1 DENSE CERAM C PRODUCT This Invention relates to a process for the
producti on .of dense polycrystalline silicon carbide shaBﬂﬂVﬁEﬁtgtfé and the
superior shaped articles produced by the process. In one aspect

i nvention provides a new firing cycle for the production of dense

pol ycrystalline silicon carbide shapedgdrticles. In accordance with this
firing cycle, powder conpacts containing silicon carbide and alumna or a

precursor thereof ar®e first bhpRtRlckRamic PrODFRE at e tenperature, as
wi |l be explained i i[nf})gendet ajl below. ATter an extended dwell at the
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the firiAqtesmediatsORIsKAtOre]HBs MIZNT e\ elipdacihed tim|moreonpr i si ng
high denFdvail below. After an extended awell at the intermediate
temperature, the temperature is raised in a second stage to
a higher temperature to complete the demsification process.
In the second stage, magnesia or a precursor
thereof may optionally be present as a gintering aggist,
and the atmosphere is esgentially carbon monoxide. It is
praferred that the original compact containg magnesia, or a
precursor thereof, but the magnegia may be introduced
- during the f£iring cycle. Depending upon the particular
conditions, it may also be advantageous to have a
controlled amount of carbon present, as will be explained
in more detail below. In a preferred embodiment of the
invention, the first stage is carried ocut in an inert
atmogphere such ag axrgon, and the atmosphere is changed
after the intermedliate temperature dwell, for example by
purging the furnace chamber and intreducing carbon monoxide
for the remaindexr of the f£iring cycle.

BACRGROUND OF THE INVENTION

Shaped articles comprising high density
polycrystalline gilicon carbide are well known. They are
characterised by excellent physical properties such as high
resistance to thexmal shock, abrasion and oxidatien
together with high levels of strength and thermal
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pol yczystalline silicon carbide are well known. They are characterised by
excel | ent physical properties such as high resistance to thermal shock,
abrasi on and oxi dation together with high | evels of strength and t her mal

2 conductivity. It is this conbination of properties which nakes silicon
carbi de materials |eading candidates for engineering applications. However,
t he production of satisfactory high density materials has been fraught with
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aund aluminium plus one of the metals zirconium, boron or
iron. It was further disclosed that for the hot pregsing
of silicon carbide, magnesium additions and magnesium and
aluminium addi.tiqns were ineffective, and impaired the
densification procegs as compared to a control sample of
silicon carbide, hot pressed un&e: identical conditions
with no additives or additions. ILange (J. Mater.
8ci.(10[1975]314~-320) disclosed the hot pressing of silicon
carbide using alumina as the densification aid. The

ligitations of hot pressing for the attainment of demse
bodies are well known.

The selection of suitable densification aids for
the sintering of silicon carbide has been considered by
Negita (J. Am. Ceram. Soc. 69[12]¢308-10 [1986)). Using
thermodynamic arguments it was found that metal additives
such ags boron, aluminium, iron, nickel and cobalt could be
effective dengification aids. Using these principles,
alumina, beryllia, yttria, bafnia and xare earth oxides are
considered to be potent_ial densification aids as they do
not decompose silicon carbide during sintering. Matal
oxides including zirconia, calcia, magnesia are not
considered suitable as they tend to decompose gilicon
carblde to metallic silicon. In addition the use of carbon
with metal oxide additions was reported to be benefiecial
for oxides such as alumina, beryllia, ytrria, rare earth



Negita ({J. Am Ceram Soc. 69[12] C308-10 [1986]). Using thernodynami c
argunentss it was found that netal additives such as boron, alum nium

iron, nickel and cobalt could be effective densification aids. Using these
principles, alumna, beryllia, yttria, hafnia and rare earth oxides are
considered to be potenti al densificatiog ai ds as they do not deconpose
silicon carbide during sintering. Metal “oxides including zirconia, calcia,
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formati on fpsies phesd@ensification of the bodies. This indicates
that the role of carbon in the pregsent woxk is different to
that proposed by Negita and others. In addition, given the
unstable nature of metal carbide phases, £or some even in
air at room temperature, the formation of such phases is
seen as undesirable and are avoided in the present
invnetion. This aspect will be discusged in greater detail
for the calcia systen.
The work of Cutler and Miller (US Patent
4,141,740) describes a process £or a refractory product
based on gilicon carbide containing at least 1% by weight
of aluminium nitride and at least 1% by weight aluminium
oxycarbide. The presence of metal impurities (other than
aluminium and silicon) were seen to be detrimental to the
process and are limited to 0.1 percent by weight or less.
No indication was given as to the properties of such bodies
and the ease at which they can be made into demse bodies
with desirable physical properties and the commercial
utility of the process. Further work in this system was
described by Virkar et al in Intermational Patent
: application WO87/01693, where the pressureless sintering of
silicon carbide-aluminium nitride-aluminium oxycarbide
containing materials was described. A major drawback of
the process as disclosed is that the materials must be
heated at very xapid rates to minimige volatilisation of



seen as undesirable and are avoided in the present invention. This aspect
will be discussed in greater detail for the calcia system The work of
Cutler and MIler (US Patent 4,141, 740) describes a process for a
refractory product based on silicon carbide containing at |east 1% by

wei ght of alumniumnitride and at |east 1% by weight al um ni um oxycar bi de.
The presence of netal inpurities (other than alum nium and silicon) vvere
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due to thnaugrl Al PTTVR |mﬁme/ 8 apeedaas a result of the described
firing cycles. Thi s woul d _rmake the mai ntenance of the
: : Suzuki et al. (US Patent 4,354,991) the use of

aluninium oxide to densify silicon carbide is described.
In the process as described the use of non-oxidative
atmospheres is taught. These include nitrogen, carbon
monoxide, helium and argon. It is taught that argon or
helium are preferable and that the atmosphere should
preferably contain aluminjum, silicen or carbon. In one
method, it is proposed that mixtures of these gages be fed
into the reaction chamber with a carrier gas such as
nitrogen, argon and helium. In anothexr method, the use of
a powder bed or sintered product capable of generating the
gages around the silicon carbide article to be densified
was disclosed. It was a teaching of the document that it
is unnecessary to remove the gilica present on the surface
of the silicon carbide. In fact it was stated that :Lt. is
feasible to add silica as a raw material. This is in
contrast to the present invnetion where the presence of
this phase has been found to exert a deletericus effect on
the densification behaviour at high temperatures and will
be explained later on. The fired bulk densities obtained
were inferior to those achieved by the present invention.
In addition, the sintering times were much longer. For a
continuous process for the densification of bodies, the

significantly longer reacqion times for densification would
result in lower production rates.




desi rred physical properties difficult. |In addition, the undesirable
presence .qf:zal um ni um oxycarbides in the final body may prove difficult to
avoid. In Suzuki et al. (US Patent 4,354,991) the Use of alumnium oxide to
density silicon carbide is described. In the process as described the use
of non-oxidative atnDspheres |s taught . _These include nitrogen, carbon
nonoxi de, hel i um and argon IS taugh? that argon or heliumare

preferable and that g m{jﬂ 0, [ | ypi ni um
silicon or -carbon. I n one ocf'e 'S p%poseﬁ%a% %gtg?gs t hese
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rates. to react with aluminium containing phases to produce oxr

further enhance the fozmation of the oxycarbide phases

which are a requirement for the process. The level of free

carbon additions were prefereably greater than 0.4 % by

weight. No indication was given to an upper limit for the

carbon addition. This is in contrat to the teachings of

the present invention, where the reaction of carbon with

the aluminate phase ig believed to be detrimental to the

densification pxocess. It is claimed that the technigue

excludes the use of rare earths but no reference was given

for their deletion. Indeed, in the work of Omori et al (US

Patent 4,569,921) the use of calcia and precursors for the

oxides of aluminium and rare earth elements for the

pressureless sintering of silicon carbide was disclosed -

with excellent results. In addition, it has been repoxted

by Fogter et al (J. am., Ceram, Soc. 39[1)-11 [1956]) that

aluminium carbide and aluminium oxycarbide, the latter at

least required for the process as outlined, are very

ungtable towards both moisture and oxygen. They taught

that these materials should not be used in applications

where these species are likely to be encountered. 1In the

process as disclosed, such asluminium oxycarbide species are

a key element of the process. The presence of such species
is expected to gxeatly degrade the performance and severely



In the work of Fuentes US Patent 4,876,226 the use of alum na and calcia as
densification aids for silicon carbide was disclosed. It was a requirenent
of ' the invention to formliqui d phases cdonpri sing al un ni um oxycar bi des at
the sintering tenperatures to pronote densification. The addition of
calcia-was to increase the amount of the al um ni um oxycarbide |iquids and
enhance densification. It was further disclosed that the addition of frea
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reference_was, given for their deletion. Indeed, in the work of Oori et al
(USs Paterf“ﬂ‘," 9,’921) the use of calcia and precursors for the oxides of

al um nium and rar ePRar tBecbfMRalk® edrthiac aRACaluidinds assigirtidrhg Of

silicon carbide s di.scl osed with excellent results. |n addition, it has

|
been ropRBERBES FOE: SLidcen carbide has haensdiscinsed 1469 1988)) | hat
al um ni unepLli d8AREsUIHTTEILN sGaasc A ddsdtn, ] Ao 31 @d9lea3st required

for the process_as outlined, are very unstable towards both npisture and
oxygen. The§9iddght In oxrder to obta high denaity bodies, the
components had to be encapsulated in closed threaded
graphite crucibles pealed with graphite foil. It was
revealed that bodies could be produced with over 95% of
theoretical density and weight losses of less than 1
:;e:cant:. When the same experiments were carried ocut
without encapsulation, the resulting bodies obtained legs
than 80 percent of theoretical density and weight losses up
to 20 percent were recorded. Culter and Jackson (pp309-
318 in Ceramics Materials and Components for Engines,
Proceedings of the Third Intermational Sysposgsium, Las Vegas
NV 1988) also disclosed the use of yttria and alumina for
the sintering of silicon carbide. Although high density
bodies could be produced, the recorded weight losses were
"high and increased with increasing temperature. The
decomposition reactions between the sintering assisgts and
the silicon carbide were cited as a major problem. As in
the case of Mulla and Krstic only very shoxt times were
used, typically of 5 minutes duration at the maximum
temperature. The requirement to subject samples to minimum
times at high temperatures is considered difficult to carry
cut on a commercial scale especially for the manufacture of
larger components or where large furnace loads are used.
This can lead to large thermal gradients giving rise to



that these matérials should not be used in applications where these species

are kikely to be encountered. In the process as disclosed, such al um nium
oxycar bi de species are a key el enent of the process. The presence of such
species is expected to greatly degrade the performance and severely 6

limt the suitability of the said mategials. In the present invention,
al um nium oxycarbides, such as [err] and [err], have not been observed

and t hei ipIoETRRE CeltshNak mg@g&g@gﬁf ftg&ﬁ%e OGRSy dEsc! osed herein.
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[1991]). In order to obtain high density bodies, the conponents had to be
encapsul apéenr PraroRCop WM te crucibles sealed with graphite
foil. It S veal e d be produced with over 95% of
theoreti cal densityﬂhﬁa iBWQQtibUBvcgﬂﬂﬂebeasdgnae:B#tiammtcaﬁhﬁﬂathe sane
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3 carbon, the use of powder beds or the regquirement for
sealed containers. It is an object of the present
invention to overcome the difficulties of existing
techinologies and produce useful products based on gilicon
carbide. This is achieved by the aﬂdigﬁcn of sintering
agssists, and by providing an envirooment in terms of
temperature and atmosphere that is conducive to
densification. It is believed that the dengification of
the powder compacts is a result of a liquid.ﬁhaae sintering
mechanism (LPS).

In the gintering of silicon carbide by techniques
such as LPS, it is believed that it is crucilal to maintain
the effective sintering aids within the body. In the
temperature range at which demsification ccecurs, these
additives react to form a liquid phase into which gilicon
carbide has some degree of solubility. In the initial
stages, the liquid which forms at high temperatures allows
densification by particle rearrangement. This is usually
followed by a solution precipitation step followed by a
stage characterigsed by grain growth. I£f, as appears to be
the case, it is the liquid phase that is facilitating the
dengification, the premature loss of gintering aids is to
be avoided. The use of excessive amounts of gintering aids
to compensate for the loss thereof is also to be avoided as
this results in increased cost, and can also result in the




NV 1988) al so disclosed the use of yttria and alumina for the sintering of
silicon carbide. Al though hi gh density bodi es could be produced, the
recorded wei ght | osses were high and increased with increasing tenperature.
The deconposition reactions between the sintering assists and the silicon
carbide were cited as a major problem AS in the case of Milla and krstic
only very short tinmes were used, typi czﬁly of 5 mnutes duration at the
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present i Hﬂé ercone the difficulties of existing technol ogi es and
produce u%ﬁ proiuc%asl based on silicon carbide. This is achieved by the
addi tion of- sinteri /Rhe use of powder beds in the manufacture of LP

silicon carbide is koown. The role of a powder bed is to

provide a suitable environment. However, there are major

drawbacks to the use of powder beds. These are:
Additional cost of the powder bed.

