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bstract

atter transport by vaporization and condensation processes during sintering or consolidation of SiC components at high temperature is analysed
sing thermodynamics of the binary Si–C and ternary Si–C–O systems. The erosion flows due to vaporization and the potential growth flow of SiC
re calculated in order to determine the conditions prevailing at the surface of SiC powder grains. Pure SiC vaporization leads to rapid precipitation
f carbon at the SiC surface. Vaporization of SiC–SiO2 mixtures under neutral atmospheric conditions or absolute vacuum contributes to the rapid

eparture of any Si or C impurities first of all, and then silica according to congruent vaporization in the SiC–SiO2 pseudo-binary system. The
alculated SiC growth rate by vapour transport is always less than the erosion rate and further subsequent growth of pure SiC cannot be obtained
s long as silica co-exists with SiC.

 2011 Elsevier Ltd. All rights reserved.
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.  Introduction

In this study, a theoretical approach based on thermodynam-
cs is used to describe the complex vaporization and reverse
ondensation phenomena in Si–C binary and Si–C–O ternary
ystems. As SiC-based ceramics often have to be manufactured
t high temperatures, vaporization occurs and interferes with the
rowth and densification processes. This interference can have
oth a positive, desirable influence on the manufacturing pro-
ess as well as a negative effect. For instance, gas-phase material
ransport in the components leads to structural bonding, while
he same transport process can also deposit material outside the
omponents and lead to premature ageing of kiln equipment.
btaining more information on gas-phase behaviour as well

s vaporization phenomena during the manufacturing process
ould help to improve the quality of the material produced in

erms of densification or mechanical consolidation and prevent
remature ageing of the kiln equipment.
Because of their refractory properties, SiC-based ceramics
re also gaining increasing importance in high temperature
pplications. It is therefore important to have a detailed
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nderstanding of their evaporation behaviour, the final composi-
ion limits and potential improvement possibilities. Our analysis
lso considered the Si–C–O ternary system because it is impor-
ant to know the vaporization phenomena of the mixture of SiC
ith SiO2 since silica is always present as a native layer on the
pen surface of silicon-based materials and silica is sometimes
sed as an additive with other oxides.

Part I of this article deals with “pure” Si–C or Si–C–O
ystems, i.e., considering their vaporization processes without
ny interference either from atmospheric contamination (mainly
xygen) or from the containers. Part II analyses the influence of
xygen on the SiC surface state, i.e., the influence of so-called
ctive or passive oxidation of SiC on the surface chemical state
nd transport processes.

.  Main  basic  features  of  the  Si–C  and  Si–C–O  phase
iagrams

.1. Si–C  phase  diagram
The only compound found in the Si–C binary system is SiC
nd the phase diagram was originally compiled from experimen-
al data by Olesinski and Abbaschian1 in 1984. The proposed
hase diagram is based on the peritectic temperature determined

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.11.032
mailto:christian.chatillon@simap.inp-grenoble.fr
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ig. 1. Different Si–C phase diagrams as presented in literature. (a) As retaine
c) early calculated by Kaufman.7

y Dolloff2 which is compatible with large C solubility along
he liquidus and at the eutectic point. Discrepancies in eutectic
nd peritectic temperatures as well as in C solubility in Si liq-
id could not be explained at that time. Furthermore, based on
i) new determinations confirming the lower C solubility data
n liquid silicon as determined by Kleykamp and Schumacher3

nd as retained in a recent compilation by Durand and Duby4

nd (ii) new eutectic temperatures experimentally measured by
irect reference to pure Si melting, Gröbner et al.5 pointed out
hat the best agreement between experimental data imposes a
eritectic temperature of about 3100 K with C mole fraction in
he liquid phase equal to ≈18%, and an eutectic temperature of
686 K with a very low C solubility equal to 0.02 at%, as shown
n Fig. 1.

The latter value was chosen here, as retained by STGE6 in
greement with Gröbner et al.,5 i.e., a lower solubility in the
iquid phase and a peritectic temperature of 3103 K, in agree-

ent with original work by Scace and Slack.8 Consequently,
ny thermodynamic calculations of vaporization processes can
e performed up to 2500 K assuming a silicon activity equal
o 1 for the Si–SiC two-phase domain. The effective small
eparture of silicon activity from unity had previously been
onfirmed by Chatillon9 and Rocabois et al.10 using mass
pectrometry.

.2. Si–C–O  phase  diagram

The Si–C–O ternary phase diagram is of great interest to
ll those who work with SiC because of the unavoidable pres-
nce of silicon oxide due to the oxidation of at least the

ilicon surface sites exposed to oxygen-containing atmospheres.
hosh and St-Pierre11 calculated the Si–C–O phase diagram
nder one atmosphere at 1700 K. Two line compounds SiC
nd SiO2 exist and in their pseudobinary section no reciprocal
lesinski and Abbaschian, (b) as retained by Gröbner et al. and SGTE, and

olubility is known, and no ternary compound exists at equilib-
ium although some intermediate phases have been observed by
ifferent authors:

 Pampuch et al.,12 after moderate oxidation of SiC, observed
by photoelectron spectroscopy (XPS) some peaks attributed to
O–Si–C bonds and proposed a phase with a mean composition
of around Si2O2C2.
Porte and Sartre,13 from XPS measurements on Nicalon
fibres, observed a surface rich in oxygen and depleted in sili-
con. The peaks revealed a new bond in addition to the known
Si–O and Si–C bonds. The new bond would be attributed to
SiOx and they propose a new compound SiOxCy.

