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Introduction

In lhe n¡nufscturlng of carbon and graphlte
artlfacts, ths naln Purgoses of the extn¡sion
process ar€ !o naxinize the density of treen
art l facts and Lo fonn treen art i facts r i th a size
and shape as near es possible to the end
product.l'2 Horever, the e:cpansion of a green

artlfact upon leaving the die' the die s¡t€ll, nol
only reduce¡ lts dsngity, but also tncrea¡es the
aaount of n¡terlal to be n¡chined off ln the
ftni¡hlnt ProcE8s. Thus, l t  i ¡  desirable f irgt
to understand the cauaeÉ of the dle ssell End
thsn to b€tUer control the dle srell phenonenon.
It 1¡ lnou¡r ln the field of polyner procesalng
Lhat die ¡vell ls a result of the non-Iéltonian
(or vlccoelestic) characteristics of the pol¡rer
at procersing conditlons. However, the increases
in extrudate diarneter in polyner pcocesslng
(1.e., die ssel l)  can be as hlgh es ono t¡r¡ndred
percent ( 100¡f) , 3 . I st¡lch ar€ tro orders of
rnegnltude higher thsn the ca. one Percent (14)

increase ln electrode dlaneter usualty noted ln
the carbon artlfsct nranufacturing.. Furthernora'
cosl ter pltches are generslly charecterized as
[o¡,tonlan f lu ids at the extn¡slon

teqerature.5'6 Hsnc€, iü lg very lltely that
tü doe¡ not tate a aophlstlcated viscoalastic
mdel to er<plaln the die ssell in the fornlng
ogeratlon. Ttris paper descrlbes a slu¡rle nodel
in st¡ich the die srell phenoasnon ls eccounted
for by the relexetion of gas Pr€asure rithln the
cloged lnterTerticle poroaitY.

ftreorv

A schmstie dlag,ran of a plunger-type
extn¡der along rith the closed porosltlee ln a
c¡rbonacsou¡ ¡raterial rlthin the extn¡der and th€
green electrods ls shorn in FlEure 1. Assumint
thEt: (t) the cote-plteh mix ProPer is

lnconpresslble, and ( i i )  the entrapped tEses,
includlng alr and any pitch volat i les, fol los thE
ldeal gas law, tro si¡u.¡ltaneous equatlons can be
established to describe the system sho¡m in
Fiture 1:

Vi Pext = Vc Patn

v  + v  + v
-_9-----9tr.--9 =
V i + V " a n + V o

strcre:

( 1  +  r a d .  D . s . ) 2  x  ( 1  +  l o n t .  D . s . )  ( 2 )

Pext - the extrusion Presaure
e:<perlenced by the coke-pitch
mix ln the mud cyllnder,

Patn = atnoaPheric Pressure'
V1  =  c l osed  Po ros iLY  i n  t he '

extr t ¡der,  íh ich is  f i l l ,ed s i th
congressed tases,

Vc = c losed porosl ty in the green
e lectrode,

Vo = oPen Porosi tY '  which should
remaln constant during the
forning operation,

Vc+p = the volune of coke-Piteh nix

PcoP€r,
r ad .D .S ,  =  r ad ia l  d l e  s ¡ r e l l  ( =  AD /D) ,  and

Ion t .D .S .  =  I on t i t ud i na l  d i e  swe l l  ( i  AL IL ) .

By substlbutions and rearrangements, Equatlon (3)

cen be derived fron these equations.

Ítrere:

A
B
vt

v "  A - 1
q=^f f i  (3)

=  ( 1  +  r e d .  D . s . ) 2 .  x  ( 1  +  l o n g .  D , s . ) ,
= P¿¿¡/Ps:(¡, and
- the volu¡¡e of a green electrode.
- Yc i  Vc+p + Vo.

V¡

Figure 1. A Schenatlc Diagram of
}{odel.

S inc6  V r . ,  Pex t ,  r ad .  D .S , ,  and  l on t .  D .S .  can
be neasúred in the laboratory, the amount of
c loged porosl ty,  Vc,  required to aceount for
the die sr¡e l l  can be .calculated uslng
Equat ion (3) .  This calculated c losed porosl ty,
ve, is Lhen conpared with varlous types of
m¡sured closed porosity in the green electrode.
If the proposed nodel is valld, the calculated
vc should coúpare favorably with the tne¡aured
closed porosi ty.

