- | DE

- 3436 25. 0/ 8 PROCESS FOR MAKI NG CRACK FREE SI LI CON CARB

[E)I I?;FUSI ON V%\?Ig/é\l 3 S 5 BACKGROUND CF THE | N\/ENT! ON The rra.nufl&?wglw_ﬁi’ o
sem - conglid | i odes and transistors typically requir

t he depo&inéﬁ?o %ﬁ%%%%@?p@ﬁﬁﬁ eri “sgt%l%ghpb*§§F9%tBFF?H§§§N!|pon
si | i con GUMBEQNENTHd 10 silicon dioxide on the surfaces of thin silicon

) L i d
waf ers. The thin layer deposition of these rapi .
heating and cooling cycles in an el ectrically ThéRiSedrT tHASaBEEN BO glff3;;gn

process BAGKSHOWND t@npE Bt INeENTHm cal |y rangi ng fREPDAZED to 1 c Wen
di el gctric precursor gases are fed 15 into _ _ “tube heate
to these tenperatures, the gases react and deposit the dielectric reaction

product on thHmSuniﬁﬂﬂaefufbeo%”éé%¥1dMﬂ&ﬂbt&}”éQQﬁcégesu %anétéggde%tep’
the silicon wafers are supported in vertical or horizonta .|In
furni t uP@Y (GROSETRE 2 YRSty TeslGiceRs Wihaidepdel piocess dubkectrIbe
vafer beatccaihiy apess i9bBosyeryyphealhy URdecal, a materdal whigh has, =
excel | ent, _thermal , shock resistance, high nec an!cél strengt h, [ y
retain Fé§i§ﬁﬁbed%%¥b%@hoa|Qﬂ%ﬁ§umﬁ¢mgsobfheaﬁnngsghﬁcagfwamgr@yp{e$heazgo
whi d n "R i+ 18 |ty oduce .any undesira e inpurities

t heggt ngg%ﬁe?tg%it t he kslill n c]lur%?fﬁgthlfel%ﬁ (r?lngal{oeﬁ:elraaﬁ olr{é‘ﬁc.’l‘ﬁ‘t% TRREY i Bfahknen
meets t R8Se FeQdilrenesyslies sihican cardideicyhen theadedl ushpraconpeyent

' wigl £l e 4 cation netallig i mpurities contained
{ﬁeEZFﬁ g?fgﬁggékpgps%géggtH?%%%h)tﬁ§ b§8?9868t86nﬁa2£%a%§a%h§ sFangbng
waf er. Azedr A3yl o a4908 dbnerdhenubeelicttirs cdesid @bt €ot OgHER A% JUIN B @

gencr al Ty outt Freq A rbFIRteRe (Hhn ARmRA HooUeIaPe ARAFA EuTe s pyber
?n 1angaseel aciagd] yand clepdsinpeties Ud e Boct 8PPl keatk9BE PMIBKRIN o NEhe
danger sQfr WBL Al Lo %ﬁﬁﬁ%%hoﬂaf%?q

During the deposition step, the silicon wafers are
supported in vertical or horizontal kiln furniture (or “wafer
boats”) placed within the process tube. The wafer boat and

20 process tube are typically made of a material which has
excellent thermal shock resistance, high mechanical strength,
an ability to retain its shape through a large number of
heating and cooling cycles, and which does not out-gas (i.e.,
introduce any undesirable impurities into the atmosphere of the

25 kiln during firing operations). One material which meets these
requirements is silicon carbide.

When the diffusion component is used in high temperature
applications, metallic impurities contained therein often
diffuse through the body and contaminate the silicon wafer.

30 Accordingly, as a general rule, it is desirable to use as pure
a diffusion component as possible, and so raw silicon carbide
powders are generally purified to reduce the contaminant levels
therein. However, in many relatively low temperature
applications wherein the danger of metallic diffusion and

35 contamination is not so great, a less pure diffusion component

can be used. In one method of making these diffusion
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body, i8i 0.t t eps. of : g%) providing a ra owder batch conpri sing:
i) at® eastééﬁ% aelﬁ}%htt%oggr%g‘ntp‘ ARFERy af?crféa*d?"\gﬁ["%e sintered silicon
carbide body, comprising the steps of:

a) providing a raw powder batch comprising:

15 i) at least 40 weight percent (“w/o”) fine grain
fraction having a particle size of less than 10
microns, the fine grain fraction comprising silicon
carbide and at least 0.10 w/o free carbon, the free
carbon having a surface area of at least 10 m2/g,

20 ii) at least 40 w/o coarse grain fraction having a
particle size of at 1least 30 microns, the coarse
grain fraction comprising silicon carbide and at
least 0.1 w/o free carbon,

the raw batch having a total silicon carbide content of at

least 96 w/o,

[N
w

the raw batch having a total silica content of at least
0.5 w/o,
b) forming the raw batch into a green body (preferably by
slip casting), and
30 c) recrystallizing the green body to provide a
recrystallized silicon carbide body having a density of between
2.0 g/cc and 2.8 g/cc (preferably between 2.60 g/cc and 2.75
g/cc).
Also in accordance with the present invention, there is
35 provided a method for producing a crack-free sintered silicon

carbide body, comprising ti f:
M P G the steps of: This Sheet Has Been Replaced
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the raw batch having a total silica content of at least

0.5 w/o,
b) forming the raw batch into a green body (preferably by

15 slip casting), and
c) recrystallizing the green body to provide a

recrystallized silicon carbide body having a density of
between 2.0 g/cc and 2.8 g/cc (preferably between 2.6 and
2.75 g/cc).

20 Also in accordance with the present invention, there is
provided a method for producing a crack-free sintered silicon
carbide body, comprising the steps cf:

a) providing a raw powder batch comprising:
i) at least 40 w/o fine grain fraction having a

25 particle size c¢f less than 13 microns, the fine

grain fraction comprising silicon carbide and from
0.10 w/o to less than 0.5 w/o silica, and

ii) at least 40 w/o coarse grain fraction having a
particle size of at 1least 30 microns, the coarse

30 grain fraction comprising silicon carbide, at least

0.1 w/o free carbon, and at least 0.10 w/o silica,
the raw batch having a total silicon carbide content of at

least 96 w/o,

the raw batch having a total silica content of less than
35 0.5 w/o,
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10 batch. In the second method, the amount of coarse free carbon

is controlled. In the third, the silica content of the raw

batch is controlled by essentially controlling the silica

content of the fines.

It is believed that carbon-containing inclusions which are

[
(1]

typically present in coarse silicon carbide feed rlay a

significant role in the cracking phenomenon. Conventional

coarse silicon carbide feed contains 0.1 w/o to 0.5 w/o free

carbor as impurity. curing Zfiring, the silicza pressnt on the

surfaces of both the fine and coarse SiC fractions undergoes a

20 carbothermal reduction in the temperature range c¢f about 1450 C

to 1650 C to form SiO gas. The SiO gas then reacts with the

coarse carbon-containing inclusions and at least partially

converts the inclusions to silicon carbide while forming CO as

a by-product. Since the molar volume of SiC is larger than

25 that of carbon, the conversion from C to SiC also produces a

large solid volume expansion which can cause stresses. These
stresses may be relieved by cracking.

Moreover, examination of the cracked recrystallized bodies

produced by conventional slip cast processing of bimodal

30 silicon carbide powders revealed cracks generally running

parallel to the casting direction. Without wishing to be tied

to a theory, it is believed the large breadth of the bimodal

silicon carbide particle size distribution leads to significant

particle segregation during casting. This segregation leads to

35 localized low density regions of coarse particles which pack

relatively poorly in the green body and bond together only
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leads to Sig%ﬁécfmﬁe4carbon of the first embodiment preferably has a

surface area of between 10 m2/g and 200 m2/g (preferably

between 50 m2/g and 200 m2/g), and is typically added in an

amount of about 0.10 w/o to about 5 w/o of the raw batch,
20 preferably between 0.1 w/o and 0.75 w/o.

It was also found that the fine carbon additions of the
first approcach produces a smaller pore size distribution in the
récrystallized body (i.e., the median pore size, as measured by
mercury porosimetry, decreased from about 4 microns to less

25 than 1 micron). The smaller pore sizes are belie&ed to be due
to effective deoxidization of the silica on the surface of the
silicon carbide grains by the fine carbon, thereby lessening
the driving force towards grain coarsening.

