resulting graphite, and in a set of specifications 
for an improved furfuryl alcohol polymer for use as a binder in the manufacture of 
high-quality, high-density graphite. 

EXPEI&3NTAL 
: : .I 

The, furfuryl alcohol polymers were made by the polymerization of furfuryl 
alcohol in the presence of maleic anhydride by methods which have been reported 
elsewhereb. 

GPC was done with a’ Waters Model 296 gel permeation chromatograph which 
was equipped with a series ,arrangement .of five 4-ft. polystyrene gel columns having 
maximum pore sizes of 3000, 500, 250, 250 and 60 A. Samples for GPC analysis were 
either 0.5 or ,? O/O by weight in tetrahydrofnran (THF). These were injected for either 
IS- or io-set periods. A solvent (THF) flow rate of I ml/min was used; 
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Most of the pol.ymer molecular size distributions used in this study were made 
by blending furfuryl alcohol resins of differing degrees of polymerization with one 
another or with furfuryl alcohol until the desired viscosity of IGOO CP was reached. 
This resulted in a number of polymer binders having equal viscosities and rather 
widely differing molecular size distributions. The resin viscosities were measured with 
a MacMichael-Fisher viscometer at 25 O. 

The graphites were manufactured using a mixture of Sg parts of graphite pow- 
der, 15 parts of carbon black, and 27 parts of one of the experimental furfuryl alcohol 
polymers that had been catalyzed with 4 ‘% maleic anhydride. ‘A manufacturing 
process that has been described earlie was used. It involved a complex mixing and 
multiple estrusion procedure prior to making the final extrusion in the form of a 
1/2 in. diameter rod. The rods were thermally set by beating them to 200~ over a 
period of several days. Then the rods were heated slowly to goo” to carbonize the 
binder material. The carbonized rods were finally given a graphitization treatment 
at 2soo”. - This procedure ,has been demonstrated to be satisfactory for the production 
of an exceptionally uniform, higil-quality graphite”, 

Property measurements were made-on the graphitized rods, using standard 
methods, and these properties were related to the molecular size distributions of the 
polymers used to make the graphites. 

hIA1'ERIALS 

Furfuryl alcohol (Eastman white label), maleic anhydride (MCB standard qual- 
ity) and tetrahydrofuran (DuPont commercial grade) w,ere used in this study. The 
graphite powder was Great Lakes LOOSS grade and the carbon black was Thermas, 
manufactured by the Thermatomic Carbon Company. 

RESULTS 

It l-ras previously been shown that the binder viscosity, up to about IGOO cP, 
has a strong influence on both the manufacturing processes and the properties of the 
resulting graphite”. Consequently, the molecular-size-distribution studies were carried 
out using a series of furfuryl alcohol polymers all having viscosities of about IGOO cP. 
This value was chosen since at viscosities near IGOO CP a small change in the viscosity 
of the resin caused only minor changes in the properties of the graphite, while at lower 
viscosities a change in viscosity resulted in an appreciable change in properties, In addi- 
tion, at viscosities much above 1600 CP fabrication difficulties increased appreciably, 

The molecular size distributions of the furfuryl alcohol polymers were deter- 
mined using GPC. The resulting elution curves were divided according to molecular 
size, and the size regions were numbered I, 2, 3 and 4 as shown in Fig. I. These divi- 
sions were chosen such that the first region represents the amount of monomer-size 
molecules in the resin; the second represents the low-molecular-weight species such 
as the dimer, trimer and tetramer; the third represents the medium-size molecules 
of molecular weights up to about 1000; and the fourth represents large molecules 
having molecular weights to about 5000. 
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V INCREASING MbLECULAR SIZE c 

Fig. I. A GPC trace of a furfuryl alcohol polymer showing the size intervals chosen for the molec- 
ular-size-distribution studies. 

The amount of material in each of the numbered regions was estimated from 
the GPC curves using weight integration. These data, expressed as fractions of the 
total distribution of each resin, are shown in Table I. The relationships between the 
fraction of polymer in each of these regions and both the extrusion parameters and 
physical properties of the graphite were examined. 

As the ‘proportion of the distribution in region I, monomer-size molecules, in- 
creased the extrusion characteristics changed appreciably, and the properties of the 
resulting graphite were affected. A distinct drop in the bulk density of the graphite 
rods occurred as the amount of monomer-size molecules in the resin used to make the 
graphite increased (Fig. 2). The drop in density appears to be due to a combination 
of factors, all related to the molecular size distribution and, in particular, to the 

TABLE I 

MOLECULAR SIZE DISTRIBUTIONS OF SOME FURFURYL ALCOHOL POLYMERS 

Resin 

identification 
No. 