Adaitional costs associated with the increased
number of handling cperations such as loading and
(after the firing) unloading the samples from the
powder bed.

Poor gsurface finigh egspecially where the samples
are in prolonged contact with the powder bed.

The powder bed by providing active species for
the densification can result in warping or
distortion of the bodies as a result of gradients
of aensification aids therein, and densification
gradients which can also lead to warping and
digstortion of the bodies.

The use of sealed containers to encapsulate the
bodies to avoid the loss of volatile conatituents also
imposes limitations for large scale production of bedies,
as a result of additional costs associated with increased
number of unit operations reguired to produce components,



assists, and by providing an environnent in terms of tenperature and
at nosphere that is conducive to densification. It is believed that the
densification of the powder conpacts is a result of a |liquid phase
sintering nmechanism (LPS). In the sintering of silicon carbide by

t echni ques such as LSS, it is believed that it is crucial to maintain the
effective sintering aids within the bgdy In the tenperature range at

whi ch densidd | ©Re d eact toformallqwd phase
into whi ??%ikc‘l’&con ca ﬁggﬁ 'r%g g’ mﬂl the geaged al
st ages, WGWMWh forms at hi gh terrperatures aIIovvs densigification
by particle rearrangement. This is usually followed by a solution

pr eci pltatlon step foIIovved by a stage characterised by grain grow h.
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Accc:dinﬁ to the present invention a dense
product is produced which contains at least 65 weight
percent silicon carbide with the remainder substantially an
aluninate. Part ox all of the aluminate may also
optionally contain magnesium in the form of spinel. The )
spinel phase is not necessarily stoichiometric with respect
to the magnegium to aluminium ratio. The preferred
composition range, expressed as the equivalent amount of
oxide, for the product is alumina 3 to 35 weight percent;
and magnesia 0.01 to 5 weight percent. In addition, the
product may optionally contain silicon, aluminium or glassy
phases or a combination of the said phases. The presence

of alumina in the o-corxrundum form is typical when the .
aluminium to magnesium ratio in the samples is high and or
the firing temperatures in the upper part of the specified
range are employed.

Useful matexrials can be produced when the
sintering aids are added to finely &ivided silicon carbide
powder and the resultant mixture can be processed using
traditional ceramic proceséing techniques to form
consolidated powder compacts. The said materials are
heated using a two-stage firing cycle and densification of
the body results. The materials can be conveniently
dengified in the temperature range of 1700°C to 2200°C,




efficient manufacture of conponents to mninse the loss of raw
materials. The use of powder beds in the manufacture of LPS silicon carbide
is known. The role of a powder bed is to provide a suitable environnent.
However, there are mmjor drawbacks to the use of powder beds. These are:
Addi ti onal cost of the powder bed. Addistd onal cests associated with the

I ncreased nunber of handling operations such as loading and (after the
firing) usinasics vithGREPERE &hPT3 ngg rkace finish
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i nposes [imtations for |arge scale producti on of bodies, as a result of
addi ti onal costs asdfciks thonght | thatxhe additives mtaraper tbi £oIm
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sintering process. The use of magnesium and aluminium
(both in the form as either oxides or their precursors; or
alternatively as a magnegium spinel or a mixture of the
aforementioned species, facilitates dengifjcation and the
ultimate formation of an aluminate grain boundary phase.
Depending on the starting compositions and the firing cycle
employed, the aluminate may be present in total or part as
a magnesium al;lminar.e (or magnesium spinel). Furthermore,
magpnegsium spinel can exist as a solid solution
(¥g0),.(A1,0,), where x is less than or equal to 1. Thus
the grain boundary phase can accommodate shifts in chemical
composition without the formation of additional phages.
This is an important consideration for a high temperature
reaction such as the pressureless sintering process, where
the control and maintenance of volatile gpecies (such as
magnesium and aluminium) could prove difficult: and
expensive to carrxry out in practice.

At the higher temperatures used to promote
dengification the said magnesium spinel wh:.ch forms in the
body or is deliberately added, may undergo further change
leading to an increase in the aluminium to magnesium ratio.
This may coantinue to the point where the magnesium is
essentially lost from the body. It is also possible that
aluninium may be lost from the bodies during the firing
cycle. If the process continues still further, ultimately

aluminium metal or aluminium alloy may be detected in the
body - '



Al though it will be clearly understood that we do not wish to be imted by
any postul ated or theoretical nechanism for the observed benefici al
results of the process of the present invention, we.do offer the foll ow ng
di scussion of what is believed to be the underlying chem stry involved
According to the present invention a g_ﬁ’nse product is produced which
contains at |east 65 weight percent siTicon carbide with the remai nder

substantially an alpl) Wiindadie ¥ & duffablld ShefkRfhlnfR)ed s
p

optionally.contain magnesiumin the formof spinel. The spina ase i s not
necessar FEguU3Erewemto fax tthe, syucceagtul densifigation of B8d-ldaen ni um

ratio. T gfeggfee q:%) bt & Ole I S it.he equ anount
of oxide%g or t eylﬁro u%lﬂfm%g?fgé%emﬁgﬁ%%aﬁéen?# \ai?lddeén%gnesia
0.01 to 8imecioghtthe: present ninvemtion tohprpvideccomditdemisonal |y contain

silicon; L J3 S "RhRabi-al epf ¢ id phases.
The pres&%%':‘ail;gg;l a ljfnqxf.]géﬁ éﬁgpffgéﬁz-ggr %%dum form a%s’ t;*'% c’?ﬁJI when t he
al um ni uecnsiduyed i that sthe formatiocanpfecsuitableh lianidgs tim &iring
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can lead to the attainment of a high density bodies. This

is common to liquid phase sintering techniques where it is

a regquirement that the liguid be stable. 1In addition,. it

is a condition that unwanted components are removed by such

techniques as volatilisation or decomposition and formation

of phases that assist or do not interfere with the

densification processes.

There are number of conditions that must be
satisfied in order to obtain useful products. These
conditions relate to emsuring that the gilicon carbide and
the ligquid phase responsible for demsification, are gtable
at the dengification temperature.. At the high temperatures
required for demsification, the solid and liquid phases
reguire vapour pressure of elements, sub oxides and other
vapour species to remain stable., The bodies generate their
own stable acmbsphe:e through partial decomposition of the
said phases, but this decomposition should not be such that
the generation of the stable atmosphere depletes the liquid
phase to such an extent that densification is so retarded
or inhibited that it is not possible to make demnse bodies.

It is advantageous to maintain a favourable
effect:i.ve sample volume to furnmace volume, thus limiting
the amount of decomposition of the sgolid and liquid phases



10 with or without the application of pressure. It is appreciated that the
application of pressure can be useful in reducing the tenmperature at which
the densification is carried out in order to produce a dense body, but is.
not*a prerequisite for the process. It is thought that the additives
interact to forma liquid which pronotegs densification by a liquid phase
sintering process. The use of nagnesfﬁ%1and al um nium (both in the form as

either o d%%a;&m}#‘ o I ter t| ve s a_magnesi um spi nel
or am xtébr or erre #ét 3?'8%9% i cati on and
the ul ti pdddtiyemitemain im therﬂméretgr ahnahnuaddmahm.ay Demeiadi ng on

the star td o n npl oy t he al um nat e may
be. pr cocSeupAh WY d MSeB hifoklel HrRLEpharRL s Ebe pegred

spi nel ) . stage mﬁ the PYOCess uuepsnebesaﬁu&lysusea €os thﬁuﬁddﬂﬁw

[err], eqgua 1..Thus n.boundayy phase
can hocoSERE SE AedmatlsLin 4K tonds phRgHS FLFBEEE: DS FaRR & o

addi ti ondeqdmam d’tharlneansb npachaab Dﬂﬂﬂbﬁehﬁﬂbobrf ehea high

t enper at reacti h_as,the essure Ss rin process where the
control 5%? . E ?E?IKPaP Cat ?ﬂeé‘ng Pi‘& i"f" &5 and

al um ni uEcteattal woweedsf.f | EHb! i8Horeenees ofe thisC abbbctlwil) Pactice. At

t he hi gher, tenperatures used.to propote densification the said nagnesium
spi nel  wips %‘% F.E of the % ngs of 8
investigation.

m‘: Por the production of bodies with thicker cross
gections, significant differences in fived bulk density can
occur on the inside with respect to the ocutside of the body
(coring). This can ultimately lead to cracking of the body
atter fabrication. It is believed this behaviour is the
result of the presence of phase(s) that interfere with the
densification procesgses by either changing the nature of
the liquid phases or which deccmpose at the middle to
higher temperatures used. The demsification of the bodies
is such that it is &@ifficult to eliminate cores from the
interior of the thicker bodies. From the foregoing it can
be appreciated that the critical thickness adbove which the
formation of cores is a problem will depend on a number of
factors such as heating rate, stacking geometrxy of samples
in the furnace, effective gas flow rate, level of porosity
and pore size of the body.

The ugse of argon for the sintering of samples
results in the formation of dense bodies. However, an
umém:ed competing reaction is the decomposition of the
silicon carbide. It is considered that this isg a
consequence of the reaction of the gintering assists with
the silicon carbide. This leads to the formation of
silicon vhich condenses on the bodies with a deterioration
of the surface finish. It can also lead to the




body or is.deliberately added, may undergo further change |eading to an

I ncrease in.the alumniumto magnesiumratio. This nmay continue to the
poi nt where the nagnesiumis essentially lost fromthe body. It is also
possi bl e that al um niummay be | ost fromthe bodies during the firing
cycle. If the process continues still B8rther, ultimtely al nminiumnetal or

al um ni um?ﬁ‘#‘% be detected in the body. 11 The attai nnent of a
sui tabl e ¥ ﬁg%ni &%, 8359 Rh (the CPHASEH RRAREE| OFeRBRf i cati on of
silicon ceshplesbyithe st Furtdieude W otieNbodles! haking ctigM of the

present invention to provide conditions conducive for_ the densification of

t he bodi €£22PY¥3{s9F, 9t AL (the RRGARS FrEreRely BRELicMdtds i s a
reqirenentt 0ist aathicigRitted CHAO WS gdibedion LyfP8d188on! A kipe regard it

is inportant that the active species, responsible for the densification of

the body, Te$R1FcPE the iupvanted Keagkion of Rlwpinawithe thendifkicon on i s
corrp! et edcgfbiagch%z&%ﬁi/€|%eé %ﬂ‘ﬁeﬁ fpghani sm(s) can lead to the
odi es: |

attai nment of a high density S Is common to liquid phase
sintering techniques where it is a requirenent that the liquid be stable.

techni ques s vol at PEAAcT dHEadsr “HRERBoct (P ahrR T80t f on or- priibs
that assist or do not interfere with the densification processes.

The condensation of the silicon can be avoided by
the use of an atmosphere containing carbon monoxide. This
leads to a greatly improved surface finigsh. To suppress
zeaction (1), at the upper end of the temperature range
used for the densification, a partial pressure of caxbon
monoxide greater than one atmosphere is required. This
temperature is estimated to be of the order of 2100°C. It
hag been found that at low temperatures there are
unfavourable reactions between the powder compacts and the
cabon monoxide furnace atmogphere. It is anticipated that

; below roughly 1550°C the following reaction is
thermodynamically feasible and can proceed left to. right.

sic + 2¢0 — si0, + 3C cere-(2)

Above roughly 1550°C in one atmosphere of carbon
monoxide reaction 2 goes from right to left (see reaction
3).

S10, + 3¢ = SiC + 20 ... (3)

In addition, it is also possible that some of the

gilica formed by reaction 2 can react according to reaction
4.