In the second approach, wherein coarse carbon-containing

30 inclusions in the raw batch are controlled, the frequency of
these inclusions, and hence the regions stressed by the volume
expansion of C to SiC is reduced. The criticality of limiting
the coarse free carbon content to less than 0.1 w/o of the
coarse fraction to achieve this effect is best shown in

35 Examples 8,11,12,15 and 16 below. The advantage of practicing
this embodiment is that it can be practiced by simply calcining

5
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catbonc@simal nPagticles in makirny of a 51llconlzed silicon carbide
component. U.S. Patent No. 4,957,811 discloses the use of 0.1~
500 micron carbon particles in making a siliconized silicon
carbide Dbody. U.S. Patent No. 4,536,449 Aacrrihes a
siliconized silicon carbide Composite made by incorporating
20 graphite particles on the order of 75 to 300 microns. U.s.

Patent No. 5,486,496 describe a sintered silicon carbide body

having graphite inclusions of at least 100 microns. Jacobson,
J. Am. Cer. Soc. 75 [6] 1603-11 (1992) studied the reaction of
silicon carbide and silicon oxide in the presence of free

25 carbon grains up to 50 microns in size, and concluded that the
additional free carbon must be added in the early stages of the
sintering reaction in order to form additional CO and SiC.

Calcination of the fine and coarse fractions typically
produces a silica skin on the silicon carbide grains and

30 sometimes alters the behavior of the slips. For example, in
some bimodal slips in which only the coarse fraction was
calcined, considerable sludging (i.e., extreme dilatency) was
unexpectedly observed. It is believed this sludging may be the
result of dissolution of the silica skin into the slip. This

35 silica skin comprised a:t least 0.10 w/o (as total oxygen O;

measured by combustion gas analysis) of the calcined coarse

I
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carbon to | essdharbil 1 W Gacd@rdance With éﬁi%?gselllpain\(/’\l%lilglti ng,,goarse
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1603-11 (199%ﬁuﬁ§Udb§68thewpgaCtééggfﬁ cxygen), and, in some
embodiments, at least 0.1 w/o free carbon,
b) calcining the raw powder batch to préduce a
calcined raw batch having a calcined coarse fraction,
20 the calcined coarse fraction comprising at least 0.1
w/o total oxygen, and preferably, less than 0.1 w/o
free carbon, and
Cc) exposing the calcined coarse fraction to an
etchant to produce a stripped raw batch having a
25 stripped coarse fraction having less than 0.09 w/o
total oxygen, preferably less than 0.08 w/o total
oxygen, more preferably less than 0.05 w/o total
oxygen.
Preferably, the process further includes the steps of:
30 cd) adding water to the raw batch to produce a stable
slip (preferably having a viscosity of no more than
2500 cps at 6 rpm, more preferably no more than 1750
cps),
e} slip casting the stable slip to produce a green body,
35 and

f) recrystallizing the green body.
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enbodi ment i ¥PERatOR LY t Fprcine réaapﬁeQHam@ ccalchasile tirteawaenttcqafndnl y
the fi nehitacttlh@ |nlgég§£t§.o 3z | qx[/)% be; éot YaSi1iga 1%:on% ent gf tnagbraw
batch beneath the 0.5 w o cFitical Tevel T pi cal unt T ear &Yt £ RESEi | i%n
car b deu?%éﬂeﬁta@daﬁou%a{g% Weaas 2£0 Mt o $idriecare yheskadghypi Gads undteat ed

e car fiaed, . abaut 4 wo.silica. Simlarly
f;g[im é}tééé998(&343£t§“’?1$eat ed. c‘fﬁane Sili c%% caer\ Bf e & ildc?nasa‘fae‘s]saktltf’an 95 wo
silica ¢45pPeaFrignab®a ohe Meo-)gf’wmfrectypnsaloﬂ rehné ed ieRAr $68d SiddaGR

bi d akqut il The regson for the hlgher silica
fgxr/e: %\éxtﬁﬁgnfgﬁﬁg tl‘i?iactt}%ogé}( gi?‘?. &3S SEB Y 07392} i cBRAC AN de

grain a%lJal%%lrt?@%ée}@henénﬁhencaandnédnélgeatflﬁsdﬂatléet aabbighle'l QI&?_CMf:‘wF/o
sunface, ar ha e grai n, substa egual amounts o
untlroeaf\aesél1 ??ane a%égﬁgrﬁ easgle) tcggla:r\s{\g (?’fﬁea? }ég/ skaupdhighcpisdness a
raw batedrhswi hyaabban 1abemt20\1\/110w$bl)| cax, 1sab@m_&eegd85%éOEatlQ§nano%l lica

resi de n e e Tretln solely the fine fraction effectively
reducezoj’t htehgl Iflclcrgé CJL(')%? O‘t1 &8 ttbgaﬁoﬁ’ten(? f4GHed L s our hberhe edeed |

si |l i ca o eftaotianr awobattbhycmmnrdtﬁ;mgajtlrnelatmcm ner abgle URL feaL e Goar se
SIIICO%i the fine SiC fraction so that at least 90% of the fine SicC

.-4

15 grains have a size of at least 0.30 um, preferably at least
0.35 um). This produces a slip whose deflocculation is much
more independent of pH. The silica in the calcined fine
fraction comprised about 1.2-1.4 w/o (as total oxygen) of the
calcined fine fraction. By compariscn, the uncalcined fine

20 fraction contained only 0.67-1.0 w/o total oxygen.

Therefore, in some embodiments, the initial raw batch
further comprises a fine fraction which is calcined, and there
is provided a process for producing a sintered silicon carbide
body, comprising the steps of:

25 a) providing a raw powder batch comprising a fine

grain fraction having a particle size of no more than

10 um, the fine grain fraction comprising silicon

carbide grains (preferably wherein at least 103 of

the silicon carbide grains are less than 0.35 um,

30 more particularly less than 0.3 um) and less than 1

w/o total oxygen,

b) calcining the raw powder batch to produce a

calcined raw batch having a calcined fine fraction,

the calcined fine fraction comprising at least 1.2

35 w/o total oxygen (preferably, wherein less than 10%
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carbide feed is about 0.4 vv/'o’”'$5€"”” HASIBE=Naw bat ch used in the present

I nvénti onwﬂf’ﬁf G4 y conpri sels bet REPDACED and 60 w o (pref eredi/yssieedseen 45
w o and 55 w 0) fine, grains tavimng-a-grar-s+Ze of |less than 10 m crons.
Preferably, %’? FREsPLIBOIRAG ST Hhe-hg nbine aéEr6hiRaS agepartsisc|hai ze of

between 0.4 @al & pnobbr sapEetarabhy, 1688 2Qa4mdian particle size is
between 1 and 4 um nost preferably etvveen 2 and 3 um ‘The raw batch al so

typically conprises between 40 and 60 w o (preferably, between 45 w o and

55 W o) coafserngra Nay - par sizg of .nore than 30 mcrons,
Pr efer?atbl Y, airrf 5%9 [%Eggtd géé%é%ky iggggarse%ﬁ action ha8 5%Bhr Ol ¥'Si ze
of Bet WEEETB5PAfYarice 150nbiPlPedf er“latm yerthécraw siaticde ofehbeapresanich

I i b|de rlnsvm h inpurity
| ovel s or Froe Sarbon Tt i FraltiPhoant enBatrrnceLyat1ektd50 B w o

| evel s on and silrca n so
(and prefidridd ity ¢Lasmadstalongf thlaestilmeaf rca@t_laen ibe 194 icc.an W ki de.