 Nagamori et al.14 performed a thermodynamic analysis of
the stability of Nicalon fibres as an amorphous and stable
phase with composition SiCαOβ which would co-exists with
SiO2 and C. The mean proposed composition corresponds
to Si5C6O2. The thermodynamic cycles used suffer from a
lack of thermodynamic data and from the uncertainties asso-
ciated with the necessary estimates of certain thermodynamic
properties.

 Vargas et al.15 recently presented SiCO-like amorphous com-
pounds as structures formed by nano-domains with special
graphene (basal graphite planes) walls. Calorimetric measure-
ments of these amorphous phases referred experimentally to
the pure SiO2, SiC and graphite compounds showed negative
enthalpies of formation which became more pronounced with
C enrichment. The stability of the different Si–C and Si–O
chemical bonds around the same carbon as well as the nano-
domain structure could explain the apparent stability of these
mixtures of phases against re-crystallisation at high tempera-

ture, i.e., the existence of a rather high kinetic enthalpy barrier
that prevents re-crystallization into separate phases SiC and
SiO2.



pean 

s
v
“
c
p
b
w
s
t
d
l
f
t
d
s
c
c
t
a

p
o
c
d
a
m
t
fl
(
d
m
t
d
u
t
c
e
b
s
a
m

3

3

r
t
d
t
w
o
t
C
m

1
w
S
s
i
t

l
f

S

2

S

S

i
r
c
t
F
p
t
fi
r
a

3

s
c
n
p
p
u

N

N

a

X

X

G. Honstein et al. / Journal of the Euro

According to the experimental vaporization work by mass
pectrometry of Rocabois et al.16–18 and Chatillon et al.19 the
aporization of silicon monoxide or carboxides (also called
Black Glasses”) is associated with low evaporation coeffi-
ients and consequently leads to determined SiO or CO vapour
ressures lower than expected at equilibrium due to a kinetic
arrier. These low vapour pressure values act as artefacts that,
hen introduced in thermodynamic cycles, tended to decrease

ome Gibbs enthalpies and consequently to apparently prove
he existence of stable compounds. Moreover, when using the
etermined evaporation coefficients to recalculate the real equi-
ibrium pressures that should be established in effusion cells
rom the measured ones, Rocabois et al.16 showed, for instance,
hat equilibrium partial pressures over SiO(amorphous) are not
ifferent from those over Si(s) + SiO2(s) mixtures. For these rea-
ons, in the present work the proposed ternary compounds are
onsidered to be only metastable compounds obtained in specific
onstrained and growth structures such as, for instance, in oxida-
ion growth layers or in fibres. Consequently, these compounds
re not taken into account in our subsequent calculations.

The present calculations are normally performed using com-
lex equilibrium software such as Thermocalc,20 Thermosuite21

r FactSage,22 etc.  . .  However, the conventional thermodynamic
alculations – that have to be performed in well-defined con-
itions, such as homogeneous temperature and constant total
pplied pressure – cannot manage directly the whole set of
atter flows at the surface of SiC grains because the present

hermodynamic calculations should be associated with matter
ow regimes, such as molecular flows under vacuum, viscous
laminar or convective) flows under carrier gas with some gas
iffusion in a boundary layer, in order to solve the complete
echanisms involved in experiments or industrial furnaces. In

he present work, attention is focused on local chemical con-
itions prevailing at the surface of any SiC grain in order to
nderstand the important mechanisms that explain, at the same
ime, both the erosion and the growth of these grains. These local
onditions are believed to be the main constraints governing SiC
rosion or growth. Thus, the following set of calculations could
e performed with usual software only when associated with
ub-routines capable of managing the flow balance constraints,
s already conducted by Heyrman et al.23,24 using the Parrot
odule of Thermocalc in the case of congruent vaporizations.

. Vaporization  behaviour  in  the  Si–C  binary  system

.1. Vaporization  in  the  Si–C  binary  system

Vaporization of pure SiC, which is known to have a very
estricted non-stoichiometric domain not strictly described by
hermodynamics up till now, comes within two two-phase (or
iphasic) domains Si–SiC and SiC–C. The gaseous phase con-
ains atomic Si(g) and C(g) and a number of molecules which
ere studied using high temperature mass spectrometry (HTMS)

r Knudsen cell mass spectrometry (KCMS). The most impor-
ant gaseous species are Si, Si2, Si3, Si2C, SiC2, C3, C5 and

 and these gaseous species are tabulated in the JANAF ther-
ochemical tables.25 Minor gaseous species, i.e., less than

T
w
a
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% in the vapour phase not taken into account in the present
ork are Si4 to Si8, C2 and the gaseous carbides SiC, Si2C2,
i2C3, Si3C2 Si3C, Si4C as evidenced by high temperature mass
pectrometry.9,26–31 These minor species – except SiC(g) which
s tabulated in JANAF tables – will not be taken into account in
he present work.

The vapour pressures in equilibrium with SiC can be calcu-
ated from the following elementary independent reactions as
or instance:

i(s or 1) =  Si(g) with Kp(T  ) = pSi

aSi
(1)

Si(s or 1) =  Si2(g) with Kp(T  )
pSi2

a2
Si

(2)

i(s or 1) +  SiC(s) =  Si2C(g) with Kp(T  )
pSi2C

aSi ·  aSiC
(3)

iC(s) +  C(s) =  SiC2(g) with Kp(T  )
pSi2C

aC · aSiC
(4)

The activities of pure solids are equal to 1 by definition, and
s the same for liquid Si as it is known that carbon solubility
emains very low at least up to 2500 K. Partial pressures are
alculated from JANAF tables25 for the main vapour species in
he two two-phase domains Si–SiC and SiC–C and presented in
ig. 2 for SiC with excess silicon. The behaviour of the vapour
ressures in this two-phase system can be plotted according
o the general thermodynamics relation log p  = A/T  + B. Coef-
cients A  and B are listed in Table 1. For two-phase SiC–C, the
esults of the calculation are shown in Fig. 3 and coefficients A
nd B  are also listed in Table 1.