There are nunber of conditions that nust be satisfied in order to obtajn
useful products. These conditions relate to ensuring that the silicon’
carbide and the liquid phase responsible for densification, are stable at
t he' densification tenperature. At the high tenperatures required for
densification, the solid and Iiquid phasgs require vapour pressure of

el ements, sub oxides and ot her vapour species to remain stable. The bodies
generate their own st sple ro partial deconposition o he
sai d phases, but thi s%ggfrép%% ItQJi;o%%siH(;‘lﬂ 3gnb:bt be such that the ‘g‘e’né{%{ion
of the stable atnosphere depletes the |liquid phase to such an extent that

densification is so rgtacged O{:hgngi:%%}t ﬁggwﬁ bhghiit" 2hnP 35S 3%:3 .t!S make

t
dense bodies. It is advantageous to n a 1avoura & anpl e
vol une to fihehakuminate rhage Rleadingytohdtandecomposisdimrmaemdi on of the

solid and lfiﬁg S S Ies d ensur.i adequat e

| evel of addi |%E.as e%nd#ﬁggcgggﬁgﬁgggn %ré(?erﬁa@%a%ﬂs coupl ed
wi th a carbon nonoxi de at nosphere in the second stage of the prdcess, are
successfully used to ppress .t he apgount of deconposition of these phases
wi thout the need to rd&affa *t%%t‘ﬁe?‘ln%ms‘," 26Ph as powder beds or-th&5)

I ntroduction of active species into the hot zone from external sources.

The inportance of this aspect. will be illustrated with some of the findings
of this investigationlt mast be appreciated, that as a raw material,

the silicon carbide powder is inevitably covered by an
oxide layer of silica. 2As silica is detxrimental to the
densification of bodies, it mmst be removed. This can be
achieved by decomposition to gaseous species such as
silicon monoxide (see reaction €).

28102 e 4 2s1°(g) + oz(ﬂ} cesoee (6)

For thinner bodies this reaction can pzoceed with
the silica being removed by a decomposition reaction such
as reaction 6. BHowever, for thicker bodies the time
required to remove this phase is appreciable. An
altexnative is the deliberate addition of cazrbon to react
with the silica phase (reaction 3) to produce silicon
carbide in the lower to mid temperature xanges of the
firing cycle. Depending on the thickness of the
cbmponents, stacking geometry and the furnace configuration
the use of éwells can prove beneficial to emsure that this
phase is removed. The carbon addition should be added such
that it is sufficient to remove the gilica phase only to

) prevent unwanted reactions such ag reaction 5. The dwells
or slow heating rates are also important to ensure that the
amount of gas liberated, does not cause a pressure build up
greater than the cohesive.strength of the compact, leading



For -t he production of bodies with thicker cross sections, significant
differences in fired bulk density can occur on the inside with respect to
the outside of the body (coring). This can ultimately | ead to cracki ng of
the body after fabrication. It is believed this behaviour is the result of
the presece of_ phase(s) that interfere®¥ th the densification processes by

ei t her ch%rrhgi. tﬁe mature of the liquid phases or which deconpose at the
middle to dﬁ% UHRTEeRR% gLacks ThoTHENUPL Pht FdRWoheatdnd atess such

that it i dedifid it éonerabt Ndehontencss’ €A tBRchRhgE ¥ Und Roridi-cker
bodies. Fromthe foregoing it can be appreciated that the critica
t hi ckness &¥ove which the formation of cores is a problemw || depend on a

nunber of factors sw%ﬁgaﬁ:%e?fségwgogegg%rw n the
e

S i
furnace, effective gas flowrate, |ev of porosity and pore size %fo%he
body.' The GRS &% gtherBiohat temperpiyTtes 3snphish demsification

f ormati on q¥enfieds erREt e HlovBUEE ‘ﬁn“ugm@p%ﬁ%i onpis the

deconposition of the_silicon carbide. It is cons Sis a
consequendd felirved thasninternalsptiresess ars genexated withincthe

car bi de. BB&?'!@&'QE t gg?ggt' f aSdal | "n?f %rﬁgé on the
bodies with a _deteri%?gt?gﬁ [6) thgggﬁrgfzg%gl mm?#.ﬂ t can also lead to the
13 condensmtaidefatnpapbares t At bighatenpexatures thessptressesh
furnace TN LuESs Q8 oRENEE BOHLERRIP N dolsive strength of the

compact, resulting in the rupture of the body. Thisg
manifests itself in the bodies after firing exhibiting
macxo cracks.

The use of nitrogen for the densification of
bodies is not suitable as a result of unfavourable reaction
of the constituents of the bodies with the atmosphere to
form stable compounds. These compounds reduce the amount
of liquid present at high temperatures available forx
densification. It is congidered that this is the result of

the reaction of alumina with the silicon carbide in a
nitrogen atmosphere to produce aluminium nitride. " The
formation of stable aluminium nitride is accompanied by a
corregponding decrease in the amount of liquid phases
necessary to allow densification to proceed by ligquid phase
sintering. A possible reaction is as follows:

35iC + 2A1,0, + 2N, —> 4AIN + 38i0,, + 3CO, ceeeeD)

Thig demonstyates the importance of maintaining
the presence of the liquid phase at least until
.densification is essentially completed.

It has been found that the use of an inet
atmogphere below 1550°C and preferably at least 1600°C, but
below the termpatures at which the onset of the unwanted



renoval or separation of the bodi es extrenely dlfflcult It is
anticipated that the generation of silicon is the result.of the. unvvanted
reaction of alumna with the silicon carbide (for exanple see’ reaction 1):
[err] The condensation of the silicon can be avoided by the use of an )
at nosphere contai ni ng carbon nonoxi de. 18his | eads to a greatly inproved
surface finish. To suppress reaction (1), at the upper end of the

t enper at ur eagkdens ahdlyas Ieaksin i k Reog, dpdenefipiatstor thecarbon

gg??)%g-gdg%of hﬁe o%%&éﬁ has eenT%n%&ﬁg%a%&‘Fgw

t enper at ur ¥hichethere m mmmmammm veetweén thedsiliaomict s

?ggghlh)e/ ig%%%kirﬁﬁp ovm ng reac&g al%%'ﬁe‘rﬁ?r%%nam wd’geas?g: gwand
can proceedhlecfuse cof |ghtqe:t]awugtﬁqh1ss0§ggog; on pgggmphere
Lerr] In adRoraen (2 B4 whedo s popte Fhfs stietrabss Fret Bampalal 1,
reaction 2 ciambericis Mdﬂnondwaﬂaonl mondxide i¢ iatrpduced into

the hot zone for the remainder of the firing cycle. The

temperature in the reaction zone is such that the unwanted

and detrimental reaction which leads to cracking of the

body does not take place. In addition,; the unwanted

formation of silicon on the body is avoided.

An altermative is to use reduced pressure in the
furnace chamber below 1550°C. Thus the unwanted reactions

s of carbon monoxide with the compacts is avoided. Above
this temperature, carbon monoxide is introduced into the
reaction chamber to prevent the unwanted formation of
silicon at high temperatures.

When it is the intention to produce bodies with
thicker cross sections, it has been found that it is
advantageous to take steps to deliberately remove the
silica from the system as this phase, or the oxide-based
reaction product formed from the said phase with othex
phages present, interferes with the uniform demsification
of the said bodies. For such bodies it can prove difficult
to remove this phase by processes such as decomposition and
diffusion. Thig phase as described can persist at higher
temperaturegs. It has been found th#t carbon added
according to equation (3) to react with the silica present
on starting materials is beneficial in elimipating the

presence of low dengity cores in the fired samples. Care
has to be taken to ensure that the evolution of gaseous
species expected to be carbon monoxide does not lead to the

cracking of the bodies. Further to this it has been found



Further, the frée carbon present can react with the aluninate phase |eadi ng:
to its -deconposition and inpairing the densification process (see reaction
5). [err] It nust be appreciated, that as a raw material, the silicon
carbi de powder is inevitably covered by an oxide |layer of silica. As silica
is detrimental to the densification of ppdies, it nust.be renoved. This
can be achieved by deconposition to gaseous species such as silicon

nonoxi de (Berefigzalototholiditie Mampite Atcla asirisrd thife I £ Cich §8h C
proceed w } I lhga .hei r ved py a deconpogiiion reaction such as
reaction 6%%\?\%3% ,(bﬁo?'%t ﬁ%@éﬁ% %’E??Fg)?‘i P oriRBvREt hi s
phase is apprepbuebiable alste tal ienpure Himvladldarédeepesi 45on of carbon
to react w Ll ca ase (reactiqQn 3), to produce silicone carbide in
t he Iomer%%g#gaig#pgf’ﬁare}? éﬁﬂ%‘% NP SLIRET EPEREFALUBE t he
thi ckness battthecragenas reldapKidibe WWEIdadEo | BPaékingC8f the -
configuratjop.the u of dwel)s can prove beneficial to ensure that this
phase is r%ﬁ&'f@ﬁ.‘ T rﬂg %M’sfﬁ*ﬁ‘ﬂ W%@%B 3 shoppdi be; | s
suffici ent ebgeneiRlay Rdnildted HEfced Heat fhg @YEVe tHLCEHATIIR2SzinONS

such as reaction 5 . The dwells or s]ow heating rates are aﬁgo | nportant to
ensure t haFePRETERYFR TRT JRe Feastion in sne prnesphers. 9E-S3EPERLHLI | d up

greater thaBnbikeaeQne Unies KUk ediaitioss VEE geh82dt8n of carbon
- monoxide can exceed one atmosphere and produce conditions

which are condusive to cracking. Mding toc much caxbon
according to reaction (3) for the amount of silica present
leads to an cbserved decrease in the fired bulk denmsity.
It is believed this is as a result of the unwanted reaction
of the residual carbon with oxides phases. This is in
contrast to the ﬁork reported by Fuentes where the reaction
of carbon with aluminium containing phases to produce
oxycarbides is bemeficial. '

-It is bhypothesised that when carbon monoxide
atmogpheres are used exclusively, the uge of extended
dwells above the 1600°C may overcome the problems
associated with the use of this atmosphere at low
temperatures that manifegts itself in the macro cracking of
the samples. It is the intention that the use of an
interrupted £iring cycle with a dwell above that
temperature at which the carbon monoxide adversely xeacts
with the bodies but below the temperatures at which
densification occurs leading to sealing off of the intermal
pores from the surface, thereby trapping volatile products
in the bodies could prove advantageous. It is speculated
that the use of temperature dwells above about 1550°C say
1600°C, but below the onset of extensive densification, in

. particular before sealing of porosity of the bodies,
estimated to be around 1900°C could prove to be effective



15 to the formation of -cracks. The use of slow heating rates is in to
contrast wth nuch of the teachings of the prior art. Thus the-presence of
either or both the silica or carbon at the higher tenperatures at which
densification occurs, react to produce an unstabl e phase or phases. It is
bel i eved t hat internal stresses are gggerated w thin the body when the

I nternal pores are closed off fromthe outside atnnsphere. At hi gh

tenper at urgs %Qgsgng SeS8cRi{gsUf | @3teilny &P o hesi ve
strength of t gic"fe resul tlgflg Fpﬁ&t%'i rupture of thei% y. This

mani f est s ?‘P%EH‘”‘FQ pftersoanel simes ms the spwantad pragies diaves. The
use of nitpegRnrbRbvhAcat@Nthb adlpie Wouleditgax a resul t

b Heatbd
of unfavourabl e reaction of the constituents of the bodies wth t
at nospher e£48alopinsezEng tempersEyden &9 MMM¢QMEG§ amount

of liquid paesent adhs %Pures avail able for densification. It is
conmderedﬁ%‘hat tﬁls i@s the resul of the reaction of alumna with the

silicon carbide in aThet mompﬁewq@qmﬁmmmmmmtme The

ngpg;;gnl n;?ﬁg%g'#gugtowfl%% t’#ases necessar snlt%g %%@ﬁr espondl on

sification to
proceed bytempexdtuires: usad mmmmﬁntmmﬁm bedieslotre [err]
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can be significant. A consequence of this is to limit the
uowanted reactions. In a static enviromment, the vapour
presgsure of a gspecies will be determined by thermodynamic
and kinetic considerations. At the temperatures used, the
rates of the reactions are typically rapid and thus the
main consideration are the thermodynamics of the reactions.
The amount of material in the hot zome is an important
variable. If insufficient material is fired, the amount of
decomposition (reflected in the weight loss after firing)
will be unacceptable and in extreme cases demsification of
the body will not be achieved. The decomposition is the
result of the generation of the vapour species in the
atmosphexe. The actual partial pressure of the species can
be predicted using thermodynamic calculations. The vapour
pressure is thus limited to either the equilibrium partial
pressure or until all the phase in question is consumed in
txying to establish the equilibrium partial pressure.
Depending on parameters such as the effective furnace
volume and its construction, as outlined previocusly, it is
possible to limit the amount of decomposition and
generation of a stable partial pressure of volatile species
without significantly changing the starting cocamposition of
the samples and adversely affecting the densification of
the body. Furthexrmore, by incorporation of some of the

gaseocus reaction products, specifically carbon monoxide,



|t~ has been found-that the use '0f an inet atnosphere belom11550[err] and
preferably at |east 1600[err], but below the tenperatures at which the
onset of the unwanted reactions such as reaction 1 occur, is beneficial
for*the production of useful products. Thus at the tenperatures at which
there are unfavourabl e reactions betmeeg the silicon carbide based bodies
and the carbon nonoxi de at nosphere, the use of an inert atnosphere such as

argon or poscbbENeniFuiraeh WhdIRHRS £ AR Ext ftad & "gethe furnace
chanber is-: ed and car bon NoONOXI de 'S ?x‘tf uced 1 n %gt H‘Bt zone

for the r Leofo MWMOMMMermleheusémw zone
i's such th@agggi i i3d detrimental reaction which |eads to cracking
of the body does not "take place. In addition, the unwanted formati on of
silicon on the body Asmekbodeof fAoxrming midemse ssiliase caxbidd pressure

monox de L RCERG Samerra e Mot (ehd i 82, Bopeda b borkmoon

nmonoxi de i cohheindng: ¢amponnds: amd carbonhasbecisted prebletnhe ofnvant ed

or oduce. boareShbrpiie ahth gt SoHading TaE Hhehieth peprazcicn o

advant ageoc: abtamm tuhaiais'daeoatpbvdezrmadstht thei agefl head
systemas ¢t oXi bas d reaction product fornmed fromthe
sai d phase ﬁag'?ﬁ' r"‘%‘f‘a ed% ﬂ?‘e?ié‘?egnﬁﬁt hERERPFSr m

densi fi cat chamber wvia the furnace atmosphere.