In the odli t stveen about 1.0 wa and 3 W o (and nore

typi calﬁfﬂersé %\%\gnfl{&) % O'anf]l 5 W 051 8P the FiaTE %T‘rsac]tfl%na’i‘g Pypi 18 y

silica. adwarttweget hiorfd ehbedletmcilrbemu\eers ahouatc 0110 wgplcte@ﬂllp Al_»té%geslc}ifs\,\,; he
a eas o)

t al | il
]Elppgf 2% d;/lacgtdﬁoeas%fc%{%[\; ?m%"f“\“/tﬂ gYsE"'Fr c’:t“leon LS TN déh s de I n
the fi rlsiwdwittfmtnmhaferﬁisllb&t weﬂeaboat 001 rwi,0 5aReH0 3 W= 1Ofe Hh &y Gpar se
ica. Inthe 7 E-3436 third enbodi nent, from

fractlonlsty a]'e%
about (‘)"fowlojtcoa %? an 0.5 w o of the coarse fraction is typically

silica. Pr ef’l@r;ﬂhiaa. tiheréavedatehel $iMeefh Yz “ﬂufge&aflék;e bR MBkE @
slip. Th/e oqul % ca)rl er. js preferably deionized water

© silica, whereas typical untresated coarse silicon

15 carbide feed has only about 0.4 w/oc silice. Similarly, typical

treated fine silicon carbide feed has less than 0.5 w/o silica

(typically about 0.4 w/o), while typical treated coarse silicon

carbide feed has about 0.0l w/o silica. The reason for the

higher silica level in the fine fractiocn is that silica is

20 present on silicon carbide grain =s 2z surface phenomenon, and

fine grains have a higher specific surface area than coarse

grains. When substantially eqgual amcunts <7 untreated fine and

untreated coarse SiC grains are ussd (which produces a raw

batch having about 1.0-1.2 w/o silica), about 80-85% of the

25 silica resides in the fine fraction. Treating solely the fine

fraction eiffectively reduces the silica content therecf to

about 0.4 w/o, so that the overall silica content of a raw

batch comprising treated fine and untreated coarse silicon
carbide feed is about 0.4 w/o.

30 The raw batch used in the present invention typically

comprises between 40 and 60 w/o (preferakl:, between 45 w/c and

55 w/o) fine grains having a grain size of 1less than 10

microns. Preferably, at least 80 w/c of ths fine fraction has a

particle size of between 0.4 and & um. iiore preiferakly, the

35 median particle size is between 1 and 4 um, most preferably

between 2 and 3 um.
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5 and generally conprises about 12 to 16hwSbeeofiastBhen Repleéeds. Conventi onal

defl occul ation additives may al so be used ml ﬁmn m!m)ﬂ!‘e amount s.
t

Preferably, the sli pr:i_\sdsvs@;.egﬂgsggwour nto a plaster of
paris mol dvapei4all ow n’g‘btt%‘,“s‘ T 0 'cjst agal nst e f aeqnabyidsgs ol d :
The resul ting green body FbF gﬁv a bul k density of between about 2.60
g/ cc and 2. 75Tgkcraandbat dhowl qoi tfp hedldi N Shp eNgd & ©Etdéeheadt 2500 gosi .
Its pore,sizes_ran rom0.1to 0.5 mc¢rons, with a, nedian pore size of
about 074°y pﬁ%FeQaebinr &gy, 4§t h‘%? r &8¢ body V4O eG]AHSH | PFEANEN a
cycle inavifgng paktiele sdale aif abotd dHH0 $HtAiIPEAsC pRderran1dl Jar

at nosphere of 8g)gout/ 600. m]litorr. Preferably, the soak is undertaken in
the 1808°8SFo £HoB/ @ CdnpEPat $P8 158n gkt 3Gt @1 phéferabPRIitA cle 38 efi o
200G C petpeeat gpeunangd. 15gpusal 20 dry shrinkage is between about 0.02%
and 0.1% (nore %égl leﬂ |y between 0.04 and 0.07%, thereby %/i elding a fired
Si C body havFR§I&aBMErty EBE béBleePatddh g/t abee2. Brasert ¢ jprveatipn2. 6
g/cc apfns2s¥h HLmtiay 6Fi RilGRYn NGarbSde UgSSins WL M eaBLLLRY
uncracked recrystallized body has a roomtenperatdre 25 4 point Tlexural
strengt heBfLat OF ch¥Ee160 kPR pRPpFEALFS - béPWEERE180bRBANERES1 76 EMPERStand a
1350 C §puk7B0iiRhdf bexeeahpshr 8091 R, g fott theagtnel -

(typi cal I.i/_?t;et \5\/een l1:?20 MPa agrqd 17%?%!533) g.g ??g?a\?gr 58% E%FS g?%g@?gn s
typital $¥ bepPRecar®igdeand B ybhe3dirst two embodiments, between aBXANPLES

F fw | | unl h i fi , h
or eaci, of whe g veﬁoseén@u;nofk?gl ?gﬁggﬁ@z%ﬁv&@ﬁ se $peeLfLed. o khe

fol | ow nz standard procedure was ‘ I con carbide mxture
conpri s¥Ag) 528y ehe¢ | Adngi | §rant e biide hdiasd lav nedhipart ilol etlsd zehokd

bet weeng 2 888man Pl CiSve A daB8uB5 W1 CQALSE s | b?gn v%/?]cfeb. de havipg a

particle size of between 30 and 150 T crons was usé I'ne silicon
car bi defhadt4osi | {ga eymientlyf siRicod. 2.0milemEnd a it edeastbol scont’ent

abot 0(3r20:1810 3cWiRasthidee JAS GoATSR SLLLeD farbids, had a;5iLiga

carbide. In the first two embodiments, between about 0.01 w/o

and 0.3 w/o of the coarse fraction is typically silica. In the
third embodiment, from about 0.10 w/o to less than 0.5 w/o of
the coarse fraction is typically silica.

20 Preferably, the raw batch is mixed by a liquid carrier to
make a slip. The liquid carrier is preferably deionized water,
and generally comprises about 12 to 16 w/o of the solids.
Conventional deflocculation additives may also be used in
appropriate amounts.

25 Preferably, the slip is dewatered by pouring the slip into
a plaster of paris mold and allowing the slip to cast against
the face of the mold . The resulting green body typically has
a bulk density of between about 2.60 g/cc and 2.75 g/cc and a
four point bending strength of at least 500 psi. Its pore

30 sizes range from 0.1 to 0.5 microns, with a median pore size
of about 0.2 um.

Preferably, the green body is recrystallized in a cycle
including a 1 hour soak at about 1700 C to 2000 C under an
argon atmosphere of about 600 millitorr. Preferably, the soak

35 is undertaken in the 1800 C to 2000 C temperature range, more

preferably in the 1900 C to 2000 C temperature range. Typical

10



rargi ng f&¥14431t0 0.24 wo. Thisp| RLEH U s mixed wi POTABYUISOIR W O
to 16 w o water, about 0.25 to-i—6 + 1nder_; and an appropriate
anount 8FYdeTHOEEiaAIR | hf H§dmeeno Fnuh a0 s02D. aThe Osllitp (msre h‘eylpcgogﬂégl
into a pkagiken ob.parish® omhd,and.de r 1y sy pduce. L egn Jbody |

havi ng Pﬁé%%tsehgpebog a part of a)di ffus)l’[\%ﬁﬁ cg%:?o%ielﬁgo %{hef%f%%n 6ody vad
fired i hagigionter Apgséyel efwhbeteer| @déd o & GAmilndt.8 rghpe t otgazb?gallwo C
for 1 hegug ip,ap arLgan at pyYsp 1,09 & 600 mllitorr, vacuum :
EXANPLEQi%Thlaé“%xaérrglge g\'/Z?ua g%lgt @ée fes(a:ltl%of TS Hg'd a\hspo%ﬂélds havt R§

di f feer enessiltilcg commatisedndedi¥§eakbt zpar bodle hsaiSZ%.r@&g Sézﬂp@g@dgb@dy .
was nade i st | ccordance with the standar rocedure_and sintere
cr acki ng \/\gcs>§§|pspﬁjg%/!’ég.k‘_’lfil V\%Ee%e g&tlheogte?rrda (Tal‘si“neqioBachSn WB¥P} epta¥ed
with a heteepur & 40 ePd rawcdi DNO hEPaNg anai bi Q85001 efduPfp @MY D1 dxWi 91

'. | Sili f hout 1 wo to about 0.4
W oy, OFRERG g o FAPRAPEd =t L aanct hol o0 HEF. (GAiseddaris toeacl 30 n

was rephkiaaechind t h78 MPEg pules cagesaghbr geineons 20e havi ng A SillFarcopient of
only 0.01_w o (thereby reducing the total silica content from’about 1 wo
to %Onoug'é. §n\‘i€7/c?) Ybut cracking was not elinnated. I'n another trial, each
standard fraction was replaced wthgkhgpipse pure (i.e., less silica)
corresponding fraction (thereby reducing the total silica 25 content from
about 1 w o G alRftR 002 hP6) S&irdedckisly WAk brileknatwd.ess Tieneegibes of
these stpdiesiicdi cate the 18kkihgd SN SNy Ogrhésd%%eméﬂsod&gp@&%.appﬁafs
mainly in the fine fraction) contributes to the cracking problem

silicon carbide mixture comprising 52 w/c fine silicon carbide

content of about 0.3 - 0.5 vv/ofzﬁm& @.Hgg‘w,eg/;gaggmn‘ content 8 E- 3436
e g%a

15 having a mean particle size of between 2 and 3 microns, and 48
w/0 coarse silicon carbide having a particle size of between 30
and 150 microns was used. The fine silicon c¢arbide had a silica
content of 1.2 to 2.0 w/o and a free carbon content about 0.3
w/o to 0.5 w/o, while the coarse silicon carbide had a silica

20 content of about 0.3 - 0.5 w/o and a free carbon content
ranging from 0.13 to 0.24 w/o. This mixture was mixed with
about 12 w/o to 16 w/o water, about 0.25 to 1.0 w/o acrylic
binder, and an appropriate amount of deflocculating agent to
form a slip. The slip was then poured into a plaster cf paris

25 mold and dewatered to produce a green body having the shape of
a part of a diffusion component.