.2. Evaporation  flows  in  the  Si–C  binary  system

Using the plots of partial pressures in equilibrium with a cho-
en binary composition, the composition of the gaseous phase
an now be obtained in terms of mole number of each compo-
ent and then compared to the composition of the condensed
hase. The following equations were used to calculate the com-
osition of the gaseous phase applying the perfect gas law for
nit volume V:

Si = RT

V
[pSi +  2pSi2 +  3pSi3 +  pSiC2 +  pSi2C +  pSiC +  · · ·]

(5)

C = RT

V
[pC +  3pC3 +  2pSiC2 +  pSi2C +  pSiC +  · ·  ·] (6)

nd then the mole fraction in the vapour phase:

Si = NSi

NSi +  NC
(7)

C = NC

NSi +  NC
(8)
he ratio XSi/XC = NSi/NC for the gas phase is displayed in Fig. 4
ith full black symbols for the two diphasic systems rich in Si

nd rich in C. This figure shows that the gaseous phase always
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Fig. 2. Partial vapour pressures above pure SiC

ontains more silicon than carbon compared to the pure SiC com-
ound (ratio = 1:1) regardless of the composition of the paired
wo-phase mixtures (dilute solutions based on either pure Si or
ure C are not considered because these solutions are not known
nd their composition range is probably very limited). In the
ase of any pure SiC or diphasics based on SiC vaporization
nder neutral gas atmosphere, the mass loss will be propor-

ional to the number of moles N(i) multiplied by the carrier gas
slow) flow rate. So, an original pure SiC non-stoichiometric
ompound in a closed vessel or in a neutral gas flow (low flow

C
o
m

able 1
 and B coefficients for the decimal logarithmic plot of partial pressures in equilibriu

emperature, log10(p/bar) = A/(T/K) + B. Note that the slope changes because of Si me

aseous species over the Si–C system phases A

wo-phase Si–SiC T < 1685 Ka

i −23,293.8 

i2 −30,336.6 

i3 −32,429.3 

i2C −31,024.6 

iC2 −39,194.0 

iCb −41,219.0 

 −41,235.1 

3 −53,016.1 

wo-phase SiC–C
i −27,022.3 

i2 −37,793.8 

i3 −43,615.1 

i2C −34,753.2 

iC2 −35,465.4 

iCb −41,219.0 

 −37,506.6 

3 −41,830.4 

ctivity of Si −3720.4 

ata for calculations are taken from JANAF tables.25

a This temperature is the melting temperature of pure silicon.
b The SiC partial pressure over the two two-phase domains is the same since the sa
 excess of Si calculated from JANAF tables.25

ate in order to obtain a saturated vapour) will lose Si in excess
nd will turn into a two-phase SiC–C component: a carbon
esidue will necessarily form by precipitation at the surface. This
ehaviour has already been frequently observed by numerous
esearchers working on this system. The C atoms appear rapidly
t the surface even at low temperature (≈1100 K) as observed by
uehlhoff et al.32 using Auger electron spectroscopy and this
 surface precipitate will re-crystallize rapidly into graphite as
bserved by Behrens and Rinehart33 using X-Ray diffraction
ethods.

m with the two two-phase domains each side of SiC as an inverse function of
lting at 1685 K.

B

T > 1685 Ka T < 1685 Ka T > 1685 Ka

−20,436.0 7.55862 5.85968
−24,622.0 9.36871 5.97244
−23,747.3 10.02829 4.86736
−27,654.5 9.96267 7.95579
−41,143.1 11.24645 12.39919
−40,713.7 10.35525 10.05192
−43,825.7 8.64198 10.18002
−60,787.8 11.74281 16.35693

−26,752.3 7.96735 7.80445
−37,254.6 10.18617 9.86198
−42,696.2 11.25449 10.70167
−33,970.8 10.37140 9.90056
−34,826.8 10.83772 10.45442
−40,713.7 10.35525 10.05192
−37,509.4 8.2335.5 8.23525
−41,838.9 10.51662 10.52262
−63,16.3 0.40280 1.94477

me equilibrium is considered: SiC(s) = SiC(g).
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Fig. 3. Partial vapour pressures above pure SiC

In the case of vaporization under molecular regime (rarefied
acuum), it is the composition of the vaporized atomic flows
Knudsen flows at the surface or at any orifice of a container)
hat counts rather than the composition of the vapour pressure
ince the mass loss is directly related to the flow composition.
uring mass spectrometric experiments using effusion cells, the
nudsen flows are indeed observed. Thus, relations (9) and (10)

re used to calculate the atomic flow of Si and C per unit time
or a vaporization surface S:

Si = S√
2πRT

[
pSi√
MSi

+ 2pSi2√
2MSi

+ 3pSi3√
3MSi
+ 2pSi2C√
2MSi +  MC

+ pSiC2√
MSi +  2MC

+ pSiC√
MSi +  MC

]
(9)

a
s
t
w

Si/C flow o

0

0.5

1

1.5

2

2.5

3

3.5

4

65.55.04.54.0
10000

lo
g 1

0 (
Si

/C
) 

ig. 4. Decimal logarithm of the gaseous molar fraction ratio XSi/XC = NSi/NC (visc
omparison with the molecular (Knudsen) flow composition FSi/FC in vacuum vapor
 excess of C calculated from JANAF tables.25

C = S√
2πRT

[
pC√
MC

+ 3pC3√
3MC

+ pSi2C√
3MSi +  MC

+ 2pSiC2√
MSi +  2MC

+ pSic√
MSi +  MC

]
(10)

he FSi/FC ratio must then be compared to the composition
atio XSi/XC = 1 of the solid SiC phase. The presence of the
olar masses in these flow expressions leads to a slightly, but

ignificant, difference in gas composition ratios under molecular
ow compared to those calculated for transport by carrier gas

tmospheres (slow viscous flow) as shown in Fig. 4. During the
pectrometric measurements particular attention must be paid to
his difference due to vacuum evaporation processes. Moreover,
hen any flow condition is established that sweeps out all gases

r vapor ratio

8.07.57.06.5.0
 / (T/K)

Si-SiC Knudsen flow

SiC-C Knudsen flow

Si-SiC Ar carrier flow

SiC-C Ar carrier flow

ous flow as Ar carrier gas flow) for SiC rich in Si and for SiC rich in C and
ization.
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t the surface, it is this Knudsen condition that gives the real
aximum available evaporation flow as used, for instance, by
ickel et al.34 in their calculations for active oxidation of SiC.

.3. Vaporization  of  the  SiC  compound

Regarding the SiC compound behaviour itself, the aim is
o determine what happens between the two diphasic domains
hen an excess of silicon is lost by vaporization. The compo-
ents Si and C can be considered in the non-stoichiometric SixCy

ompound as a solid solution (s, s) according to the equilibrium
x and y being close to 1):

SixCy =  xSi(s,  s in SiC) +  yC(s,  s in SiC) with

p(T  ) = aSi ·  aC

aSiC
(11)

he equilibrium constant is calculated from the standard free
nthalpies listed in the JANAF tables25 using the following
elation,

rG
◦(T  ) =  −RT  ln Kp(T  ).  (12)

By definition of the standard state, the activity of the pure
omponents or a compound in a pure phase is equal to unity since
he departure from stoichiometric composition remains very
mall. For the equilibrium state in SiC with excess Si, aSi = 1, a
inimum carbon activity and the reverse for Si is obtained for

 carbon-rich SiC. The isothermal variation in the activities in
he SiC non-stoichiometric domain is displayed schematically in
ig. 5, by deliberately enlarging this non-stoichiometric domain.
his kind of schematic representation provides a means of under-
tanding how the partial pressures of the different vapour species
ary in this non-stoichiometric composition domain connecting
he two diphasic domains for which the exact gas composition

s known, by starting for instance with equilibria of the form:

i (in SiC(s,s)) =  Si(g) Kp(T  ) = pSi

aSi
(13)

ig. 5. Schematic isothermal evolution of the activities of Si and C components
n the non-stoichiometric composition domain of SiC, displayed by enlarging
ntentionally this composition domain. The reference to time – in place of C
omposition – is used to show the composition evolution by vaporization losses.

i
i
v
e
a
s

w
c
a
t
D

•

ue to vaporization conditions. (The unknown non-stoichiometric composition
omain of SiC has been intentionally enlarged.)

i (in SiC(s,s)) +  SiC(s,  pure) = Si2C(g)

Kp(T  ) = pSi2C

aSiaSiC
(14)

ith aSiC = 1. The partial pressures of the different gaseous
olecules can now be calculated for each (unknown) composi-

ion included in the non-stoichiometric SiC composition domain
sing any activity (of Si or C) as a parameter. It is evident that the
ctivities – which are monotonic functions of the composition –
re located on the connecting lines of the two diphasic domains
hat bracket the SiC non-stoichiometric domain. As the thermo-
ynamics of the SiC non-stoichiometric domain is not described,
he activities have been schematically drawn as straight lines,
ut really and according to the nature of the existing point
efects the connecting lines would be more or less S-shaped
urves.

The modification in partial pressures results from the change
n condensed phase composition caused by the material vapor-
zation. Fig. 6 displays the above reasoning: partial pressure
alues are located necessarily between the two calculated
xtremes, i.e., those of the two diphasics: they correspond
pproximately to the straight lines connecting the partial pres-
ure values in the two-phase domains Si–SiC to SiC–C.

The non-stoichiometric composition of the SiC solid phase
ill change because of the evaporation flows. The silicon and

arbon flows were first calculated in moles per second per unit
rea (1 m2) as a function of temperature for the two limiting
wo-phase domains (diphasics). They are displayed in Fig. 7.
ifferent cases can occur:

 For an Si–SiC diphasic mixture – SiC with Si impurities as
precipitates – the C evaporated flow can come only from SiC,
so this carbon flow can be considered to be equal to the SiC
erosion. This kind of reasoning based only on C matter flow
may appear incorrect because it seems that the SiC erosion is
being underestimated as Si flow is known to be always greater

than C flow and causes deposition of carbon in the form of
graphite. In fact, for a two-phase Si–SiC mixture, graphite
cannot be deposited as long as the two-phase compound is
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Evaporated Knudsen flows for pure SiC
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ig. 7. The evaporated Si-flow and C-flow (or atomic erosion flows) from SiC
ompound at its limits, Si–SiC and SiC–C, calculated from the equilibrium part

being vaporized. So the escaping gaseous carbon – mainly in
the form of Si2C(g) and SiC2(g) etc. – is the only cause of SiC
erosion and the Si gaseous excess flow comes from the only
free Si, rapidly causing further total loss of the initial excess
of Si. Therefore,

erosion
SiC =  F

evap
C (15)

erosion
Si =  F

evap
Si −  F

evap
C (16)