The present invention will be further illustrated
by examples in a non limiting manner.

BRIEF DESCRIPTION OF THE DRAWINGS
In the accompanying drawings:
Figure 1 illustrates data relevant to Example 26

below.

EXAMPLES

In the following examples all quantities arxe
expresgsed in parts by weight, unless otherwise specified.

Example 1

The raw materials used were « silicon carbide
from ILonza known as grade UF10; alumina from Alcoa known as
grade Al68G; and magnesia from Ajax (Analytical Grade).
The powders were weighed and ball milled using silicomn

carbide milling media. The conditions used for this
operation are shown in table 1.



of the said bodies. For such bodies it can prove difficult to-renove this
phase by processes such as deconposition and diffusion. This phase as
descri bed can persist at higher tenperatures. It has been found that carbon
added according to equation (3) to react with the silica present on
starting materials.is beneficial in elingnating the presence of |ow derisity
cores in the fired sanples. Care has to“Ue taken to ensure that the

evol ution of gaseous species expected,_.ll lge car bon nonoxi de does not | ead
to the craecking of the bodies. Further 1O t%is it has been found 17

beneficial to hold thke—sanpleaat.a tegperatyre at which fhe reaction (3)
I s feasible and can %B%wi!ﬁt 0. Laht an, reciable_rate to ensure
that the reaction is essentla y“%%%p#§£é°%%?d?%fﬁ iﬁﬁef8t§°ﬁlgher

tenperature but the rate—af—telgase does pof lead to cracking of the

bodi es. Note, it ist ht that reaction 3,shgul d be essentially conpleted
bef ore heating above e equilibriumtenperatu Br the reaction in one

at nosphere. of carborpeedexi de. Under these3@Ongi tions the generation of

car bon nonoxi de can ong nosphere a roduce conditions which are
condusi ve to crackinééﬁfﬁg?ﬂ &much carbg%°§09brding to reaction (3) for

the anount of silica pieg@nt |eads to an obggpved deo-@3opandi he fixed
bul k density. It is believed this is as a result of the unwanted reaction
of the residual carboPBPeR oxi des phases. ™% s in contrast to the work
reported by Fuentes where_the reaction

After milling, the milling media was separated
from the slurry which wag subsequently spray dried. The
powder was unaxially pressed using a steel die and punch
set and cold isostatically pressed at a pressure of 150 Mpa
into a 70 mm square tile. The sample was then heated in
air to 400°C and held for S hours to remove the binder.
The sample was placed in a graphite work box with a loose
fitting 1id. The work box was heated in a graphite
resistance furnace in an atmogsphere of argon. At 1600°C
the furnace was evacuated and backfilled with carbon
monoxide (see table 2). The specimen after firing had a
smooth surface finish. The starting compositions and
results are given in table 3.




of carben w th-al um nium ¢céntai ni ng phases to produce oxycarbides is
benéficiat. It is hypothesised that when carbon nonoxi de atnosphere are
used exclusively, the use of extended dwells above the 160[err] nmay
overcone the problens. associated with the use of this atnosphere at |ow
tenperatures that manifests itself in the macro cracking of the sanples. It
is the intention that the use of an interrupted firing cycle with a dwell
above that tenperature at which the gagRQnJronoxide adversely reacts with

t he bodi es-but bel ow the tenperatures at which densification occurs |eading
to sealing off of the internal por&simgneyadesurface, thereby trapping

vol atil e products in the bedes—coud—prove-aduaniageous. It i s specul ated
that the use of tenperature dwells above about 1550[err] say 1600[err], but
bel ow.t he onset of extensiv&estnatS Mmi‘mﬂim"piantﬁarul ar before sealing of
porosity of the bodies, estim 1900[err] could prove to be
ef fective in preventing cracioqh&g %ﬂ "H}ﬁ‘b: cI e woul d be conti nued
after such tinmes as the unfieatetos(1600ec hate Soeemitoved and the sanple
woul d then be heated to the final, sinter] enperature to density the
powder conpact into a dense usgﬁﬁfﬁﬁj({;ﬁ%{? tance of the requirenent
to retain the densificatim&mmﬂmm& t he high , :
tenperatures used for the d n5|f| ca of the bOdI e§,_ t he vapour pressures
of the various el ements an 5?ﬁe7'° é)é@?eg at 5

Heat to 2030°C at 2.5°C.min™
Hold for 60 minutes
Cool at 10°C.min"*

Table 3
Sample Details

Example 1 2 3 4

sic 87.8 87.8 87.8 87.8
21,0, 10.7 10.7 10.7 10.7
MgO 1.4 1.4 1.4 1.4
Atmosphere Ar/CO Ar co N,
Mass(g) 164 174 178 147
GBD(g.cc™) 1.70 1.69 1.72 1.75
FED(g.cc™) 3.16 3.08 3.16 2.07
Wt Change% -5.9 -8.7 -8.2 -10.7
Comments 1 2,3 4 5

Where 1 Goodl surface finish GBD Green Bulk Density

2 Silicon on surface FBD Fired Bulk Density
3 Poor surface finish

4 Cracked

5 Sampie porous



can “be significant. A consequence of this is to I imt the unwant ed
reactions. In a static environment, the vapour pressure of a species wi
be determ ned by thernmodynam ¢ and kinetic considerations. At the
tenperatures used, the rates of the reactions are typically rapid and t hus

the main consideration are the t her nagynami cs of the reactions. The
anount of materlal Jn the hot zone is an inportant variable. If

i nsuffici: gyl 2 t he anount of deconposition (reflected in
t he wei ght - Ioss afte I 1 @g%’ Wi | be ynagcept a n.extrene cases
densification of the dy W noP f%gﬁfgﬁ&&ed i¢YSHei s the
result of wagegther ame af fdw Exmuwple shaeitls mtm@mhemc The

act ual par e ecies c b re

t her modynam ¢ cafﬁiﬁsg{ol owf‘%ﬁp&o Mﬁﬁ Ii#r&&eﬁ g8deAbher
the equil i brgom pamicsyhepre: Way agsd Lﬁteiuﬂﬁehhﬁ mﬁﬁﬁrl figiagt tBa i S
consuned in_tryin stablish e UI| artia essure.

Dependi ng BR* M{h@f{ “%M?ée t? ¢ i\% vg?:ﬂ?rﬁ A its
gonst ructi The Wd dd Fﬂhﬁﬁ\?ﬁ)tﬁy gbpécjwwl bkGug® ihmf-,émbgl Qiggunt of
econposi t and generation of_a sta artial pressure of volatile

speci es Wi #ﬁ&u %ﬁﬂm:ﬂﬂ?‘?@g{ﬂg €9 XML ohposi ti on of the
sanpl es and adversely affecting the densification of the body. Furthernore,

by incorporation of, sone of the gaseous reaction products, specifically
carbon nonSerpgrative, Example 3 nace atnosphere from external sources it is

possi bl e to m ni m se &l PRASidded pipd FEt SHITASLE ¢5é "Bideng cycle
were the same as for Example 2 with the exception that
caxbon monoxide was used for the complete firing cycle.
After the firing operation, the surface finish of the
specimen was the sane as example 1, however, the sample was
badly macro cracked and distorted (see table 3).

Comparative Example 4§

The specimen preparation was the same as Example
2 except that a disc 65 mm in diameter was used. The
firing cycle was the same ag Example 2 except that nitrogen
was used. After the firing the sample had not demgified to
any appreciable extent (see table 3).

From the results in table 4 it can be seen the
advantage of the two stage firing cycle. Thig results in a
higher fired bulk density than the use of argon or nltrogen
atmospheres and elinminates the macro ¢racking observed with
the use of carbon monoxide only atmospherea. In addition,
it is possible to use relatively slow firing cycles and
8till produce useful components. This is inpori:an’c for the
mass production of samples using large furmace loads or the
manufacture of large components where it is not often not
practical or feasible to use rapid heating rates.



Chatelier princi |6I e. A nmethod of formng a dense silicon carbide product is
di scl osed wi thout the use of boron, or boron containing conpounds and

car bon associ ated probl ens of uncont rol | ed grain growm h degrading the
physical properties or alternatively the use of powder beds or the use need
to introduce active densification aids2:to the furnace chanber via the
furnace at m)sphere The present i nvention will be further illustrated by

exanpl es Comps re (Bxamplesmnser. 8BRI EF DESCRI PTI ON OF THE DRAW NGS In

e, SOECPIYL 10 O i gl renssi) 2€bErntBhCne] Exiele, Lo Lo

sed
in parts the exagption| thatodiscsi 65 nqnetnf dédmeEexnplesel vl [ avu'he

o na ¢ FFIRd Fefe el pd idndELERT ko RERe RN, Bt a s L
G ade) . Texgepricfsrvehe Wémmediﬂadahahhemdabﬁ.ﬂmm itegrpiddtanre carvhde

?Ol [I_:aglgerredl a...The '6% %éég&gpggg%%ﬁ%%tggg SE iegg’are shown in table 1.

Pable 4

Sample Details

Example 5 6 7 8
sic 87.8 87.8 87.8 87.8
A1,0, 10.7 10.7 10.7 10.7
MgO 1.4 1.4 1.4 1.4
Atmosphere Cco co Cco cO
Mass (g) 147 147 147 147
GBD(g.cc™?) 1.73 1.78 1.78 1.77
Time (min) 0 30 45 60

. FBD(g.cc™) 2.86 3.02 3.07 - 3.13
Wt Change% -4.8 -6.2 -7.5. -8.7
Comnments Cracked

ap—

From the results listed in table 4, cracking only
occurs at the later stages of the demsification.
Furthermore, it is thought that this. behaviour occurs after
the gsample has reached the closed poresity stage. It is
well known that there is a general inverse relationship
between the level of porosity and streagth for such
materials. The imability to produce crack free bodies with

low levels of porogity would greatly limit the application
of such materials.



Ti e i 16 hours Powder 300 g MIling Media
1500 g.Fluid 600 m iso-propanol Binder : "2
w9% After mlling, the mlling nedia was separated fromthe slurry which
was subsequently spray dried. The powder was unaxially pressed using a
steel - di'e and punch set and cold isostatlacally pressed at a pressure of 150
MPa into a 70 mm square tile. The sanple was then heated in air to

400[ err] Aziye Expmples 09+2Bove the binder. e sanple was placed in

a graphite-work box il s fitting lid. . The wo box was heated in a
graphi te resistance furnace T an ax 3o} racropding; toskbee

fl'ﬁr nace m@fe\m& .hndmbbhkthéleslce'ptﬂonathafﬁ. 25Nl _?ﬁ.s&;&eecé;@bl e 2).

e speci ter r spogth_s i ni sh. e starting

conposi ti g‘r?s&%ﬁd r%é%l%%?%gg%ﬁgang?agﬁéege uﬂé@pgeg & TR¢ Oycl e Heat

at 1400[ er dtdeaplie¥es Andicatéd; Chenpauples Reretl Rel@ORteriHig at [err]

0L 1 SRR R i sl LD S5 L0 YL
temperature. Samples 9, 11 and 12 were heated to the

maximum temperature and cooled. The regults of the firing
are. given in table S.