The green body was fired in a sintering cycle which
included a 3 C/minute ramp to about 1940 C for 1 hour in an
argon atmosphere having a 600 millitorr vacuum.

30 EXAMPLE 1

This Example evaluated the effect of using raw powders
having different silica contents and different pafticle sizes.

One sintered body was made in substantial accordance with the
standard procedure and sintered cracking was displayed. When

35 the standard fine fraction was replaced with a more pure fine
fraction having a silica content of only 0.4 w/o (thereby

11
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Concurrently, a sint s_made in substantial 30 accordance with
the standard procedu eTHlSMEF H@E fine fraction constituted 100%
of the silicon cafbide.REP:. . +p

sul ting bodi es displayed no
cracki ng. wihd&i4sul t 1n dal nature of the gﬁ{,t,ﬂ,@l,ﬁsogbz%

di stribution of the raw batch contributes to the cracki ng phenonmenon

EXAI\/PLErédiIhnngRhapl:etatLudLedlcbheoelftfeen;t faford RRUH anal Ay PRIk d e, 4 aw
bat ch V\M,Ig{si I| Si ntereJ(_jJebod es were made in substantial accordance

with the Standar 5klrn§cewd?.lsre Beeptethat AW EIRE f FRkahnd thsarsf@ndand i ons

were repbared \griahut heabi gfe;]?lacedf- 3ih ptHleﬁd’ref lréﬁfrbgnéoé.@%%g;ﬁﬁéo&rl?&ggm e
1, and fhe. hi gh puri.t ine fraction was then calcined in o a
its silTedt E%g?e%flfl é é’ﬁ%ﬁn 4% VIR Y o0 abbut/ @, dtiesepyhaesineing Singy t he

totesl stbtad ednteat adntdre: gfﬁ&g a%éltf r;%)rm,ﬁgo% Q%Wag?t%rggg?ltng%@
Th lting sintere odi es displayed signific
These r%’é%?{‘grslgh&ﬁsgﬁé?t eﬁafr\épagﬁd, cal®oRrehbess taHﬁcﬂ/]e oeschy @qarmcianei raw

bat ch | eadstieni nWa%aSJ%bl(H@é‘cklﬁgthnth@enfdﬂeecbxpp@y( 9%?@ Witk 4yh
results of ExarTB critical |evel of about wiofota Si |ca|s

r eveal ePLEHSPO %;3236fractlon (thereby reduc1ngExAmpLEt@t§ﬂ|ssgﬂanpje
st udi ededhee®f f eebonOfaiiy O RY d h€o \Aéﬁ %, éhgfgl)eregi g%é&k%& AL

distribution of the silicon carbid res9nere
madd iftinipatedti allhs m%ramc@fwtmsphestsxcammqummumg eddepta t hat

the coaé$®cent of the green body (which appears mainly in the fine

fraction) contributes to the cracking problem.
Concurrently, a sintered body was made in substantial
accordance with the standard procedure, except that the fine
15 fraction constituted 100% of the silicon carbide. The
resulting bodies displayed no cracking. This result indicates
the bimodal nature of the particle size distribution of the raw

batch contributes to the cracking phencmenon.

EXAMPLE 2
20 This Example studied the effect of intentionally doping
the raw batch with silica. Sintered bodies were made in

substantial accordance with the standard procedure, except that
both the fine and coarse fractions were replaced with the high
purity fractions set out in Example 1, and the high purity fine
25 fraction was then calcined in order to raise its silica content
from about 0.4 w/o to about 1.2 w/o (thereby raising the total
silica content of the green body from about 0.2 w/o to about
0.6 w/o). The resulting sintered bodies displayed significant
cracking. These results show that a total silica conten> of
30 above 0.6 w/o in the raw batch leads to increased cracking in
the fired body. Together with the results of Example 1, a

critical level of about 0.5 w/o total silica is revealed.
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THIS SHEET HAS BEEN .. o il
fraction radual |y r‘epl acREPLAGEDh an F240 f'ractl on characterized
by a'free Wgrgﬁ’dg #lont ent of : di-an-particl e BCHESHTISABoUt 40
um The resulting sintered bodi es showed _ decr eased cracki ng frequency
with increasing 10 substitution, WYHEME &racks appearing when the coarse

fracti on hadTatis eﬁ&im;?ll% ObttheeqUBSE tatac tF240 ROVHSY i nEOWeery, - 1hen
this F24Q fraction ngtl | aced with another F240 fraction"having a free
0%

carbon &&nt ERE oP1 BECUFLS t Fbz¢i ks o ekl oni spf aytee craickd arep

These resibligie SB@WdEQat 1”’(ﬂé/ré]<15 DR QW ﬂ@rtshemé’&ét Ifrlle si antial
di stribution of the bi rmdal m x does not solve the cracking problem They
al s0° suGFESTIBRGE Mediti e tHeardard car oerdtevel exﬂephetgtaanctared c:m—atrs;@
grain (whizehiics ab@élg 04123 w co cti by . 70%
provi des g crll tical | evéJ gga%ri e %aé}{)oén&?dabogg‘ﬁg gg)lgbou w/o)
bel ow V\:ﬁll'léﬁa@ltﬁél%lzﬁgl by @sdare slinpopr evertead. OEEX/@I\IlBlﬁEwZI/ ol keirsd E«zxamlimL
studi ed fifecd d t i articl.e size_ of, the . cqar rain
fracti onta%l%tlfeGr edl'go |°§st%\uie§{gc nEQeW o sté‘r?ﬁuﬁecmc,gco?ﬁ%nie S PR
standar éhpiwﬁdedur@emée@m t haragbinbe cdaresmer@act i oniths sdrreeneds iy
e AP ox-Xe] AMof ng thi ducedthem&wan artlcle si ze hy. about

(r);p(y ill\%?/g\?ért‘el%tltﬁe rgéutl%t ?’r?g g%r?tkgr EGP5E4ES LhGNe c?ré:é’lﬁrr?g i'Z”aflei'n*sm"
resul t hgdi At lima(sa:t g% loef itheufshibsitdnay caf Falme@om@etrhe mfhtéxﬁéxe Skth
distri bgééi.on he. coarse fraction i (gduqe cracki ng
EXAMPLE “5*Thi § r?pﬁac%t‘l b ¥Padi EP1FeEer et anPﬁbéﬁtu%%‘h@l VTS IRP t he

raw bat hhv\tm'gh 3| lfirces @arbbnExedidtent?. ofS sbered pad eeq,yg,eret}qr@de: 44kg
substané g acc rda ce with the standard procedure, except that both the
fine and®€d&°se“+7R ‘?Y%ﬂs St 13"§ rep BRIRI et ltfe RRGH phiraty SRy ons

setiout nafrbxanpl ecde @aGticWeo, sV aidrdibuw:anf i He inld CgiNBgaRdded, to
the raw.batch in or er tg rai se |ts total silica content fromabout 0.2 wo

to abouf°%52 %, S% SwFBCarfF a5 ng Proeiyiect | voley. alsmespggasti tat
si nter edeblodiiay dilspl ayed shebbhi QaRte1CrACKEAE: standard coarse grain

(which is about 0.12-0.24 w/o of the coarse fraction) by about

70% provides a critical level of free carbon {about 0.04 to

20 about 0.07 w/o) below which cracking is essentially prevented.

EXAMPLE 4

This Example studied the effect of reducing the median
particle size of the coarse grain fraction. Sintered bodies
were made in substantial accordance with the standard
25 procedure, except that the coarse firaction was .screened to
remove larger particles and this reduced the median particle
size by about 10%. However, the resulting sintered bodies
showed cracking. This result again indicates the insufficiency
of altering the particle size distribution of the coarse

30 fraction to reduce cracking.