 For an SiC compound rich in Si – i.e., at its SiC diphasic limit
with Si that is at the disappearance of initial Si impurities –
the SiC erosion will depend on the maximum flow among
its components which is now the Si flow. The excess Si loss
compared to C then causes the composition to tend towards
SiC rich in C. At its SiC diphasic limit with Si, the erosion flow
is equal to the Si evaporated flow and this situation pertains for
the whole non-stoichiometric SiC domain since the Si loss –
coming necessarily from the SiC compound – is always larger
than the C loss:

erosion =  F
evap (17)
SiC Si

 For an SiC compound that tend to be saturated with C (at the
limit of the diphasic SiC–C), the total Si evaporated flow must

p
c
a
p

able 2
ecimal logarithm of SiC erosion rate (log10(erosion/�m/h) = A/(T/K) + B) and assoc

or a defined layer thickness as an inverse function of temperature. T = 1685 K is the 

oefficients A 

emperature domain T < 1685 K T > 1685

i-rich SiC limit −23,009.7 −20,330
-rich SiC limit −26,730.2 −26,794
ime (/s) to cross the SiC non-stoichiometric domain as defined in the text
1 �m layer 23,039 20,680
10 �m layer 23,039 20,680
oles per second per unit of surface) as a function of temperature for the SiC
essures.

be equal to the SiC erosion – i.e., same features as above in
the full non-stoichiometric composition range of SiC.

 For an SiC–C mixture – or SiC with C impurities or C precip-
itates as a result of previous excess loss of Si – the excess Si in
the vapour phase can come only from the SiC and the erosion
rate of SiC remains the same as for the above limit SiC–C
applying relation (17). Thus, C accumulates at the surface of
the SiC phase. This also means that any initial C impurity can-
not be removed from a pure SiC compound by vaporization
and the accumulation of C (or C growth) is,

accumulation
C =  F

evap
Si −  F

evap
C (18)

.4. Erosion  of  SiC  compound  grains  by  vaporization

Concerning the practical aspects of SiC transport and growth

rocesses occurring during high-temperature sintering or re-
rystallization of SiC parts, the erosion of SiC was calculated
s a layer thickness, i.e., in micrometers per hour (�m/h) as dis-
layed in Fig. 8 and Table 2 for the vaporization process under

iated time to cross the stoichiometric SiC domain (log10(time/s) = A/(T/K) + B)
melting point of Si.

B

 K T < 1685 K T > 1685 K

.7 15.35177 13.75509

.4 15.75442 12.78299

 −15.1202 −13.7083
 −14.1202 −12.7083
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SiC erosion flows in pure Si-C system
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ig. 8. The erosion rate of SiC calculated as a layer in �m/h as a function of the i
rom the equilibrium partial pressures in a pure neutral gas.

acuum (maximum erosion rate available at the surface, i.e.,
nudsen flow). The relation used is,

erosion
i (�m h−1) = F

evap
i (mol s−1 m−2)

(di/Mi) ·  10−6 · 3600 (19)

d being the density and M  the molar mass for the correspond-
ng solid i  expressed in MKSA units. The product (d/M)·10−6 is
n fact the number of moles in a volume of 1 m2 by 1 �m height.
hese total SiC erosion rates are calculated on the basis of the
i vaporization flows for the two SiC non-stoichiometric limits,

.e., SiC rich with Si and SiC rich with C as explained above.
From the above explanations it is possible to calculate the
ime necessary for an Si-rich SiC compound (at the limit of
he two-phase Si–SiC) to turn into SiC–C (other limit) by
aporization if the composition range of the non-stoichiometric
omain of SiC is known. Two values for this non-stoichiometric e
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ig. 9. Vaporization time necessary to turn a Si0.5C0.5 compound into a Si0.499C0.

emperature for a 1 and 10 �m thickness layer. The calculation was performed using 
 of temperature for the two SiC non-stoichiometric compound limits calculated

omposition range have been published35,36 the first being about
% and the later value ≤0.1%. This time is represented as a
unction of temperature considering arbitrarily a 0.1% change
n non-stoichiometric composition as reported by Birnie and
ingery,36 i.e., Si0.5C0.5 turn into Si0.499C0.501. In this case,

his means that for an arbitrarily chosen volume of SiC phase
 the layer volume VL =  (1 m2·1 �m) – 0.1% of the SiC moles
ontained in this volume turn into C(s) by the loss of Si moles
nder equilibrium vaporization conditions: this corresponds to

 volume equal to v  = VL·10−3. Time necessary to cross the
on-stoichiometric domain for a 1 �m is then,

cross(s) = ((dSiC/MSiC) · 10−9)
(mol m−2 s−1) (20)
F
evap
Si

The present relation operates for an isolated grain 1 �m diam-
ter because there is no other source of silicon, but it is an

oichiometric SiC domain 

8.07.57.06.5.0

0 /  (T/K) 

elting

501 due to matter loss via (free) vaporization as a function of the inverse of
the average Si flow between the two diphasics Si–SiC and SiC–C.
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pproximation for a real layer under equilibrium vaporization
ince the surface of the layer recedes with the evaporation flow
f carbon and the layer thickness is regenerated by the SiC sub-
trate material. The time to cross the non-stoichiometric domain
or 1 �m layer becomes,

cross(s) = ((dSiC/MSiC) · 10−9)

(F evap
Si −  F

evap
C )

(mol m−2 s−1) (21)

As the flow of carbon is always <1% of the silicon flow, there
s practically no differences between the results according to
elations (20) and (21). Fig. 9 (and Table 2) shows this “time to
ross the non-stoichiometric domain” for a vaporizing powder
f 1 and 10 �m SiC thickness (or ≈grain diameter). The calcu-
ations were performed with the average Si flow between Si-rich
nd C-rich SiC (assumption of a linear behaviour for pressures
n the non-stoichiometric domain as mentioned above).