Table 5
Sample Details

Example 9 10 11 12 13

sic 87.8 87.8 87.8  87.8 87.8
al.o, 10.7 10.7 10.7 10.7 10.7
MgO 1.4 1.4 1.4 1.¢ 1.4
Atmosphere co Co Co co - Ar

Max.Temp(°C) 1100 1400 1600 1900 1400
GBD(g.cc™) 1.72 1.74 1.75 1.73 1.72
FBD (g.cc™) 1.72 1.82 1.81 2.09 1.72
Wt Change%% -0.0 +6.2 +3.8 -2.8 -0.9
Colour Grey Black Black Grey Grey

From the results of Examples 10 and 11 (see table
5). it can be seen that heating the samples in a carbon
monoxide atmogphere at 1400°C results in a weight gain. It
is thought that the colour change of the samples from grey
in the as pressed state to black, was the result of carbon
formation within the samples. Furthermore, the formation
of carbon occurs by oxidation of the silicon carbide

acecording to reaction 2. From the results of Example 9,



Hold for 60 m nut es _C::ool at- 10C [err] Table 3 Sanple Details Exanple

1 .. 2 3 4 Sic 87.8 87.8
87.8 87.8 10.7 10. 7 10. 7 10. 7 MO

1.4 1.4 1.4 1.4 Atnosphere . Ar/ CO Ar
CO [err] Mass(Q) 25 174 179 147
@GBD(g. cclerr 1.70 1.69 | 1.72 1.75 FBD(g. cc
[err]) k2l Qeféfht change jgehavioug ig Dot therrgpult Ofatde) -5.9

-8.7 depbgition or-défa L arbon % j ?gxf’ 4

5 where 1 Good surface f%nis EGE)'I?)e ‘C!Ereen Bu aﬁs?i twy“ tg?icon on
surface S3BRIAS. riHeatingobckhet gamplesote highere tempesiaturesr acked 5
sanpl e pYeits £048 i I Ig?;hghﬁgggg B tyon and the
firing cycle wer egihe saﬂngﬁ%sx§g$x§§rrg?e Wt he excep%'%(agén]?t ‘gt t here
was no eFbheufRiginal opeyhcodeoutri (seat Exaspler AR)and Thi s hpdmwdoms pher e

o Ti con (EatExiiideathiine bhllobHRrile EBoNIR WL ARy Bhs®, N
conpari sarbon and gilica formed at lower temperatures according to
reaction 3. It is thought that the presence of the silica
hag an adverse effect on the densification of silicon
carbide. For a sanmple heated in an argon atmosphere
(Example 13), there was no weight increase or colour
change, indicating no xeaction between the sample and the

atmosphere.
Comparative Examples 14 - 17

The effact of additives on the oxidation of
silicon carbide in a carbon monoxide atmosphere was
studied. 7The results are given in table 6.

. ] Table 6
EBffect of composition on weight change behaviour in CO at
1400°C for 60 minutes

Bxample 14 15 16 17
sic 100 90.0 98.6 87.8
Al.0, 0 10.0 0 10.8
MgO 0 0 1.4 1.4
Mass (g) 5 5 5 5
GBD(g.cc™) 1.65 1.72 1.67 1.68
FBD(g.cc™) 1.66 1.73 1.72 1.80

Wt Change% +0.8 +0.9 +5.4 +9.2




the speci men prepared according to exanple 1. Conparative Exanple 3 The
speci nen preparation and the firing cycle were the sane as for Exanple 2

wi th the exception that carbon nonoxi de was used for the conplete firing
cycle. After the firing operation, the surface finish of the speci nen was
the sane as exanple 1, however, the sanp2€ was badly macro cracked and
distorted (see table 3). Conparative Exanple 4 The specinen preparation was
the same as Exanpl e 25&kdepr chaxbidedpowdes.mwith ardstichawms tised. The

firing cyclgaMaeiblC oA uiidnl TP LRan A deilad dABAE RS USed. After

the firing the sanple had not densi y apprec t (see
tabl e 3). FPeRAigdonssgs: evidengede by ithe medidgihion weightd vehangesof t he

two stage fiil Rintralst, EReS i q'“HthF{ fd |k _density than '
t he use of gir"gon or ni t'r.ogen a§ rr#é%%er&eks and e |am¢1%q%ejlsp¥h’énn%cro cracki ng
observed w shgnifigantofincreasen izowedight Geingtohmuireedsaftén fdgingon,
It Is possibleasto lEE!ﬂ?tl:h:\é |l ow fi ring. cy. and_sti oduce useful
conponent s E&I.'hl'*"rss Ps%&?'npor an qJTé‘lﬂtsn\é‘%s‘ r dfé:ﬁ*b?l %?G%Jaﬁpggsgﬁ?i ng
| ar ge furnareakctddn of the wdditicvas arith |thigailiew bayer War ehet i s not
often not pragtical or.f.easible to _use | d heat} rat es. 23
Conpar at i vesééﬁéﬂ%e?@ ‘Sar%‘s?s m%{%)%p%r%?iaggﬁm°ﬁ rechapdse
W th for the oxygen through the gaid layer to the silicom

carbids.

Examples 18 - 20 .

The effects of residual silica, with and without
the presence of free carbon, on the densification behaviour
was studied. The samples were prepared as outlined forxr
Example 5. The resulting powder slurries were sgpray dried
and green dises (65 nm diameter) were unaxially pregsed at
35 MPa and wet bag CIP at 150 MPa. ' -

The gsamples were fired in an atmosphere of carbon
monoxide atmosphere at 1400°C to form silica and carbon
(Example 18-a and 19-a). Example 18-a was subsequently
heated to 600°C in air to remove the carbon, and the
product ig designated Example 18-b.



t he -except_i on that discs 65 mmin dianeter were used. The firi ng cycle used
was identical to that used for Exanple 3 except for the dwell tinme at the
maxi num tenperature. The results of the firings are given in table 4.

Tabl e 4 Sanpl e Details Exanple 5 6 7

8 sic 87.8 - 87.8 27 87.8 87.8 [err]

10. 7 10. 7 10. 7 10. 7 Mo 1.4 1.4
1.4 1.4 Atnosphere COable 7 CO CO Mass (Q)
147 - 147 147 rr]) 1.73

1.78 1.78 1.77 Ti ma(m‘én'j‘d"z’:@%‘g"ﬁ%ig 30 45

60 EBD(g.ccl[err]) 2.806 ~3. U2 3. 07 313 W—Chamge%

-4.8 -7.5 -8. 7 Comment s :

cracked Froma e Sesults |isted i abl e 4, crad@ My only occurl®z® the
| at er stag€S or tne densritcattorm: —rtrs—thought—tfet

t hi s. behavi occurs after the _sanple has reached the cl osed porosity
stage. It i Il known that th8%e8 s a general 8mkerse rel ati oBZR8p
between theleyel of porosity ang.gtrength for sycly materials. {heq
inability toqgroduce crack free bodies with |ow | evels of porosity would

& ool

greatly i MO+t he application oft«$uch material s.1-4 24 1.4
Atmosphere - COo co Adlr
Max Temp {(°¢€) 1400 1400 600
Mass(g) 177 178 | 187
Wt Change % +5.4 +5.4 -2.8
Comments 1 1 2
Where 1 Colour Black

2 Light Grey

The results show that firing in a carbon monoxide
atwmosphere resulted in an increase in the weight of the
sample. In addition the sample changed@ colour from a light
grey to a black colour. - This change in colour was
attributed to the formation of caxbon in the sample. After
heating at 600°C in air (Example 18-b) there was a decrease
in the weight of the sample and the colour changed back to
its original colour. However, there was a net weight gain
observed from the sample after the carbon monoxide and air
firing. This was attributed to the formation of silica
from the =silicon carbide.

Thegse samples (18-b and 19-a) were heated using
the firing cycle given in table 8, and the products are
designated 18-¢ and 19-b respecéively.



Conpar ati ve Exanple 9-13 The sanples were prepared according to the nethod
of Exanple 1, with the exception that 25 mmdiscs were used. For sanpl es
heated to 1400[err] and higher in the atnospheres indicated, the: sanpl es .
were held at this tenperature for 60 mnutes prior to heating t he maxi num
tenperature. Sanples-9, 11 and 12 wereggeated to the maxi num tenperature
and cooled. The results of the firing are given in table 5. Table 5 Sanple

Det ai | s Exanpl e 9 - 10 Pable ld 13 sic

87.8 87.8 87.8 err 10.7 10.7

10. 7 10. 7 10. 7 Ngo Bhishary of § f-"}[“ "l'h? 1.4 1.4

1.4 At nosphere L. o A—tRX Tenp([err])
1100 1400 1600 1900 140 GBEKg gp[err]) 1.72 1.74
1.75 1.73 1. 7298 §9 34§Q7¢ |3t 109Cmpin 1.81 2.09

1.72 W Change% -0.0 aolaﬁa@ 1400°¢3£§r 60 n%nﬁ -0.9 Col our

G ey Bl ack Bl ack rom -t reegul ts of Exanples 10

and 11 (see table 5) ﬁﬁa%dﬁX%%PGeﬁh iﬁéﬁ°ﬁe%§|§gctnan§hnples in a carbon

nonoxi de at nosphere at 1488 % arat iggub?sfbg 30VGidhkegai N It is thought
that the col our change of the sanples romgrey in the as pressed state to

bl ack, was the resul t Eyacnats ts ¢k mn iReh and (£3I1) hedthnPOes. Furthernore,
the.fornation of - car bo u oxL.d t cpn car bi de
i RS A808coLe 15005 ! B

according to reaction e resu
Heat 1900°C to 2030°C at 2. 5°C
Hold at 2030°C for 60 minutes
Cool to room temperature at 10°C.min-3t

until the natural cooling rate takes over.

The results are given in table 9.

Table 9
Sample Details

Example 18~c 19-b 20
sic 87.8 87.8 ' 87.8
A1.0, 10.7 10.7 10.7
MgOo 1.4 1.4 1.4
Mass (g) 182 188 178
FBD (g.cc™) 2.94 3.16 3.19
Wt Change % -11.5 -10.0(-5.1)% -5.2
Comments 1

Comments

Where 1 Badly diatorted
2 Weight loss for sample before €O firing.



25 the wei ght change behaviour is not the result of the deposition or
cracki ng of the carbon nonoxide within the sanples. Heating of the sanples
to higher teneratures results in a weight l.oss and col our change from

bl ack to the original grey colour (see Exanple 12). This behaviqur is
attributed to the carbothermal reducti &®involving the carbon and silica
formed at | ower tenperatures according to reaction 3. It is thought that
the presence of the TH¢i%esniEs Adenenstratef thet adverge edfeidts ait on of

si |1con cahifia dredesaaRbesheateonl 822012100 BaERIRCT © % 13),
there was no wei ght _increase or colour change, Indicating no re I on
bet ween t F@antf%idigedninaang . ptyosphene eand 4 - 17 The

ef fect of galidd i dat | Selnnean ' ‘1@:&.:{3 a
nonoxi de at ms%%ﬁtz\%sﬁgfsﬁg?eg.ﬁ #ﬁg reésul tsggrg%lr?gn I'n t'alﬁ%@%ﬁl e 6
Ef fect of &dARes (veioht lesghattemndensificatdon atChigh 1400[err] for 60

TOBUt es B%%atu:e. &eg&ul bg}?:Sd%.g\rsﬁty was rejlgtive:ﬁr 1&% ashg 10

.0 Gkhe microsttudtiyy® of the sample wad characterised by 1.4
1.4 Mass 5 _ . 5 B cclerr])
1. 65 Wlzous regions;  Pxemple 135p I'—(gﬂ‘(:&dcé%ercrﬁm mondEiNg

1.73 atiosphere toll800°C and refired using the two stage firing

-gycle), also exhibited a large weight loss. By contrast,
the fired bulked density obtained aftexr firxing was
comparable to the two stage firing. For Example 19-b, it
is believed that the gilica and carbon formed during the
first firing cyvcle to 1400°¢, reacted to form SiC and
carbon monoxide in the argon atmosphere in the second
€iring. It should also be noted that the overall weight
change (for both firings) for Exauwple 19 was very similar
to that for Example 20 fired using the two stage firing
cycle. This demonstrates the adverse effect of silicon
carbide on densification and the its is possible to produce
high denasity samples in a carbon monoxide atmosphere if the
sald phases which is inevitable formed at lower

texperatures is removed from the body prior to the high
temperature densification step. ‘

Exampleg 21 - 25

To confirm silica that hag an adverse effect on
.the densification of silicorn carbide, free carbon was added
to react with the gilica. The same source of silicon
carbide and magneéia as used for Example 1 were .used to
pr.oduce the samples. The alumina used was obtained f£rom
Alcoa was known as grade A1000 and the carbon socurce was a
phenolic resin. The powders were batched and ball milled
using silicon carbide milling media (see table 10).