13
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11 E- 3436 These results show that increasing the total silica content in
the raw batch from 0. Zie 3% g,mggi’fhgﬁﬁﬂ .2 W{ Od' I eagisnteos: P;:ggaagg sdded

i i i nter oy | nugsepar at e studi es, )
Fo o raw DR S B a0 Trhe 5 C ponder . O ackinagnasnNGs
observed. This finding further indicates the binodal nature of the particle
size distribution plays a key rol e PAAMREEcPacki ng phenonenon. EXAMPLE 6 10
Thi s Exanpl elistsidieachrigiee effieet etureteashoy 4 fe. per %b%nt ﬁg%egtciyﬁ%&f}' ne
silicon, carbide fractiqn in the raw batch. Sintered bodies weie _é(ln
subst arﬂqpa\llngacgg?dgﬁé’e%ﬁ?%‘ t N&t8t &ideic@ prastetinr Exampdept2 t haSinhe riidne
fracti arodiass | kereaseid r oM BABYLA S P éé’%éf‘d%é?e Ig%hr eér&’étgggB§'8§tﬁ,§reed

i h bout 15 as_much cracking as bodies produced ih accort
\t/)up? Ut RFaRe a%'gu%?%%dﬁhé? bothhéde fiswuland chamset fadctsogai Wieeant
i ncrea lidvddewitREes heon; 9es: MOk . aLL hgtg h Lar.t| cle segre ?.tl on
phenorre&?ci)on to the extent néj%g%a t'o p¥¢v5nt .ﬁg‘red Strta&‘%ang‘.“ zéxampge !
EXAMPLEPE MbdFf Ped Siti{@r PRE ycvée vidne Mnﬁe@aaadﬁaﬁan&bﬁlﬁ rarv
nt r olda ts SROF | Zat § i i SQC Wi car bot her ma
?gduct iHcc;:ir‘;ﬁgl]c Jjs?lielc?/ca. I%@pgfﬁééu a%,e;é% gr%’é%l?% ecﬂ%f:ﬁnéegﬁﬁﬂt 2bopEgficéd
ranp r&/&s tandPeRtnded i ahed & gero 25nda6nﬁs:n11g:r,e ﬁlﬁ;’p&ﬁyﬁ }@,[L?t,ed];TheThese
bfi i ; ffect,.qon,controlling_the severi 0
(r:nr) g?:k: %@@ﬁg@gﬁ&ﬁﬁa@gﬁ% < htgrh%(?éLlayg Rar g&ﬁggrf}&taflct}n 6F agéllB@t ed
coarseTi i Kndpwihew phatudecsiensengd thraddtag VWiSL ibulesdakems in

the raw batch from 0.2 w/o to at least 1.2 w/o leads to

increased cracking in the sintered body.

In separate studies, fine silica was added to a raw batch
15 containing 100% fine SiC powder. Cracking was not observed.
This finding further indicates the bimodal nature of the
particle size distribution plays a key role in the cracking
phenomenon.
EXAMPLE 6
20 This Example studied the effect of increasing the
percentage of the fine silicon carbide fraction in the raw
batch. Sintered bocdies were made in substantial accordance
with the standard procedure, except that the fine fraction was
increased from 52 w/o to up to 58 w/o. The resulting sintered
25 bodies showed about as much cracking as bodies produced in
accordance with the standard procedure. These results show
that significant increases in the fines content does not
alleviate the particle segregation phenomenon to the extent

needed to prevent fired cracking.
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30 and the results were conpared i;vﬂﬂs SHEETa’rASCBIEﬁtheri zations of other
coar se fr¥aQ9Hdltknown to have prbducedRERacEDked cpnponent BCT/T8L7/18033
characterization included particl e'§Tﬁb‘e“aTra'I-ys-r-s-ﬁaur| ty analysis, phase
conposi tion analysis and thernal actqwé?mflcm 7anal %S| S. Tﬂe re;sul ts of thi ?
conpari son 3 e erence meen t hese two groups o
co;nr)se fract?gﬁgg\%%é %flbﬁgrilb é’Jcar weI‘évesIs ASDRr e uf ameahe E’%arse
fracti oﬁ@n‘asgbéiQGedthﬁt hV@P@cmzriqshomﬂdfﬁedﬂm:gherﬂi;ﬁ@e gashonyt enel Lhean

t hose t l 436 EXAMPLE 9 Thi s Exanp

st udi egé% %% %’% %éﬁ%oém{efo%gggh lé\}ecraagef?)aptalrcﬁ*é: e |h“??1ém?iih%‘-e
fracti olmolc$| rEgien ti s, knevi/ncehatrampnr@uedsgreﬁﬂi\c(ijstdlﬁﬂﬂ#é”s ceyl (itl-%e gxgeat ed
to inprove th reen s_crack resistance during firing, e greéeen
strenpt RSP PRE E: BT Sty hATEdhandid 1 TegkALFRGIERE SiSivRatr R
grai n (mbiebfbas an avaragelpagt itelee sehag afy Qbo%re?c)gwr_ﬁl%crons) Wi th an
even finer grain (which had a subm cron part I cle size e bodi es having
the finer particle size did not exhEBPMEEF 0 decr eased frequencygof
cracki ng. EXpMpbECAQ Fhigs cﬂ?éﬁ‘(mﬂaei séwgli-ede L he SEE%YJ% = &@T Q0
addi tiops. Fine carbon having a size range of Zbet ween E?;ﬂeand (2‘005%12/
was-Cad deER F i AR ukCOYT  BBolRTARUESy ipbeaBdutcr I5ing OW@fS 115“deh‘eakeaw |
bat ch  &fq ehandasdcti NereaRnpaoatse: (o A . e Lesulting. siptece
bodi es in each case were totall mp devoi d of “cracks. E 117 Thi 7 Ex8hpl e
exam neRtR®ht r 6PRFAG tﬁéapﬁé@néarH@HNW9vetO|nnav produced uncracked

components. The characterization included particle shape

analysis, purity analysis, phase ccmposition analysis and
15 thermal activaticn analysis. The results of this comparison

revealed that the only difference between these two groups of

coarse fractions was in their <free carbon levels. In

particular, the coarse fractions asscciated with cracking

showed a higher free carbon level than those associated with no
20 cracking.

EXAMPLE §

This Example studied the effects of lowering the average
particle size in the fine fraction. Since it is known that
improved green strength could be expected to improve the green

25 body's crack resistance during firing, the green strength of
the green body was enhanced by replacing the standard fine
grain (which has an average particle size of about 2-3 microns)
with an even finer grain (which had a submicron particle size.

The bodies having the finer particle size did not exhibit an

30 decreased frequency of cracking.

EXAMPLE 10
35 This example studied the effects of fine carbon additions.

Fine carbon having a size range of between 10 m2/g and 200

15
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20 both the fine and coarse grain fractions. To this end, coarse grains
having a free carbon content of about 0.24 wo were madﬁ into a bed hEYI ng
a 3 inch (8 cm bed an TMRY §HEAT Gk 600 C for two hours in air. i ne
grai ns hawvogs/fssir ee c‘ar bon rGaf '_t,‘e;t_:l;i %5€Nabout 0.3 w o were Sl’d?(llls%/h%ss

cal cined. The coarse 25-eaJ_§igﬁ d-df ai ns were found to have a free carbon
cont ent maf/ gowbky abialeld @n0GmMuaLsaRed LRS! Be 1031/ red 9L ]ing had .ofg; :
car bon 1antent of less than 0.05 wo. Firing the fine calci ned grain th
standarg BoaF8¥ gParm8 dré n%?a%%%ﬁ\ﬁa@m?rpr@@mﬂans;crgiﬁqm. !'ﬂamevteL;3
when t heesah ek Agd QAR ONSH di%e S81 s LSt apdar g, £ine gt ai ns,
resul ti ngeg si nt erged bodi es were fr'ee'.goggtc::ir’la?%ss\.gl f%erses%s?%ﬂjﬂa?eggégng of -
coarse ©hRBES- containing inclusions is believed tﬁ Ee t he pL|nC|Pa! rgason
for g he desirable results obtained; by tfye yaw batc avi ng the cal cine
coarse fraction. 35 . EXAMPLE 12 Conponent s
were sint er edhwst Bxeapleusxamibedacponsodll ingo themfeeei ab_lrljbog?/alekrélll @nfi ne
silicon bi r nd . onmer ci al vai | abl e coarse