It is clear that the “time of existence” of a pure SiC powder
rain of 1 or 10 �m size as an initial pure single-phase SiC
laced under equilibrium vaporization conditions becomes very
estricted with increase in temperature. For example at 1400 K

 time of approximately 22 s is needed, while at 1600 K this
ime drops to about 0.2 s, at 1800 K to 3·10−3 s and at 2000 K to
nly 4·10−4 s in order to turn a 1 �m thick layer of Si-rich SiC
nto an SiC compound that starts to precipitate C at the surface.
owever, these calculations minimize the time because they are
ased on the available maximum mass loss flows under vacuum
ithout no back condensation.
These calculations are based on the simple assumption that

he vaporization phenomena are not limited by bulk diffusion
f Si in SiC and by diffusion of the main vaporized species in

 neutral gas flow. If the Si evaporation flow were to be limited
y bulk diffusion, carbon would appear sooner at the surface,
ith the reverse effect if the limitation were to be a result of
iffusion in neutral gas. Using XPS and AES Muehlhoff et al.32

bserved differently terminated faces of SiC crystals under high
acuum. Between 900 and 1300 K they found both initial Si-
erminated and C-terminated faces covered with a carbon layer.
bove 1300 K the massive graphitization of both surfaces is

ttributed by these authors to excess Si(g) vaporization from
iC surfaces, equivalent to the calculations described here. Note

hat with XPS and AES the observations are limited to just a
ew atomic layers while our calculations for 1 �m correspond
o about 10,000 atomic layers and the above calculated time
ust be divided by ≈104 for comparison with their experiments.
ote that for low temperatures, the bulk diffusion rate remains
redominant compared to the evaporation rate (due to relative
alues of the activation enthalpies) and the carbon-rich surface
tructures can appear as predicted by our calculations without
iffusion limitations.

. Si–C–O  ternary  system
SiC, like other Si compounds, builds a SiO2 protective layer
nder oxidative conditions, in air for example, but also under
acuum. SiC can therefore be considered to be always present
s a ternary Si–C–O compound rather than pure SiC. Moreover,

w
n
c

ig. 10. Isothermal cross section of the ternary diagram of Si–O–C at least up
o 1700 K. The arrows correspond to composition evolution due to vaporization.

ecause of its restricted non-stoichiometric domain and due to
vaporation processes in manufacturing, SiC is relatively diffi-
ult to obtain in a pure SiC non-stoichiometric compound and it
ill be either rich in Si or in C, and always with the two com-
onents, a fact which means that equilibrium conditions were
ot reached in the last step of manufacturing by temperature
ecrease. The same features are true for the ternary compounds
nd, as a result, the vaporization behaviour of the so-called
seudo-binary compound SiO2–iC and its mixtures with Si or

 impurities has to be assessed to complete the study of SiC
aporization behaviour.

.1.  Vaporization  in  the  Si–C–O  ternary  system

Fig. 10 presents a section of the Si–C–O condensed ternary
ystem at T  = 1700 K and 1 bar external applied pressure. The
ection of interest for the present investigation is the connecting
ine between SiC and SiO2, which is also known as a pseudo-
inary section.

Because Si- and C-rich compositions are being considered,
he compositions near this line are also included. A band of com-
ositions near this line must be examined, i.e., the Si–SiC–SiO2
nd SiC–SiO2–C three-phase domains (triphasic domains).

For the SiC–SiO2 pseudobinary section - the two compounds
eing supposed as line compounds (rigourously stoichiometric
ompounds) –the main vaporization reaction, as already reported
or instance by Jacobson and Opila37 and Rocabois et al.18 is:

iC(s) +  2SiO2(s) =  3SiO(g) +  CO(g) with

Kp(T  ) = p3
SiO ·  pCO

aSiC · a2
SiO2

.  (22)

he variance for a closed system comprising initial mixture
f n1 fixed moles of SiC + n2 fixed moles of SiO2 as strictly
toichiometric compounds is:

 =  c  −  r  +  2 −  ϕ  =  1 (23)
ith the number of independent components c  = 3 (3 compo-
ents Si, C, O), r  the number of constraints (1 relation (or
onstraint) to impose the composition on the line SiC–SiO2) + 2
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pressure, the equilibrium will correspond to a particular tie-line.
Varying the CO(g) pressure one of these tie-line will correspond
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Fig. 12. Equilibrium conditions of a closed system obtained from the mixture
ig. 11. (a) Schematic details of the isothermal equilibrium tie lines between t
iC–SiO2. (b) Going from the two triphasics Si–SiC–SiO2 to SiC–SiO2–C the 

hich is close to the congruent or azeotropic (quoted as “Cong”) composition a

xternal applied variables (T  and p) −  3 phases (2 non-miscible
olids + 1 gas). Fixing the temperature T  the variance v  becomes
qual to 0. This means that the pressure – as we consider a
as phase – cannot be imposed externally but is imposed by
he system, i.e., p(total) = p(SiO) + p(CO). Under Ar – one more
omponent – but with a fixed total pressure (1 bar for instance
ue to the presence of a permanent gas) the variance is the same.
hen fixing the temperature the final state of the system is also

xed: SiO(g) and CO(g) will mix in the Ar atmosphere with their
quilibrium pressure (indirectly the volume is at that time fixed
y the sum of the SiO(g) + CO(g) + Ar(g) partial pressures).