W change% +0. 8 +0. 9 +5. 4 +9. 2 26 Silicon
carbi de powder, with and without the addition of alumina.is relatively
stabl e under these conditions as evidenced by the negligible weight
changes. By. contrast, the addition of magnesia results in a significant

i ncrease in weight being observed after ¥aring: It is believed that this
behaviour in the result of the reaction of the additives with the silica

| ayer on the silicon carbide. This provides a rapid transport nechanism for
t he oxygen-through the said | ayer to,}ﬁ,gl_éi#con carbi de. Exanples 18 - 20
The effects of residual silica, withand wthout the presence of free
carbon, on the densification beMblildng Wxmditibmey . The sanples were
prepared as outlined for Exanple 5. The resulting powder slurries were
spray dried and green discsS (6D mmaranerer) Were unaxrarty pressed at 35
MPa and wet bag CIP at 150 MPa. The sanples were fired in an atnosphere of
car bon nonoxi de at nosphere 1400C to for ilica and carbon (Exanple
18-a and 19-a). Exanple 18-"'{:1 S subsequent d to 600[err] in air to
renove the carbon, and the powderet is desi (380 el Exanple 18-b.

Balls 1500 g sic
Fluid 700 ml igso propanol

The compositions of the batches are given in
table 12. Note the ratio of Si:Al:Mg was kept constant for
each mix. The weight loss after pyrolysis for the phenolic
resin was 45.6%. Asgsuming a surface oxide layex of 3
weight percent for the silicon carbide, 1.8 g of carbon
would be required for sach 100 g of silicon carbide forx
conversion of the said silica layer to silicon carbide.

Table 11
Composition in Parts

Example 21 22 23 24 25
sic 89.0 89.0 89.0 89.0 89.0
al,0, 10.0 10.0 10.0 10.0 10.0
Mgo 1.0 1.0 1.0 1.0 1.0
Resin 0.0 1.6 3.2 4.9 6.5
(<) (0.0) (0.9 (1.8) (2.6) (3.5)

The resulting powder slurries were spray dried
and green discs (65 mm diameter and mass 250 g) were



27 Tahl e .7 Sanple Det ail s'“I-ExarrpI e 18-a 19-a

18-b Si C 87.8 87.8 87.8 [err]
10.7 10. 7 10. 7 Myo 1.4 1.4
1.4 At nosphere CO Co Alr Max Tenp
([err]) 1400 1400 31 600 Mass(gQ) -177

178 . 1§1 W Chane%e % +5. 4 +5. 4 -2.8
Comment s URaxialiy pressed at 35 MPa and wet bag CIP\@brd50 MPa. Theol our
Black 2 pamgbésGreyelbamd it witdvddinied i:{}}f&i@eatﬁér RagigonQyy de
at nosphere_resulLted in an increase_in the weight of the sample. In
addi tion tH a%’ﬁ?& ﬁ?ﬂ%’é’éﬂ (#9e, 2l 32) 4 i ght grey to a bl ack col our.
This change in colour was attribut edphgibhgaf ormati on of carbon in the
sanpl e. After heating.at 600C in air (Exanple 18-b) there was a decrease in
the wei ght of the %%&ﬁ?éﬁ#tm GoRdieions ckat Nitrogen gi nal
col our. However, thete=ras=a—tret—netght—ga-R=obsewed—i=am-the- sanpl e after
t he carbon nonoxide and air firing. -This was attributed to the formation of
silica fromthe silicon carbHeat Eecd®09ehpte80 EShT and 19-a) were heat ed
using the firing cycle given in tab , dJt ke products are designated
18-c and 19-b respectively. h%ﬁ £3¥ 1 %

Heat to 150°C at 30°¢.h™

Hold for 1 h
Heat to 600°C at 50°Cc.h™
Hold for 1 h
Cool at 200°C.hn?

Detalils of the firing cycle azre given in table
i3. )
Table 13

Summary of Firing Cycles

Heat to 600°C at 5°C.min™t in Ar gas
Heat 600°C to 1400°C at 10°C.min™
Heat 1400°C to 1550°C at S$°C.min™

Hold at 1550°C for 30 minutes
Heat 1550°C to 1650°C at 5°C.min™
Hold at 1650°C for 30 minutes

Evacuate to 1 mm Hg and £ill CO gas

Heat 1650°C to 1900°C at S°C.min™t
Hold at 1900°C for 60 minutes

Heat 1900°C to 2030°c at 2.5°C.min™*

Heat 2030°C to 2060°C at 1.5°C.min"%
Hold at 2060°C for 30 minutes

Cool to room temperature at 10°C.min™?

until the natural cooling rate takes over.




28 Tabl e

at 1600C

natural cooling rate takes over.

8 Surrr’rar'y'olf; Firi ng Cycles Heat to 1400[err] at 10C [err]
Ar Hold at 1400[err] for 60 m nutes Heat 1400C to 1600[err] at 5[err] Hold

in

for 30 mnutes Evacuate to 1 mmHg and fill with CO Heat I600[err]
to1900[err] at 5[err] Heat 1900[err] to 2030C at 2.5[err] Hold at
2030[err] for 60 mnutes Cool to room ta@nperature at 10[err] until the

The results are given in table 9. Table 9
Sanpl e Details Exanie results of tife cfiring are 1i8tld in table 3Q_.Si C
' 10.7

87.8 87.8 87.8 [err] 10.
10.7 MyoO 1. 4 1.4 1.4 Mass (Q)

182 188 178me(g_4:c[err]) 2.94

3.16 apge % -1QO( 5.1)[err]
-5.2 Coment s keedt %1 Mﬂfg"?\h‘éﬁ’ﬁtﬁ“tBﬁﬁl fepsificats Wi ght

| oss for

sanpl e before CO fiugixgy a two stage £iring

Example 21 - 22 23 24 25
sic 89.0 89.0 89.0 89.0 89.0
Ax,0, 10.0 10.0 10.0 10.0 10.0
MgO 1.0 1.0 1.0 1.0 1.0
Resin 0.0 1.6 3.2 4.9 6.5
Mass (g) 245 248 247 247 246
GBD(g.cc™?) 1.69 1.70 1.70 1.71 1.72
Carbon Content 0 0.9 1.8 2.6 3.5
FBD(g.cc™) 3.13 3.20 3.19 '3.12 3.04
Wt Change % -6.3 -5.8 ~5.7 -6.3 -6.3
Comnments 1 2 2 2 2
Comments
Where 1 Low density core

2 Uniform

From the results in table 14, can be seen that
the addition of small amounts of carbon greatly enhances
the level of fired bulk density obtained (Examples 21 and
22). For higher levels of carbon addition, there is a
decrease in fired bulk density (Examples 24 and 25). It is
believed that this behaviour is the result of the
unfavourable reaction of the c¢arbon at high temperatures.
Thus there exists an optimum range for the carbon content.
It is important to note that for thinner gamples the
addition of carbon was not found to be necessary in order
to produce high fired hulk dengity products. It is

7



29 The. results denonstrate the adverse effects of silica on the
densification of silicon carbide. Exanple 18-c (oxidised in a carbon
nonoxi de at nosphere and subsequently heated in air to renove the carbon),
underwent a | arge weight |oss after densification at high tenperature. The
final bulk-density was relatively | ow ahl the mcrostructure of the sanpl e

was chara ' b roQus reqi ons. ampl 19-b (fired in carbon nmonoxi de

at msphereg%)i%%%&%g $8:F F‘ﬁgﬁeugm ggtg\ﬁo"é‘l:aé’@ Fiaew % cdkle wbso

exhi bi t ed dedompmeecandt cansbe Bemaealll Fvom hd gogﬂgxbg&&ﬁgaggnsi
iring.

obtained gfter firin rable tQ the two stage f or gﬁ l e
PR RN R TR IR CENANC I

firing cysaamled J0dkele] reqeasesdcoslacraline Yt U Wedmiiidoqhy { Mo

argon atnosphere in the second firing. It shoul at the
overal | wHGRVEERYURVIRtEs: Aaxide kzep the Dowdsn caamdastvery sinilar to
that for Exanple 20 fired using the two stage firing cycle. This
denonstrates the adverse effect of silicon carbide on densification and the
its is possaPRIe 28, oduce high density sanples in a carbon nonoxi de

femperatures is remone Tonvifa bo the ALt BePohBllf silasddiVne

densi f i catfttaiedptoslatpraing] the detompositins Hekavidut imsregasduer se

cllect orS4RHE bR Ign e Sl GRANGH af S diRons 20 (0
monoxide. The raw materials used to produce the sample
were silica from Pennyslvania Glass Sand Corporation known
as Min-u-Sil grade 5 micron; alumina from Alcoa was known
as grade Al000, magnesia from Ajax Chemicals (analytical
grade) and the carbon source was a phenolic resin. The
oxide only powders wexe batched and ball milled. The resin
was added as a separate step to the pre milled and spray
dried oxide powders. A green digcs (38 mm diameter and
mass 60 g) was unaxially pressed to form a compact. The

" starting composition used was formulated to correspond to
the expected oxides and f£ree carbon present in Example 22
and is given in table 15.
Table 15
‘Composition of Example 26

Component Parts Expected Oxide Composition
(Example 22)

sio, 17.5 2.7
a1,o0, 65.4 16.0
MgO 6.5 1.0
Resin 10.6 -

{Carbon) (5.7) {0.9)

S




car bi de and magne5| a as used for Exarrpl e 1 wer e used to produce the

sanpl es. The .al um na used was obtained from Al coa was known as grade A1000
and the carbon source was a phenolic resin. The powders were batched- and
bal'l mlled using silicon carbide mlling nedia (see table 10). 30 Tabl e
10 MIling Conditions Tine 3% hours Powder 350 g

Bal | s 1500 Sic Fl ue{i 700 mM iso propanol The
conpositions of the bErtHESSIRAR; G spEplgpwas|pyrRIveethta saxbaxi

Si: AL My wascdmpamanﬁbaﬂhef REtA38N ol LinkAe 1 W EAlp1Qs £f t %et?&’i:?&ysks

for the ph %m g gpﬁn was 45.6% _Assuning a surface oxi | ayer 0

wei ght perc i S¥PLe 8RS TiBrRedn | eoflsoar Fe wannleovasquired
for each 10figeadf ifii khcopehiccPudeblar 1508V erabdii m lhsddic yer
to silicon carb| de Table 11 Conposition in Parts Exanpl e Tirhale! a#ig
22 zee figw rate apg the CO content wege) contgonously 89.0
89.0 8&@;&@55], 10.0 10.0 10.0 10.0 10.0
MO 1.0 1.0 1.0 1.0 1.0 Resin _

0.0 1.6 3.2 4.9 6.5 (O (0.0) (09
(1.8) (2.6) (3.5) Table 16

. Summary of Firing Cycle

Heat to 600°C at l0°C.min™ in ar gas
Heat 1400°C to 1650°C at 5°C.min™?
Hold at 1650°C for 30 minutes
Cool to room temperature at 10°C.min™?
until the natural cooling rate takes over.

The results obtained during the firing are shown
. in f£ig. 1. The results ipdicate a small amount of carbon
monoxide was liberated at 700°C with a corresponding.
increase in the net gas flow rate. The main out gassing
started at 1300°C and was rapid above 1500°C. The reaction
was completed in a short time. The composition before and
after firing is given in table 17.

Table 17
Atomic Ratios for Example 26

Element Initial Ratio Final Ratio
Al 1.00 1.00
si 0.23 0.20
Mg 0.13 0.12
ct 0.42 0.01




The -resul ting powder slurries were spray dried and green discs (65 mm °

di aneter and mass 250 g) were 31 unaxially pressed at 35 MPa and wet bag
CIlP at 150 MPa. The sanples were heated in nitrogen to pyrolyse the resin
and formfree carbon (see table 12). Table 12 Curing and Pyrolysis
Conditions in. Nitrogen Heat to 100C at 38[err] Hold for 1 h Heat to 150C at
30[err] Hold for 1 h Heat to 600[err] at 50[err] Hold for 1 h Cool at
200[err] Details of the firing cycle are given in table 13. Table 13

Summary of “Firing CynégesHga ﬂe Q,L at 5[err] in Ar gas Heat 600C to
1400[err] at 10[err] Heat H$4 O[err] %Hfg"soc at 5[err] Hold at 1550C for 30
m nutes Heat 1550C to 1650C at 5[err] Hold at 1650C for 30 m nutes Evacuate

to 1 mmHg and fill SRko2ssbiaels 16A3CHR LW ¢Hd dlsdd Wldnge is the
loss of the free caxbon as carbon monoxide. There was also '

a small loss of gilicon. This indicates that extreme care

should be taken with the use of carbon to ensure that the

samples are not damaged by excessive out gassing. The use

of a slow heating rate or a dwell in this critical

temperature range (of roughly 1300°C to 1600°C) can be uged

to overcome any advexse affects of this phenomena. The use

of xnstmencs such as gas flow meters or carbon monoxide

detectors can be used to monitor the ocutlet gas streams to

prevent rapid ocut gassing in the components being fired by

interrupting the firing cycle at the critical points.