sili conbgglrabitgl% %ﬁr%ﬂ% gﬁ%r%: a“gﬁé\/\&é@&l tlgnrsévéllacile Jc%afngacﬁo_arse
conbi nagrahnashaying a fEeg486rboar senpewtenfDabbaved.eragkionge rehinhgecach

conbi naj Si : owder C showed no_ cracki ng. Physi cal and

cheni cafﬁgﬂarga(&?tegr %%g’{l?%n%o t‘vr\}o“%co&?s c%f ;léeccfi?fhé ERdBHGaRednaEr £ARen,

i nclioudi Gig frar t iteloe Bhape amal wdirs, pjlmétygrtmaih syShavlitEgph?stthce@Tp_ esirbban
anal ysi t tyvation analysis. The. results o I S

char gctc?acr)rllgg Fo%%;%v%ggt P}é?or‘ﬂ/)? (R réﬁ@éI?SlBe S ifege cBRPoRCREPEI . | n
parti cwtalcingd guarise peswer fBuqdhitd ﬁéedu%edfﬁéélck’slac&:%)oﬁh&\/ﬁ&leh ratd hggge;] .
free ca&pﬂrfl la%‘é%'t (Oa‘t%pé.ltw})égoanvv/do)thtehapi coar se powder (whi ch produ

ne calcined grains had a free

carbon content of less than 0.05 w/o. Firing the fine calcined
15 grains with standard coarse grains did not show any improvement
in cracking. However, when the calcined coarse grains were
used with standard fine grains, the resulting sintered bodies
were free of cracks. The substantial absence of coarse carbon-
containing inclusions is believed to be the principal reason
20 for the desirable results obtained by the raw batch having the
calcined coarse fraction.
EXAMPLE 12
Components were sintered with various combinations of two
commercially available fine silicon carbide powders A and B,
25 and two commercially available coarse silicon carbide powders
C and D. The results revealed that each combination using
coarse powder D showed cracking, while each combination using
coarse powder C showed no cracking. Physical and chemical
characterization of <two coarse fractions C and D was
30 undertaken, including particle shape analysis, purity analysis,
phase composition analysis, and thermal activation analysis.
The results of this characterization showed the only difference
to be the free carbon level. 1In particular, the coarse powder
D (which produced craéking) showed a higher free carbon level

35 (about 0.20 w/o) than coarse powder C {which produced no
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10 cracking and had a free jcarBov-didviehS &kinfjout 0.02 w o) . This finding

i s consi sEACBA#4Th t hat shdwn_i nPERAREAD: 8. EXAMPLE 13 Thi s PExaispt/most udi es
the effects of sedinmentation UPON MEE=rarbon. Coarse fractions known to

produce S&raidne Wedehds ubjeas edarbosedenent ati arhowhed edn whe) pomtdrs i s
[ oated ANJGIL: s Adhi Do dResyLndLhLEr ERER, DELVEER, Lhe garbon and siiicon
I e

carbide particles is used to separate the carbon fromt silicon carbide.
However, it was found that the powdd*AMEsuUI13 ng fromthe sedinentation did

not |ower the,gracki f ney.  EXAMELE 14 This exanpl e studied the
effects of tﬁ‘éﬁt ypé”x%%p %neggggg?)% adifed SESCRE r& bsa‘tcg‘g%)er}tr?“p’eﬁrii SBeEy
bot hs caflrer tadkomnd Culdmiaat raat bons wehewadaded giodave bai §8RSn§Nware

manner %Sb.seut%setcanf;i al I%y..si m | ar. to thgt of Exanple 10. _ The results
i ndi cat 84 PITat- ol F8i A M Hoh- i t FBRECHBg TS oPRYRAT ndtSe Ererkedgoat
addi ti veatess! s aofd ordne 0.c2n¥icy Wil GarRen Beadledeganet 0 akibBhnatgqy
cracking.l.evel s at col | oi dal carbon was nmuch nore effective

. 0.§ W 0. Thl.is,
in elinPratidty rRERLEhBATIESISS Caf HePe®| SOk SCPRARMIEE tE Taa Ebex afigPe

eval uat ettet hei ficod BaGbasle UCt HbRedbrValiiOUss st 2965 40Tt Hte siot éEFJBQrs
cycl e. Since previous dilatoneter studies indicated a drastic volunme

i nct®asé& SSENFYY h&TPENge of SEslimead@tdqry 4800 Gt Lhweni ditust custkios of
conponemtrs ofeh up to 1400 C and to 1600 C was studied. The conponents
fired up to 1400 C did not display cracking, but the mcrostructures of the
conponents using coarse fractions kHE&SMIERLE grioduce cracking were found to

contain |ar9@.“h(ijs50e'§iaﬁl'b(3.® SRR9BycopL &l rgf]f%c;ltéls of the type of fine

carbon added to the raw batch. In particular, both carbon black
15 and colloidal carbon were added to raw batches in a manner
substantially similar to that of Example 10. The results
indicated that colloidal carbon additions began to eliminate
cracking at additive levels of only 0.2 w/o, while carbon black
began to eliminate cracking levels at 0.5 w/o. Thus, colloidal
20 carbon was much more effective in eliminating cracks than was

carbon black.
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E- 34F:r%h]S o fias. e Repl ese I ncl usi ons general ly contai ned about 20%to about
40% si Eﬂmum “L ~era-Rrder—bermg—efar bon. When bat ches having | arge
carboj M JHISSHERT ¢S BN $e fraction were fired to 1650 C,

t he gr eenWspeiddiinhi ch had fRERL"SEBar bon{addition did not Gk g,sghe

car bon-cont ai ning i nclustrons Therein were not converted to SiC V\:hl e the
conponents which had no fine carbomExdtiis s were cracked and the

nverted to SiC. Mreover, the
racks |t Lo e 008 L 0Eed et eS8 FREF G FeRs Tuppe area Rg Gus

origi n@@qrriecﬁelt;hat stthéecanygerdyesl ¢ ncl usFQﬂ&e Bwtﬁhdﬁl a@lg@%m\ggre%b .
found t I 0% abput O%S I con Wi e renmi nder bein
car bon. st %%ei}}%gu#%és oé\f?%act’}ll 8L UBE| ﬂn95‘|3ﬁﬁ% BRPHURSI Shecaasee o
conver si4f0 of the 1(6@r0bcm-c0ﬂhﬁ| ?nagoblﬂ@huahegg tox %Efﬁlm _?_hﬁegrg f:gl
stress |n een b c eads to crackin IS ex

stud od r A0 BEaRBE B ik ¥5 aspaatanth | ETMMBANLONEAFARNGD

el usitansi 408 gb pudi hptguaphilbhy Wi ieW)d dur 150 L&méfagtgﬁgegiéss'o'f' con
car bi det nortar and 20 estl e. I nclusions in the ambunt o

0.2 w o MerFRAGI D 1P Datdess cHRFFEpRy koavsetorarofuns kngwhlng
produceveticr goked skot eceficsonpanas Witshoul; Ei-pR) caﬁgogogdd%hggn%

one case v{nerel n the sel ected coarse fraction (which a frée car
contfent16¥ TReqp o) Nk SRRSN %lﬁlbalphodgeet&ehatil wdont i28%eto

cr acki gpoddhe 4@%pa§ileeban0&¢1€}he t4R0" enQinGEACkOgn I UL L IG] eased, dgpant
concen ratl I n anot her case wherein the sel ected’ coarse traction

(whi ch e i W%rﬁ@fﬁo%fc%mﬁnm@&m\ztb\)sms knowhnEOcpamdece no
cracki 'ﬂ:adﬂl&:rﬂcmﬁde bei ehest o pgygee, crtﬁekgr}% gh Jenaead d 3 ad ' Bine
severity with i ncreased dopant concent rati va |on

ni cr ostTAFRA es2ddEhpRd didat nO‘éra@I@Ckorlagumat@tb f¢@nh>cnﬂaentedn1ng

i ngbusiioNS.ysicHeseH&sld s ol gar ly,show the tobe of Cglé)?n SQQS_Q‘I nlcgg

inclusions in fired cracking.
components which had no fine carbon addition were cracked and

the carbon-containing inclusions therein were converted to SiC.
Moreover, the <cracks in the components having converted
inclusions appeared to originate precisely at the converted
20 inclusions. These inclusiéns were found to contain about 40% to
about 50% silicon, with the remainder being carbon. These
results show that the solid volume expansion caused by
conversion of the carbon-containing inclusions to SiC causes a

critical stress in the green body which leads to cracking.