* ,: 

Fraction of polymer in each of Ike molecdnr 
size regions 

N~utnber r Nwnber 2 Number 3 Number 4 

(%) (%) (“/o) (%) 

1600 9-S 38.6 40.7 II.2 

144 IO.0 35.4 41.5 13.1 
234 f’ 236 12.0 35.4 39.3 X3.3 
240 + FA 12.6 31.2 40.9 15.3 
235 + 236 13.7 35.2 37.2 x3.9 
I63 + 215 16.5 40.0 34.5 9.0 
239 + Fh 21.1 23.7 36.2 19.0 

I54 -k FA 24.5 22.6 34.5 18.4 
163 -k FA 29.0 30.2 32.4 8.4 
241 -I- FA 31.9 22.G 32*5 13.0 

. 
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monomer-size molecules. These factors include a lowering of the extrusion pressure, 
the adhesiveness of the resin, and the carbon residue realized from the polymer upon 
pyrolysis. 

‘~g2r--- 

A 

0 20 40 60 
RESIN CONTENT OF REGION I, ?‘. 

Fig. 2. The change in bullc density due to the amount of monomer-size molecules in the polymers. 

Accompanying this large drop in density were corresponding changes in such 
properties as strength, .modulus, and the thermal and electrical conductivities. Mea- 
surements of the preferred orientations of the rads using X-ray methods indicated 
that, in general, only minor changes occurred. These were too small to affect the 
properties that are sensitive to crystallographic orientation. 

The amount of the polymer in the intermediate size regions, 2 and 3, of the 
distribution did not individually affect the properties of the graphites in a systematic 
manner. However, it was observed that in order to make a high density graphite it 
was necessary to have over 70 o/o of the molecular size distribution contained in these 
two regions (see Table I). 

Increasing the amount of the largest polymer molecules did not appreciably 
increase the densities of the graphites, perhaps because such an increase necessitated 
a corresponding increase in the amount of the smaller molecules required to maintain 
the viscosity at 1600 cP. 

Statistical descri$tions of the polymer distributiom and their ralationsJii$ to the $ro$erties 
of the grafihites 

A non-functional statistical treatment0 of the GPC data was used to obtain a 
numerical description of the molecular size distributions of the polymers. This 
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treatment has proven useful for handlinglp.orosity distributions10 as 
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well as’ particle- 
size distribution9 and appears to be equally applicable to GPC data. 

The molecular size intervals used for this study were selected as described earlier 
in this paper and are shown in Fig. I. I’f comparisons between the polymers are to be 
valid, the same interval widths must be used for all of the distributions. 

Since the sizes of the polymer molecules in each of the four intervals chosen 
for this study were not known accurately, the numbers I, 2, 3 and 4 were used to 
represent the midpoints of the molecular size intervals. It would, of course, be more 
desirable to use the actual molecular sizes if they were available; however, useful 
comparisons can be made from data treated in this way. 

The mean, m, of the sample data for each distribution was calculated using 
eqn. I, where Wt/W represents the fraction of the polymer present in the ith molecular 
size region, whose midpoint is represented by MI, the number of the interval. 

Similarly, the variance, S2, of the distribution was determined using ecln. 2. 

s2 = c : $(M1-M)2 

A third statistic, the coefficient of variation, CV’ct (ref. g), which can be used to 
describe the distribution with a single numerical value, was determined usingeqn. 3. 

(3) 

Tlie means and variances of the molecular size distribution data are shown 
plotted against the bulk densities of the graphites in Fig. 3. Increasing the mean 
molecular size resulted in an increase in bulk density, while decreasing the variance 
resulted in ‘an increase in density. It can be noticed that for polymers with nearly 
equal.&rean molecular sizes, those having the smaller variances result. in graphites 
having ‘Righer densities. 

This is further suggested by the curve shown in Fig. 4. The bulk density of a 
graphite increased if the coefficient of variation of the binder used to make the 
graphite decreased. This statistic, which relates the “average” molecular size of the 
polyiner to the “tiidth” of its molecular size distribution, has been particularly useful 
in examining relationships between binder materials and the graphites made from 
them. It points out that a low value of the variance coupled with a high value of the 
mean is.desirable, and implies that a binder containing a single molecular size would 
be ideal. However, other factors such as the need of a certain amount of monomer to 
provide lubrication ‘for the extrusion process, coupled with the 1600 CP viscosity 
requirement, limit the degree of monosizedness that is desirable. Also, from a practical 
standpoint, the manufacture of a polymer with monosized molecules and a specified 
viscosity, to. say the least, presents substantial problems. 

However, by minimizing the coefficient of variation, which can’ be done by 
choosing proper experimental conditions and by polymerizing directly to the desired 
viscosity, ‘a superior furfuryl alcohol polymer binder can be made. 
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Fig. 3, The change in bull< density with statistical parameters describing the molecular size clis- 
tribution of the polymers. 

Fig. 4. ‘The effect of the coefficient of variation of the polymers upon the bull< density of the 
graphite. 

CONCLUSIONS 

Gl?C has been used to determine the molecular size distributions of furfuryl 
alcohol polymers which were used as binders in the manufacture of high-density 
graphites. The GPC data were evaluated in such a way that a direct correlation could 
be made between the molecular size distributions of binder materials and the properties 
of graphites made from them. This led to a better understanding of the role played 
by the binder in graphite, and to the production of improved furfuryl alcohol polymer 
binders. 
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