Examplesg 27 - 29

The effect of firing cycle was also examined for
thick specimens. The composition and the sample
preparation was the same as Example 22. The firing cycles

used are gummarised in table 18 and the xesults of the
firing in table 19,



Hol d at 1900[err] for 60 ni nut es Heat- 1900C to 2030[err] at 2.5[err] Heat

2030[ecr] tq.2060[err] at 1.5[err] Hold at 2060C for 30 Jrinutes Cool to
roomtenperature at 10C [err] until the natural cooling rate takes over.
32 'The results of the firing are listed in table 14. Table 14 Effect of _
free carbon content on densificati-on uggig a two stage firing Exanple

21 22 23 24 25 Si C 89.0 89.0

89.0 89.0 89.0 [err] gabw.ﬁ 10.0 10.0 10.0
10.0 1.0 4 1.0 Resin 0.0 1.6
3: 2 si“ﬁ‘lmq' °%. %%ﬁ?? ?3?1"3 245 248 2%7 TX47
246 GBD(g =TT eTTr) 1" ov —+—76 470~ dtad— —1—A2—-Carbon
Cont ent 3.5 FBD(g.cc[err]) 3.13
3. 20 “?afg zoom %@Eeﬂt“seo!&ovm@ﬁﬁngt % -6.3 -5.8 -5.7
-6.3 gio(ﬁ@#eu_hs 1 2 2 2
coments Were Low density core 2 Uni form From't he resEI ts in
tabl e 14, HeaE tﬁng%%nt?hﬁﬁopﬂg a8ddoPEamaén % mal | nounts of carbon¥great!ly
enhances geat 1400°C to 1550°C at 5°C.min™? Y Y

Hold at 1550°C for 30 minutes

Heat 1550°C to 1650°C at 5°C.min™
Hold at 1650°C for 30 minutes
Evacuate to 1 mm Hg and £111
Introduce CO gas

Heat 1650°C to 1900°C at 5°C.min™
Hold at 1900°C for 60 minutes

Heat 1300°C to 2030°C at 2.5°C.min™?
Heat 2030°C to 2060°C at 1.5°C.min™?
Bold at 2060°C for 30 minutes

Cool to RT at 10°C. 1 until the
natural cooling rate takes over.

M K
¥ ¥ K%K HY
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the level.of fired bulk density obtained (Exanples 21 and 22). For higher
| evel s.of carbon addition, there is a decrease in fired bulk density
(Exanmples 24 and 25) It is believed that this behaviour is the result of
t he unfavourabl e reaction of the carbon at high tenperatures. Thus there
exi sts an optinumrange for the carbon 8dntent. It is i'mportant to note
that for thinner sanples the addition of carbon was not found to be
necessary in order to produce hi gh fFrR#ebdPKk density products. It is 33
believed that for these sanpleegébe &kl i_:g_g.ﬂ,_gygi,chg abl e to deconpose and
can be remaved fromthe powder conpact. This becones nore difficult with
I ncreasing thickness of the sanples, as It requires consideraple trme—to
deconpose pRdmpgeove the unwantxgd oxide fromt powder conpac% Exanpl e 26
The reactign of the nminor secondary phases was studied to dete Rine the
deconposition behaviour 1n regards to the TTDberatron or gaseous pirases such
as carbon gpgoxide. The raw ma ioal s used to Eﬁi‘nd(gce the sanple were
silica from Pennyal vania @ ass Sand Cor porati o known as M n- uS2-p grade 5
m cron; al&k®a from Al coa was #n@wn as grade A®AP, nmagnesi a 10§ A ax
Chem cal s &ﬁpal ytical grade) and {he carbon source was a phenolic resin.

0

The oxi de y powders were ba ed and ball nit1%®d. The resi n*wls added as
a separateCarbpnto the pre nillead and spray driggd oxi de powderg, gA green
di scs (38 l_[;;lg}md|(esa’r{et er and 248 248 70
GBD (g.cc™) 1.70 1.68 1,71
Firing Cycle I II II
FBD {(g.cc™?) 3.20 3.18 3.20
Wt Change% -5.8 -5.9 -8.0
Comments 2 1 2
Comments

Where 1 Low density core
2 Uniform

From the resgults it can be seen that the use of
dwells in the middle temperature range is beneficial in
increasing the fired bulk density of thick samples. In
addition, it has been shown that a dwell or slowing down of
the heating rate is beneficial as a result of the reactien
of carbon with the silica inevitably present on the sgilicon
carbide. The elimination of this silica is crucial to the
successful densification of bodies. It will be appreciated
that for thin bodies the deliberate elimination of the
gilica is not required as it is evolved during the heating
cycle (Example 29). For thicker bodies, the reliance on
the diffusion and elimination of the silica f£rom the body
is not practical. In addition, the firing of multiple

samples can also increase the amount of time required for



mass 60 g) was unaX| ally pressed to form a corrpact The starti ng '
conposition used was formulated to correspond to the ected oxides and free
carbon present in Exanple 22 and is given in table 15 Table 15 Coiiposition

of 'Exanpl e 26 Conponent Parts Expect ed Oxi de Conposition
(Exampl e 22) [err] 17.5 38 2.7 [err]
65. 4 10.0 MmO 6.5 1.0

Resi N the eliminatign of silica or su:.cageapm)as £from the (5.7)

(0.9 J%igglgslg EQFui%”BE a\l\gﬁlig ?wyﬁ d tﬁicar b%lgtccor ding to the

met hod outlined in Exa ven in
tabl e 16. Waﬁpﬁezﬁasm the Curaacepatmosphieltes istabidiipingcehabe

];rg;gﬁrcgd Jirg%l ei:ig mmry Mﬁh&h%ﬁﬂ e&%@ &&\%d’ge{“ nuogﬂ Y in Ar

gas Heat dembgnrcpuld 2380 ber p fackor i did prok@my.err] for 30 minutes
Cool to roomtenperature at 10C [err] until the natural cooling rate takes
over. The results obtained during the firing are shown

Examples 30-39

The effect of alumina and magnegia additions on
dengification were examined for a fixed f£iring cycle foxr
thick specimens. The carbon addition was based on the
amount of silicon carbide in the starting mix. The mass
ratio of carbon to silicon carbide was 0.015. The sample
prepa{ration and the firing cycle used was the same as
Example 22. The results of the firings are summarised in

table 20.
Table 20

Effect of coumposition on densification
Example 30 3 32 33 34
sic 95.0 93.4 91.9 895.9 87.0
Al,0, 4.0 6.3 6.3 10.0 12.0
ugo 1.0 0.3 1‘7 0.1 1’0
Carbon 1.4 1.4 1.4 1.3 1.3
Mass (g) 249 248 249 248 248
GBD (g.cc™) 1.68 1.70 1.71 1.70 1.71
FBD (g.cc™) 3.00 3.11 3.08 3.20 3.23
%TD (calce) 92.7 92.7 95.5 97.6 98.4

Wt Change % -3.9 -4.0 -5.4 -4.5 ~-5.8




in fig. 1" "The results indicate a small .ampbunt of carbon nonoxi de was
| i berated at 700[err] with a corresponding. increase in the net gas.flow
rate. The main out gassing started at 1300[err] and was rapid above
1500[err]. The reaction was conpleted iy a short tine. The conposition
before and after firing is given in tabf®e 17. Table 17 Atom c Ratios for
Exanpl e 26 El enent Initial Fl naI atio Al 1.00
1.00 Si 0.23 Ta%ai 0%)02&"% 0.13 0.12

[err] : 0. 42 Effect of comﬁbﬂiltzonB&;l‘@éﬁs:Lfia;aEﬁ.ea carbon The
results indicate that the gnjqr change is the |loss of the free carbon as

carbon nonoxi de. There was also a small loss of silicon. This indcates that
extreme c@xngiyll d be talgs with glge use ofagarbon tagggnsure thygd the

sanpl es are not damaged by excessive out gassing. The use of a slow heating
rate or a dwell in this critical tenperature range (of roughly 1300[err] to

1600[ err]) n be used to g cConeg adver ffect f this nmena.
The use o #E%strunents suc as gas ?mgw met e§§ gr carzaoél) m)nomg?gt ectors

e -
can be us@djOg nonitor thd2ufi|let @Rs0streand?ed preved-Tapi d RR.@assing

in the co ents bei ng.j.i&ed byd' %terrupt'bng t he fiiiapg cyclelaé t he

critical points. * ¢ * * *
Carbon 1.3 1.3 1.2 1.2 1.2
Mass (g) 248 248 248 248 248
GBD (g.cc™) 1.72 1.73 1.74 1.74 1.77
FED (g.ce™?) 3.22 3.23 3.29 3.27 3.30
%TD (calc) 98.3 98.4 8%.0 98.7 99.1 .
Wt Change % ~-5.9 -5.8 -5.2 -5.6 -6.1

From the results it can be seen that in the range
examined, increasing the alumina content had a greater
effect on fired bulk density than the magnesia content.
Low levelg of addition of magnesia were effective in
promoting densificatien. By contrast, to achieve greater
than 95% of the theoretical demsity, alumina had to be
added in excess of 6 weight percent. It can also be seen
that there is good repeatabiity between £irings (compare
examples 34 and 35).

Example 40

The effect of alumina addition, in the upperx
range was examined for thick specimens. The carbon
addition was based on the amount of silicon carbide in the
starting mix. The mass ratio of carbon to silicon carbide
wag 0.015. The sample preparation used was the same as
Example 22. The firing cycle is shown in table 21. The
results of the firings are summarised in table 22.



Exanpl es 27 - 29 The effeét of firi ng cycle was al so exam ned for thick
speci mens. The conposition and the sanple preparation was the same as
Exanpl e 22. The firing cycles used are summarised in table 18 and the

results of the firing in table 19. 36 Table 18 Summary of Firing Cycles
I | Heat roomtenperature to 600CGat 5[err] in Ar

Y Y Heat 600[err] to 1400C at 10[err] Y Y
Heat 1400[err] to 1550[err] at 5[errfable 21 Y

Y Hold at -1550[err] for 30 rgnutes Y N Heat
1550[err] to 1650[err] at 5[ of Firing Cycle Y Hol d at
1650C for 30 m nutes me “r~Evacuate—to—t mm Hg and
fill Y | ntroduce CO gas,

Y Y Heat 1650C tBEMGPeFPP& ay &°G- 2in°in ar gas Y Y

Hol d at 1900[err] for 6fedtnod®C to 1400°c at 10°%¢._min=* N Heat 1900[err]
to 2030[err] at 5[err]‘l o Y Heat 4030C to 2060[err]
at 1.5[err] eat 1409°C to 1‘5%%‘&1 or 30 mnutes Cool

to RT at 10[err] until tRNPidY AsEEEY | £ 6 GniRkESg OVer -
Y Y Heat 1550°C to 1650°C at S5°C.min™
Hold at 1650°C for 30 minutes
Evacuate to 1 mm Hg and £ill CO gas
Heat 1650°C to 1900°C at S°C.min™
Hold at 1800°C for 60 minutes
Heat 1900°C to 2000°C at 2.5°C.min™
Hold at temp for 60 minutes
- Cool to room temperature at 10°C.min™
until the natural cooling rate takes over.