25 EXAMPLE 16

This example studied green bodies intentionally doped with
large carbon containing inclusions. High purity graphite was
ground to 150 um size using a silicon carbide mortar and
pestle. 1Inclusions in the amount of 0.01 w/o to 0.2 w/o were
30 added to raw batches comprising coarse fractions known to
produce uncracked sintered components without fine carbon
addition. In one case wherein the selected coarse Zfraction
(which had a free carbon content of about 0.14 w/0) was known
to produce relatively little cracking, the dopant enhanced the
35 degree of cracking with increased dopant concentration. In

another case wherein the selected coarse fraction (which had a

1s
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15 E-3436 W Claim 1.:A nehﬁﬁdﬁﬁbﬂ 9_ﬂﬁ&crng ‘a.crack-free sintered
silicon ca’kfb|9alfe44bndy conpri-si-ag-tHe steps ofii5 i, a) ProMuUssNgon r aw
powder batch conprising: i) at least 40 wo fine grain fraction having a
particl éresi rexdion dasenthart 1@emtrdnss wide Waaekgbannﬂa%nﬁddutn no
conpris i:Li.con,car [ Ieast 40 coarse fraction
haUPng a@%gilhg’rkh@.gbggth@%g% Si 26 %u%ﬁ %5%? 139 %ﬁ gn§ﬁc 1§75 ¢dar se
grain fnacBe@@nxngNWEmmglscteasmocabbaﬂe aadghassqhhaﬂ OEHAAMdtﬁdﬁ*br

car bon, bhe raw batch having a total silica content of at |east 5 w o, 15
the rawtB&t cH HablTRg" & t ot af siTi ¢con carbide SRS o?réglP@5§F 965 X#®. b)

fcwrnngcbheemawdxﬂnﬂlusﬁdnﬁ.grEHastQ¢sudﬂ§<81eafﬁ$ry§é@|£hél&%let$@
green pravi de a recrystallized silicon carbide body having a

denS|tyCBFgé5 contal@é@@béﬁ9§“§l§W€cl&nélfeg FEERING -The nethod of claim 1
wherein the coarse grain fraction conprises no nore than 0.06 wo free
carbon. 3. The nethod of claim 1l wherein the coarse grain fraction
conprises no nore than 0.02 w o free carbon. 25 4. The nmethod of claiml
wherein the coarse grain fraction conprises no nore than 0.01 wo free
carbon. 5. The nethod of claim1 wherein the raw batch conprises between 45
w o and 55 wo fine fraction. 6. The nethod of claim5 wherein at | east 80
w o of the fine 30 grain fraction has a particle size of between 0.4 and 8
um
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7. The nmethod of claim6 wherein the avererHﬂI I [ of the fine
grain fraction is between 1 and 4 um 8. ,* Bﬁmjmuu,lmnﬁl aim1 wherein
the raw batch conprises-hetueen 45 w a_and 55 w'o an?se*fractipn. 35 9.
The met howaonds/ieéiai m 8 wWhekiSi SHEET HARKBEERD w/ o. of the coar se@gdodgsaCt | on
has a particle size of betwe@gpehcemd 150 um 10. The nmethod of claim1
wherein at least 96 w o ' - fraction is silicon carbide. 16
E-3436 11._..The nethod of claim 10 wherein between about 1.0 wo and 3 wo

of the ?ncelagfr%in fraction is silica. 12. The nethod of claim 11l wherein

bet weerl 1.5 méithaddf@rSpwbauoinghe ticaexgiraier fshatd e isy18iddtaarhikd The
met hod of .claim1 whereip at |east 96 w o of the coarse grain fraction is

sili corPI¥ bi GEPIHSTHE TRt AbBPST ©&Fai m 13 wherei n bet ween about 0.01 w o

ands0.3 W o #f pheviephgeagrainpbhaetki 8Ath Sohiptdsikly: A raw batch
conprising: 10 X i) at least 40 wo fine grain fraction
having a particl® @%el6fst | &8s Whan e ereds, fractipne hpuing a

fraction conprisipgreiti&onicy bbge, iligssAt théﬁsf[l(ffom‘é’/c?o&%"’,‘r SEnd’ File
fraction having a particle size of at |east 30 microns, the’ coarse
grain fraction co®priRi hgastiPRoRORREBPdRIaRd Licon Caalitler0 W o free

carbon, the raw balphahavidid k9t al/ooi Lheascogbant, of ALcd §25ha0: RgWe0:

the raw batch having a total silicon carbide content o _
at 10east 96 w 0. BBLLIRES Hidafat OF oftcllBartls fhemdnonhe cae seogmaen

fraction grain fraction comprising silicon carbide and less

than 0.10 w/o free carbon,
the raw batch having a total silica content of at least
0.5 w/o,
15 the raw batch having a total silicon carbide content of
at least 96 w/o,
b) forming the raw batch into a green body, and
c) recrystallizing the green  body to provide a
recrystallized silicon carbide body having a density of
20 between 2.0 g/cc and 2.8 g/cc.
2. The method of claim 1 wherein the coarse grain fraction
comprises no more than 0.06 w/o free carbon.
3. The method of claim 1 whsrein the coarse grain fraction
comprises no more than 0.02 w/c free carbon.
25 4. The method of claim 1 wherein the coarse grain fraction
comprises no more than 0.01 w/o free carbon.
5. The method of claim 1 wherein the raw batch comprises
between 45 w/o and 55 w/o fine fraction.
6. The method of claim 5 wherein at least 80 w/o of the fine
30 grain fraction has a particle size of between 0.4 and 8 um.
7. Tne method of claim 6 wherein the average particle size of
the fine grain fraction is between 1 and 4 um.
8. The method of claim 1 wherein the raw batch comprises
between 45 w/o and 55 w/o coarse fraction.
33 9. The method of claim 8 wherein at least 80 w/o of the coarsse

grain fraction has a particle size of between 65 and 150 um.
This Sheet Has Been Replaced




conprises | ess than 0.06 WS ST 648 IBgAN {17. The raw batch of claim 15

wherein tWOWH4tde fracti on c®EPrasms no nore than O. 02 w cedmessrassadon. 25
18. The raw batch of cl aim 5 wherern—thedcoarse fraction conpri ses no nore
than 0.94- wFdefpeEhedr péncledm therheseinat cit ofeasni A615 /vherfeithd hei xaw

batch conpishs ens4gi o and_dh ;wLo fine fracti-on. 20. The raw batch
of claim 19ﬁmﬁ€?§i€%&\§t*?e§§f’§ﬁ“ O“Bf%he 30 fine fraction has a particle
si ze oflbetThermetodndf schaim210 #herepaw bhetheeh abaiun 20 oMkereighd he

. ) , . , he
aver age; pard ¢ SEZE.0 & Eipe.fraction.is _between 1 and 4 um 22. T
raw bgt%::'h o(iE gél'}gef %%’5’\/\%]@%2{;%?‘1@%%\/\/ bat ch-¢ompri ses between 45 w/ o and 55

W 05codrse Thacmebnod36£281athe iraw.katch, memlr=§imb225M¢ngﬁdag .Ilsggﬁ/to 80
w o of f lop_has.a particle size of between an um
24. Theél{]gcvs?%g{%ﬁe o#g%%géi fr:%:i%t\l/\ﬁ%r%?fék‘l%ast 96 w o of the fine fraction

i's sililchn Tee bhelehod of-8¥86m25. wbe=LaVabal shsof 96l @i/ 24 Whey %idé;rshe
bet ween_about_. 1.0 W 0 an wo of the fine fraction is silica. 26. e raw

d 3" . .
bat ch % TE 4@ &5 n° bt GRRCALBIGRo and 2.5 w o of the fine fraction

is silia Srhemethedresv baach 0f $hakein 1Bewheesi Apdhitl 8a%h 9B .9 Lf
28 The raw batch of claim vYa

the coayse fraction is silicon carbide. - _ Nk _ _

anpei ?ﬁ%et%%noéb{}ﬂﬁ YIS DA Brachienoist heiddarse fraction is .
silica.1529.A Adetdwech ofords 00siIChdlg a crack-free sintered silicon 10 _ca_rbl de
body, conprising the steps of: a) providing a raw powder batch conpri sing:

' | w fidte 4PE&SE f4Qcti/on Kawrenggrapar tfraetspue fving ess
”"‘"ﬂnm(liﬂﬂliﬂaﬁfﬂl pdf€ididesize of less than 10 microns, the fine
Tt v " s % grain fraction comprising silicon carbide,

15 ii) at least 40 w/o coarse grain fraction having a
particle size of at least 30 microns, the coarse
grain fraction comprising silicon carbide and less
than 0.10 w/o free carbon,

the raw batch having a total silica content of at least
20 0.5 w/o,
the raw batch having a total silicon carbide content of
at least 96 w/o.
16. The raw batch of claim 15 wherein the ccarse grain fraction
comprises less than 0.06 w/o free carbon.
25 17. The raw batch of claim 15 wherein the coarse fraction
comprises no more than 0.02 w/o free carbon:
18. The raw batch of claim 15 wherein the coarse fraction
comprises no more than 0.01 w/o free carbon.
19. The raw batch of claim 15 wherein the raw batch comprises

30 between 45 w/o and 55 w/o fine fraction.