the Die Swell
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E:<oerlmental

Coke-pitch mixe¡ t6re prepared from a
petcoleum eoke fli.ler and ¡ coal tar binder pitch
rlth a ltettler softening, point of ca, 110.C. fhs
blnder contcnt  saa about 23.0-25.5 re igtr t
percent. Extn¡glons r€re perforred using a
labocatory 19 rn extrud€r. Poroeiby
distribuLions ln green electrodes rere deternined
from varloug density neasur€Ntrenta on th€ rat
n¡teclalg, nix¡¡, ¡nd extn¡ded electcodee,

lhe di¡meter of th€ cxtn¡ded clectrodes ras
neasured ualng ¡ nicroncter. Ttre radial dle
sw¡ll res th€n calculated fcom the dla¡neter of
Lhe dle, 19.15 m, ¡nd ühe neasured eloctcode
dlemter. Thc longltudlnal die s¡rell yas
deternined by accuretely mesuring the travel of
the ram ¡nd tho extn¡d€d electrodes. Both the
sp.ed end dlstance of raú tcavel t€r€ firgt
aqltfled by e rack-and-plnion ess€nbly ¡rith sn
aopllficatlon factor of ten. The arnplift€d ran
ür¡vel ras then ¡sagured by an electronlc rate
traniduccr (BEI Blectronlca, üoatel H25D). The
extn¡glon rate ¡nd total trav€l of treen
electrodes uore ¡,auged by another rate
transducer. On the besis of these data, the
longltudinal die syell cEn th€n b€ celeulated
uring, the folloring cquetlon:

v e r e c '  D 2 ¡ l a c  -  L c l e c '  D 2 e r ¡ c
t  

- - -

Vr¡m . Dt¡r¡d Lr", . D¿-.6

( 1  +  r a d .  D . S . ) 2  x  ( t  +  l o n t .  D . s . )  ( 4 )

rt¡sfo V's are the rpe€d st shich the ram or the
extn¡ded electrode travelg; L.s ¡re the tot¡l
distance of the ram or elecürode travel; D"1."
is the nesgured electcode diarneter¡ and D-r6 is
the dia¡¡eüer of th. mrd cyl lnder, 7ó.25 mr.

Results end Dlgcusslon

Th6 clos€d porositiaa ln green olectcodas cao
be classlfled lnto three groups. they are the
intraparticle poroslty, the closad lnteraarticle
porosity, end the tot¡l closed poroslüy ytrlch ig
th€ aur¡ of the fir¡t Lto troups. th6
corrcl¡tlons b€tge€n ths catculated closed
poroslty f l .e.,  thc VclYr fcom tsquatlon (3)l
end thege thr6€ types 

- 
of ueasured clo¡ed

porositles ¡r€ ¡horn in Fltures 2-4. In
addltion, a diaEonel llne lndlcatln3 ¡ one-to-one
eoresgondence betreen the c¡l,culeted ¡nd
np¡¡ured cloeod poroalüles is also Bhorn la
Flgures 2-4. lhe leJorlty of the dat¡ points
should fall on thls dlagonal linc or ln the
vlclnlty of 1ü, lf the dlc srell l¡ Indeed ceused
by the expanslon of ta8€s enürapped in the
measured closed poroslty of interasl. As cen bo
seen in Flturas 2 ¡nd 3, both the total closed
poro:ity and the lntrapartlcle poroslüy
nésaurements ere dlstclbuted beloy the dlagonal
llne, indlcatlng that the calculsted closed
poroaity is nostly less than these two neasured
cloged porosities. For the closed interparticle
poroeity (Flgure 4), the neasurEd porosity deta
er6 ganerally acattered ¡rour¡d the dlegonal
llne. In vier of the difficulties associated
yith the long,ltudlnal die gwell and porosity
disteibutlon [€asur€n€nts, lhe extent of date
seaütering, ln Flgure 4 ts by no tseana excesslve.
H€nc€, it c¡n be concluded that, to ¡ lart€
ext€nt, th6 dle rrrell phenooenoo ls I consaquence
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Ii€AST'R€D TOTAL CLOSED FOROSITY (%)

Fiture 2. The Correlatlon Bet¡reen the Calculated
Closed Poroslty and th€ Noasured Totel
Closed Porosl ty.

ilEASURED IIITRAPARTICLE POROSITY (".I
Fl¡,ura 3. Tho Correlation B€t¡rean the Calculated

Closed Pocosity and the l{easured
Intrapart ic le Poroel ty.
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TEASUNSD CLOSED INÍERPARTICLE POROSIW í16'
FlEure 4. lhe Correletlon Bat¡rsen the Calculated

Closod Porosity and the teasured Closed
Inüerpert lclo Poroslty.

of the rsl.ax¡tion of. t¡s pres8ureg rithin the
cloced lnter-particle poroslty in green electrodes.
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