) Table 22
' Bffect of composition on densification

Example ' 40
sic 64.8
al,0, 35.0
MgO 1.8
L Carbon 1.0
Mass (g) 248
GBD (g.cc™) 1.82
FBD (g.cc™) 3.27
%TD (calce) 87.1

* Wt Change % - =4.3




37 Table 19 Effect of firing cycle Exanple - 2l e 20

29 SiCy . - .. 89.0 89.0 89.0 [err] :
10.0 ° 10.0 10.0 Myo 1.0 1.0
1..0 Carbon 0.9 0,9 0.9 Mass (Q)

248 248 70 GBD (g.4% [err]) 1.70

1.68 1.71 Figing Cycle | . | | o N
FBD (g.cc[err]) £L3g§ﬁ be seen thag gyen in the uppey Jimits, af,
-5.8 . alumihaaddition, deBlag@ HodieB! eéan be produceéd. It is

2 Comment s e d t |forn1Fro he results_ it n be
seen t hat txghﬂggéﬁf%§ﬁ§ g%’# ¥P &ﬁlﬂglé Pﬁﬁﬁérﬁﬁﬁgé%réﬁg&qQ?ﬁﬁﬁﬁﬁ§@?al
in increasi ngevéksf oEcdebibtallessirbgsek ahbi akceaﬁaha&ncbnoﬁwﬁ.e herbalas
been shown that a dmell or sl down he he tln rate is eficial
as a result SFPRREiPD, misgAC Sgwgagﬂﬁﬁﬂmﬁg ﬁ@ﬁiﬁﬁﬁ Bsent on
the silicon carbide. Tge ﬁi1m1natcmeaeiythhaeashbaa thaerunbahdwhﬂﬂibn
successful densification of bodies. It will be appreC| ted that_for thin

bodi es the d&Ri bERaPEDErRl AFPRSES A8 ROtslimited  tp &2 iR it is

evol ved durigdehli®shgdvierOnereianeEssen! e 29). For thlcker bodi es, the
reliance on the diffusion and elimnation of the silica fromthe body



is not practical: In addition, the firin Lple sanple can also
I ncrease the anmount of tinme re

S é,\pQ elimnati
si-li cate phases fromthe sanpl el Tah® 87 g n O ".bU| | d up of
cent ai ni ng vapour species in th rie, stabilisi
silicon containing phases. The effect g furnace design could also be a
factor in this process. Exanples 30-39 The effect of alum na and nagnesi a
addi ti onscpfypensi fication were examned for a fixed firing cycle for thick
speci rrens"‘l'ﬁe_'c'ar bon addition was based on the anount of silicon carbide

in the stdrting ni x® PROCRESs Loz theoProfussion off Idensie carbi de was 0. 015.
The Sa”D'foﬂirSE?ﬁ%h‘l@.W‘lih*i%Jﬂ dalihaid | dhaiRif AfSiddls Salre as Exanpl e 22
Intable 20.

The results of the firings are sumari sed abl e 20 Effect of
conposi t i ehasne&eﬁaaa%am &hat ahe process Purludes the followdag 33
34 SiC teps: 95.0 93. 4 91.9 89.9 87.0 [err] ’
4.0 8.3 6.3 10.0 12.0 Mo 1.0 0.3

1.7 0.1 1a) Caheating a powfler compapt] containing silidos

1.3 Mass (9Q) 249

cclerr]) 1.68  1.70 °a'%.i§f mf‘%’m °‘2A£P’I?I§B”ig cc%%%?f 3.00
3. 11 3. 08 3.20 to amixrermediate temperature,

maintaining the said intezmediate
temperatuzre for an extended dwell, and then
- (b) heating the product of step (a) to a higher
temperature for sufficient time to produce
a dense polycrystalline silicon carbide
product.
2. Process accordign to claim 1 in which in step (b)
there is an upper temperature dwell at a temperature above
the intermediate temperature and before the omset of
appreciable densification.

3. Process according to claim 2 in which the upper
temperature dwell is carried out at less than 1900°C.
4. Process according to claim 1 in which in step

(b)., magnesia is present as a sintering assist, and the
atmogsphere is essentially carbon monoxide.

5. Process according to claim & in which the powder
compact heated in step (a) contains magnesia or a precursor
thereof.

6. Process according to claim 4 in which magnesia is

added during step (a) and/oxr step (b).

7. Process according to claim 4 in which step (a) is
carried out in an inert atmosphere which is replaced by
carbon monoxide prior to commencement of gtep (b).

8. Process according to claim 7 in which the inext
atmosphere comprises argon. '

e —
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%D (cal c) 92.7  92.7 95.5 97. 6 gge,eg@g faced

-3.9 -4.0 -5.4 -4.5 -5.8 _139 TabIeZO

Ef fect of conposition on defisqfsGald A58\ ¢ lmn

38 39 sic ”.,%,33 RE D 8R. 0 r
12.0 12.0 17.7 1 :

0.3 1.7 1.0 Carbon 1.3 1.3 12

1.2 Mass¢g) Process agrording &g claimkgin which/ghepD (g. CC[ err])

350  igtiymedishd Lemparaties in et f7Relol bpe %% og

98 7
99.1 W ESFRgFagure AL "hicls @n:enswg dengifigagion of ¢he Rompadte

results plcusxg.be seen that in the range exam ned, increasing the alumna
content had a greater effect on fired bul k denS|ty t han t he magnesi a
content . I0ow | evel Precerkiiadesrddngreemeclained einf wbichyshien pronoting

densifi cggﬁﬁhﬁgfﬂg @%ﬁa: g“ggh v e o % of the theoretical
density, alumna ha t% e a% e |%§e§%gés 6&&%%%? percent. It can al so
be seen fldat ther e Expepan ummltaychiwe&nm whigh @nynmdidexanpl es

2, P el Ao e ol 1 TS0

appreciadble dengification in step (b).

i2. Process according to claim 10 in which the gilica
or silicate is eliminated by reaction with carbon.

13. Process according to claim 1 in which the higher
temperature in step (b) is above 1500°C and below 2200°C.
14. Process according to ¢laim 1 carried out at
ambient pressure.

15, A dense polyczyst:anine silicon ca.rbide produced
by the process of any one of claims 1 to 14.

16. A dense polycrystalline silicon carbide according

to claim 15 containing at least 65 weight per cent silicon
carbide with the remainder substantially an aluminate.
17. 2 demge polycrystalline silicon carbide according
to claim 16 in which the aluminate contains magnesium.

- —
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addition was based on the anobunt of silicon carbide in the starting m Xx.
The mass ratio of carbon to silicon carbide was 0.015. The sanple
preparation used was the sane as Exanple 22. The firing cycle is shown in
table 21. The results of the firings are summarised in table 22. 40
Tabl e 21 Summary of Firing Cycle Heat to4aO0err] at 5C[err] in Ar gas
Heat 600[err] to 1400[err] at 10[err] Heat 1400[err] to 1550C at 5[err]
Hol d at 1550C for 30 m nutes Heat 1550C to 1650C at 5[err] Hold at 1650C
for 30 minutes Evacuate to 1 mm Hg and®BS¥RAQD) gas Heat 1650C to 1900[ err]
at 5[err] Hold at 1900[err] for 60 m nutes Heat 1900[err] to 2000[err] at

2.5[err] Hold at tenp for 60 ninutgs §§O| to roomtenperature at 10[err]
until the natural cooling rate ML LEffect of conposi tion
on densification Exanple 40 Si C 64. 8
[err] 35.0 Mo 1.8
A process for the production of dense polycrystalline
gsilicon carbide shaped articles, comprises (a) heating a
powder compact containing silicon carbide and alumina or a
precursor thereof to an intermediate temperature and
maintaining the said intermediate temperature for an
extended dwell, and then (b) heating the product of step
(a) to a higher temperature for sufficient time to produce
a dense polycrystalline silicon carbide product.

{Figure 1)



Car bon 1.0 Mass (9Q) 248 @GBD (g.ccl[err])
1.82 FBD (g. cc[err]) 3.27 WD (calc) 97.1 wt change
% -4.3 _ 41 It can be seen that even in the upper limts of
al Um na addition, dense bodies can be'produced. It is thought that high
level s of ~alinmina result in considerable |8kls of residual stresses as a
consequence of the thermal 5 expansi on -m snmat ch bet ween al um na and

silicon carbide. It will be clearly understood-that the invention in its
general aspects is not |limted to the specific details given hereinbefore.
- 42 - CLAIMS: 1. A process for the production of dense

pol ycryst'al line silicon carbide shaped articles, characterized in that the
process includes the follow ng steps: (a) heating, a powder conpact
containing silicon carbide anﬂ}ﬂlﬁﬁlmo[ﬂasegcm sor of alumna, in an
i nert atrmsprgre to a o o

~ 2 — e

t

Gy

(=]

¥ T

2000

¥

1500

1000
Temperature (C)

—a— % CO in Gas Stream _,_ Nett Gas Flow

500

25
20
5
0
5
0



hol d tenperature, (b) rmaintaining the hold tenperat
1900[err] in an inert atnosphere or vacuum or alter
the hold tenperature at between 1600 and 1900[err] inl an 4
cdnpri sing carbon nonoxi de, the hold teqﬁfrature be'bgoﬁatnl
time sufficient to renove species unstabl'é at the si gterl Y
fromthe cqipagis.and (c) heating the product of step (b) to 2 “-—z ure
above 1900[err] Th an atnosphere conprising carbon nonoxide for sufficient

time to produce a dense polycrystalline silicon carbide product. 2.

Process acclordl ng tO&'ﬁ&ésM@'ﬁhé'bké&ub%zéﬁ oS Gaklse speci es renoved

s betmeen 1400 and

in step (b) ocess, accor di aim 1l wherein the hold
tenperatun?9%¥9ﬁﬁﬁﬁ%&}%ﬁﬁafliéFﬂEeﬁafgg ﬁ%’ BHPCI9Fan i nert

at nospher e.ctaracterizéii oigsshatcohei pgocesal dnolbdes Whelfasklapeing i s
carried out_,at between 1900[err] and 2200[err]. 5. Process accordi ng

to claim18%PR&ich in step (b), nmagnesia is present as a sintering assist,
and the atnosphere |s(aelsserhe&ttixygpaabpnwc'mnoszbmpacﬁ containimacess

according to claim5b '”‘M“éihi£§hpQ&QBEdgogﬁacklﬂﬁihﬁdoE“a?%&%d&@sor

contai ns nmagnesia or a precurso
of alumzna, in an inert atmosphere to a

hold temperature,
(b) maintaining the hold temperature between
1400 and 1900°C in an inert atmosphere or
vacuum, or alternatively maintaining the
hold temperature at between 1600 and 1900°C
in an atmosphere comprising carbon
monoxide, the hold temperature being
maintained for a time sufficient to remove
species unstable at the sintering
temperature from the compact, and
{c) heating the product of step (b) to a
temperature above 1900°C in an atmosphere
comprising carbon monoxide for sufficient
time to produce a dense polycrystalline
gsilicon carbide product.
2. Process according to claim 1 wherein silica is an
unstable species removed in step (b).
3. Process according to claim 1 wherein the hold
temperature is maintained at between 1400 and 1650°C in an
inert atmosphere.

4. Process according to claim 1 in which step (c) is
carried out at between 1900°C and 2200°C.
5. Process according to claim 1 in which in step

(b), magnesia is present as a sintering assist, and the

atmosphere is essentially carbon monoxide.

6. Process according to claim 5 in which the powder
j compact heated in step (a) contains magnesia or a precursor

This is the raplacement sheet

IR OB R OB 18 DEC 197

Date:



[ s

-43- thereof. 7. Process according to claim5 i R}@%ﬁbgﬂﬁﬂﬁ%%i $
added during step (a) and/or step (b). 8. Procegs accordi %&ﬂclaim
1 §n which the inert atnosphere conprises argon. 9. Eﬁdﬁé@ﬂg ............ u

according to claim1 in which the hold tenperature is
10. Process according to claim 1-i #3which any silica or silicate
present is ghjnin ed before the onset of appreciable densification in step
(c). 11. ©XBPFcess according to claim 10 in which the silica or

silicate is7elinnat edrbgessaaidcdrdiind trdidlin 1. in whick'R£886s85CPEdI Ny

toclaim1l L i€ ut at anbient pressure. 13 A dense

poIycrystal%ﬁﬁgdS%P%36ﬁﬁéﬁfﬁ1dgﬂpr 3| %ﬁg?hgbbrocess of any one of

clainms 1 to812. 14. Proce&sdacseondinetotaldimel sin ivinicl atlhée dEna@seor di ng

to claim13 ol | ght per cent silicon carbide with the
afABEBHU f%g#:;%%a Ldil

remai nder substa um nate. 15. . A dense pol ycrystalline
silicon carBirde accor 8Frgees ecgomnding tavglsin He in which cthenbalds

nMagnesi UM temperature is less than 1650°C.
10. Process according to claim 1 in which any silica
or silicate present is eliminated before the onset of
appreciable densification in step (c).
11i. Process according to claim 10 in which the silica
or silicate is eliminated by reaction with carbon.
12. Process according to claim 1 carried out at
ambient pressure.
13. A dense polycrystalline silicon carbide produced
by the process of any one of claims 1 to 12.
14. A dense polycrystalline silicon carbide according
to claim 13 containing at least 65 weight per cent silicon
carbide with the remainder substantially an aluminate.
15. A dense polycrystalline silicon carbide according
to claim 14 in which the aluminate containg magnesium.
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