20. The raw batch of claim 19 wherein at least 80 w/o of the
fine fraction has a particle size of between 0.4 and S um.

21. The raw batch of claim 20 wherein the average particle size
of the fine fraction is between 1 and 4 um.

35 22. The raw batch of claim 15 wherein the raw batch comprises

between 45 w/o and 55 w/o coarse fraction.
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grain fraction conprising silicon carbide and at 15 | east 0. 10
w o free carbon, the free Wbmrhavr s’urface area of at |east 10 n2/g,
ii) at least 40 wo coarse @r*a‘rn frac*fl& ‘having a particle size of at

| east 30 AY@PHI41L t he coalse gfain’Fraction conprising sil ipcausonidessle and
at 20 least 0.1 w o free carbon, the raw batch having a total
silica 2dnt Bhe dRvatbaeltod. slaim, Ahevheweiratah heusng 88 twotal %ﬁl tﬁéon
carbi de-goptent 9k abnl gast 59 5 b) _formn ther atch into
a gr eeﬁC bod%? faﬁ Eg . rgcrysg }{Mﬂ?gl% Slz?hOf P363I<-ée€r31erl g8 ?glo PPovi de

a recrystal Theegayi Ihac?-m cﬁa‘?tﬂbﬁalrbobw Wheiapna dansueta)stof%)eﬁmac?\f Zthg/cgo
and 2. C e: m,29 wherein the fine grain fraction
conpri Sfe%%tf %gfélgg %[ k; I0| af‘dcar bon. 31. A raw batch conpri sing:

i) at |&astThe way fbaﬂacfgrafncﬂaam i Wavien a patiieehe aoia of .0 WEss
t han 10ar[’ao§ovp)$? O£h€16£ ggv\g f?%{éigﬁﬁigg cog‘grl sing silicon carbide and at

35 ®tee carbon having a surface
area of2@t Thkastrd® bRLgh iif) cAkileas mhwlm mp&iegrgrla.laé %Q%géwn_z hgvi ng
a particle siz f east. 30 mcrops, the coarse - grain
fracti Wcorr%r?%ﬂgngl%‘ial FE3RELFP bt BeS iﬂcﬁt least 0.1 w o free carbon, the
raw batZh. helvé ngaw batah sifl ctaieont aft werdtid eastidhdr WO, w/o0 of the

10 coarse fraction is silicon carbide.

28 The raw batch of claim 27 wherein between about 0.01 w/o
and 0.3 w/o of the coarse fraction is silica.
29. A method for producing a crack-free sintered silicon
carbide body, comprising the steps of:
15 a) providing a raw powder batch comprising:
i) at least 40 w/o fine grain fraction having a
particle size of less than 10 microns, the fine
grain fraction comprising silicon carbide and at
least 0.10 w/o free carbon, the free carbon having a
20 surface area of at least 10 m2/g,
ii) at least 40 w/o coarse grain fraction having a
particle size of at least 30 microns, the coarse
grain fraction c¢omprising silicon carbide and at
least 0.1 w/o free carbon,
25 the raw batch having a total silica content of at least
0.5 w/o,
the raw batch having a total silicon carbide content of at
least 96 w/o,
b) forming the raw batch into a green body, and
30 c) recrystallizing the green  Dbody to . provide a
recrystallized silicon carbide body having a density of between
2.0 g/cc and 2.8 g/cc.
30. The method of claim 29 wherein the fine grain fraction

comprises at least 0.10 w/o colloidal carbon.

35 31. A raw batch comprising: ”“l"l I"I""I""III I”III
* C L M S *
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5 t‘he raw bat ch havi ng IS RHAETHAS BaENdar bi de content of at |east 96
W o. WO %fttémbd  for prioduci RGPLACEDcr ack{free  si nt er e#bcTAiSHY/(5083
carblde body, conp r|S|n the steps of . @y —providing a raw powder batch
B o2, 7o o P i

i ss than rons the, fine grain fraction
¢onprising SI|ICOH§5§§6?dé g%g fr%n10 %% 91 '] 89s THACP®S 5 Whe sfiPea,
ii) at |east 40 mﬁé»@@argéagﬁarﬁ f cactirds i h@VlB@’&cb& carbide =znparhkcle

size of at |east cmn thecgoar se grain_fraction conprising. silicon
carbi de, at | east vv/ () T re& tafbon, “ahd dt Fedst G IN G s 15 CRRY afd
t he 5raw bat ch havsngfaCteotaadeaS|dﬁ eon laardy de aantent of 20 at | east

96 W o, the ram/bat h haang % 4 silica content of less than 0.5 w o,
b) forming the raw batth 3“a g‘)re‘éﬁobﬁé?)?ra‘ﬁncﬂ%%ln FEEFFdenl 1Ny athe

green body to ppm\ilod@ sa285 seClst abhkEe @i Indicdbf=ar birde body,bavi ng
a density of between, %/cc and 2.8 g/cc. 33. A raw bat ch conprising: i)
at least 40 w o fﬁﬁ@laraﬁ aFF&EPlOHOWBWFﬁ@né patti€re srasbéfle pads ahan

10 microns, the fiLBas300.1 w/o free Wb A, raction conprising silicon
carblde and f omO0.10 wo to less than 0.5 wo silica, i) at least 40 w o
cod’se grain® Fa&ﬁWNP%EEPn&aalﬁﬁtqcF@téizéh%1Qﬁ ¢erBenBOOR cronkeashe

coarse graingfpagybon conprising silicon carbide and | ess 35
than 0.5 w o S|I|ca the raw batch having a total silica content of |ess
than 0.5 w othehBaraResstchaviviong 4otedt &l lsiddr ore taids deometend £ o0&t

least 96 w/o.
32. A method <Zocr producing a crack-free sintered silicon
15 carbide body, comprising the steps of:
a) providing a raw powder batch comprising:

i) at least 40 w/o fine grain fraction having a

particlie size of less than 10 microns, the fine
grain ZIraction comprising siliczon carbide and from
20 C. w/o to less than 0.5 w/o silica,
ii) at least 40 w/o coarse grain fraction having a
particle size of at least 30 microns, the coarse
grain fraction comprising silicon carbide, at least
0.1 w/o free carbon, and at least 0.10 w/o silica,
25 and
the raw batch having a total silicon carbide content of
at least 96 w/o,
the raw batch having a total silica content of less than
0.5 w/o,
30 b) forming the raw batch into a green body, and
c) recrystallizing the green body to provide a
recrystallized silicon carbide body having a density of between
2.0 g/cc and 2.8 g/cc.
33. A raw batch comprising:
35 i) at least 40 w/o fine grain fraction having a

particle size of less than 10 microns, the fine
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t 96 wo. 19 E-3436 34. The raw batch of claim33, wherein
raw batch_of clai m 34 whe} ®iS SHiEETWa4S sEpRYt 0. 10 W o and 0.4 w o of the
fine fracQ¥Widlisi|ica. b 20 REPLACED | PCT/US97/18033

grain fraction comprising silicon carbide and from
0.10 w/o to less than 0.5 w/o silica,
ii) at least 40 w/o coarse grain fraction having a
particle size of at least 30 microns, the coarse
5 grain fraction comprising silicon carbide and less
than 0.5 w/o silica,
the raw batch having a total silica content of less than
0.5 w/o,
the raw batch having a total silicon carbide content of
10 at least 96 w/o. '
34. The raw batch of claim 33, wherein between about 0.10 and
0.5 w/o of the coarse fraction is silica.
35. The raw batch of claim 34 wherein between about 0.10 w/o

and 0.4 w/o of the fine fraction is silica.
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