For an open SiC + SiO2 system where the pressure of one gas
 for instance CO(g) at a value included within the two tripha-
ic domains Si–SiC–SiO2 and SiC–SiO2–C – can be imposed,
he main equilibrium (22) will produce or decrease the SiC
nd/SiO2 amounts, and the initial total composition moves.
arying the CO(g) pressure in the full available range compat-

ble with the diphasic SiC–SiO2 will show a minimum of the
ibbs energy of the only gas phase (solid phase is fixed) as cal-

ulated by Jacobson and Opila.37 This minimum is necessarily
he congruent (or azeotropic) state and the partial pressure ratio
iO/CO = 3/1 as proposed by Rocabois et al.18 and correspond-

ng to the Gibbs–Konovalov38 rule. In the present case the gas
omposition corresponds to point A in Fig. 10.

Regarding the thermodynamics of the whole phase diagram,
.e., the ternary Si–C–O system – it should be noted that the
wo SiC1±y and SiO2±x compounds have small but definitely
on-stoichiometric domains, and tie lines characterize their
quilibrium conditions, as sketched in Fig. 11a. Thus, with the
nitial compositions of the two compounds fixed and introducing

 fixed mole number for each, the variance of a closed sys-

em is calculated as with the stoichiometric compounds but the
onstraint is now the line between the two non-stoichiometric
ompounds as shown in Fig. 12 (thick dashed line) and the main

o
T
(
l

o “non-stoichiometric” compounds SiO2 and SiC in the pseudobinary section
l pressures of the two main species SiO(g) and CO(g) crosses at a composition
ussed in the text.

aporization reaction at equilibrium will be,

1SiC1±y +  n2SiO2±x =  aSiO(g) +  bCO(g) with

Kp(T  ) = pa
SiO ·  pb

CO

an1
SiC ·  an2

SiO2

. (24)

The equilibrium point is presented in Fig. 12 by a tie-line that
ross the initial composition line (thick dashed line) at the initial
omposition ratio n1/n2. For an open system the initial compo-
f n1 moles of SiO2±x and n2 moles of SiC1±y non-stoichiometric compounds.
he equilibrium conditions correspond to the tie-line crossing the initial amounts

thick dashed line n1–n2). The A composition is the congruent gas composition
ocated on the congruent tie-line (thin dashed line).
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Triphasic Si-SiC-SiO2 domain
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ig. 13. Decimal logarithm of partial pressures in equilibrium with the three ph
he melting point of Si at T = 1685 K the slope of the curves changes. Other gas
nd Table 1).

o a minimum in the total pressure with the p(SiO)/p(CO) ratio
qual to a/b  = 3/1 (crossing the thin dashed line).

Thus, when the entire composition of the condensed phase
oves from the Si–SiC–SiO2 three-phase system to the
iC–SiO2–C three-phase system crossing the pseudobinary sec-

ion the partial pressures of SiO and CO vary as shown in
ig. 11b, at least for temperatures lower than 1900–2000 K and

he total pressure produced by the system presents a minimum
or compositions close to the crossing of partial pressures of
hese two species, as already explained by Rocabois et al.18

nd the gas composition at that time is located at point A in
igs. 10, 11 or 12. This minimum corresponds to a “partial”

because only composition ratios are fixed) azeotropic vapor-
zation state for which the pseudobinary sample will loose a
as at the A composition located in the pseudobinary section
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ig. 14. Decimal logarithm of partial pressures in equilibrium with the three phase d
pecies based on Si and C behaves according to the SiC–C system (see Fig. 3 and Tab
main Si–SiC–SiO2 as a function of the inverse of temperature. Note that above
species based on Si and C behaves according to the Si–SiC system (see Fig. 2

eanwhile the remaining solid phase composition follows the
congruent” tie line that includes point A. Depending on the
nitial solid composition located between either A and SiC or

 and SiO2 (Fig. 10) the sample will loose preferentially either
iO2 or SiC respectively. In the case of SiC samples with silica
ollution, any heat treatment will vaporize first the initial (native
r doped) SiO2 content by vaporization.

First, in order to take into account the presence of Si or
 impurities in the SiC green powders before any heat treat-
ent, matter flows will be calculated from equilibrium partial

ressures for every condensed mixture of SiC and SiO2 com-
ounds included in their near non-stoichiometric domains:

igs. 13 and 14 show the logarithmic plots of these partial
ressures as an inverse function of temperature respectively
or Si-rich and C-rich compositions, i.e., Si–SiO2–SiC and

SiO2-C domain

1098

 / (T/K)

omain SiC–SiO2–C as a function of the inverse of temperature. Other gaseous
le 1).
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Congruent vaporization of SiC-SiO2
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ig. 15. Decimal logarithm of partial pressures over SiC–SiO2 mixture for con
nverse of temperature.

iO2–SiC–C three-phase domains respectively (v  = 0 for fixed
, and the partial pressures are imposed by the set of condensed
hases).

To calculate the partial pressures of SiO(g) for the Si-rich
ompounds mixtures reaction (25) was used:

iO2(s) +  Si(s or 1) =  2SiO(g) with

Kp(T  ) = p2
SiO2

aSi ·  aSiO2

.  (25)

hen, given that the value of Kp(T) is known from the main
aporization reaction (22), the partial pressure of CO(g) is
btained. Other gases characteristic of Si-rich SiC have the
ame values as already calculated and described for the adja-
ent Si–SiC system in Section 3. For the C-rich compounds, the
ain reaction (26) is used,

iO2(s) +  3C(s) =  2CO(g) +  SiC(s) with

Kp(T  ) = p2
CO · aSiC

a3
C · aSiO2

(26)

here the activities of solid or liquid phases are equal to 1.
Second, matter flows from pure SiC–SiO2 pseudo-binary

ixtures – i.e., mixtures that have lost their Si or C impuri-
ies – will be calculated from partial pressures of the congruent
aporization of pure SiC + SiO2 mixtures according to reaction
22) as presented in Fig. 15.

In a first attempt, the condition from the Gibbs–Konovalov
heorem38 was used, whereby for a fixed SiC/SiO2 composition,
he pressure will be an extremum for a system which has an
indifferent” (i.e. azeotropic or congruent (total or partial)) state.
o for the congruent behaviour of the pseudo-binary SiC–SiO2
ystem and taking into account only the main species SiO(g)

nd CO(g), the total pressure must be:

tot =  pSiO +  pCO (27)
p

t vaporization (under vacuum) in the pseudo-binary section as a function of the

nd using Kp from relation (22)

tot =  pSiO + Kp

p3
SiO

(28)

nd finally by derivation relative to SiO (gas composition in the
iO–CO coordinates),

dptot

dpSio
=  1 −  3

Kp

p4
SiO

(29)

ith an extremum for a zero value is obtained for,

SiO =  3pCO (30)

nd so,
Congruent
SiO =  (3Kp)1/4.  (31)

hen material vaporization under Knudsen conditions is con-
idered, i.e., absolute (pure) vacuum, the flow of different species
ust be addressed rather than their partial pressures. This means

hat the partial pressure ratio at the congruent state will be dif-
erent as explained already for the Si–C system. For congruent
ow conditions, consideration must be given to:

SiO =  3FCO (32)

nd using the Knudsen relation for flows,

SiO =  3

√
MSiO

MCO
pCO =  3.76pCO. (33)

his relation shows that, in the case of vaporization under vac-
um, the pressure ratio of SiO and CO is higher (=3.76) than for
he pressures under neutral gas atmosphere or closed vessel (=3)
s already discussed by Rocabois et al.18 in the vaporization of
ased silicon compounds. The SiO congruent pressure is then,
Congreunt
SiO =

[
3

√
MSiO

MCO
Kp

]1/4

=  (3.76Kp)1/4 (34)
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Table 3
A and B coefficients for the decimal logarithmic plot of partial pressures according to log10(p/bar) = A/(T/K) + B. For the Si-rich compositions above the Si melting
temperature of 1685 K, the slope will change and a similar effect will be found above the silica melting point. Note that for the SiC(g) and SiO2(g) species the quoted
values are in principle similar due to equilibrium with the pure (same stoichiometry) compounds.

Coefficients A B

Si–SiC–SiO2 mixtures T < 1685 Ka T > 1696 K T < 1685 K T > 1696 K

SiO −17,957 −15,948 8.6842 7.4857
CO −21,254 −24,839 9.3538 11.481
CO2 −30,202 −34,778 9.4289 12.143
SiO2 −31,034 −30,229 9.0097 8.5275
O −36,855 −37,846 7.9715 8.5585
O2 −47,154 −49,135 9.0120 10.186
Other species as in Table 1 for Si–SiC

Coefficients A  B

SiC–SiO2 congruent T < 1950 K T < 1950 K

SiO −18,815 9.0253
CO −18,748 8.4017
CO2 −26,862 8.1647
Si −24,998 8.2200
Si2 −33,736 10.685
Si3 −37,539 12.010
Si2C −32,763 10.648
SiC2 −37,550 10.628
SiC −41,249 10.377
SiO2 −31,058 9.0364
C −39,551 7.9951
C3 −47,963 9.8022
O −36,025 7.6616
O2 −45,494 8.3922

Coefficients A B

SiC–C–SiO2 mixtures T < 1685 Ka T > 1696 K T < 1685 K T > 1696 K

SiO 19,834 18,938 8.9028 8.3670
CO 15,678 15,197 8.7574 8.4731
CO2 22,776 21,809 8.6436 8.0717
SiO2 31,062 29,893 9.0396 8.3454
O 35,005 34,520 7.7827 7.4951
O2 43,454 42,483 8.6343 8.0591
O

other 
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ther species as in Table 1 for SiC–C

a This temperature corresponds to the silicon melting temperature, while the 

In the present work the congruent vaporization (under vac-
um) has been calculated by two different ways, either using the
bove Gibbs–Konovalow38 theorem applied to the only SiO and
O main species as above, or solving with the complete set of

pecies in order to check the influence of minor gaseous species
n the gas phase composition at the congruent state.

In the first way, with SiC–SiO2 mixtures, the partial pressures
f the minor species are deduced from the SiO and CO above cal-
ulated congruent pressures from relations (27)–(34) and using
ifferent equilibria such as, SiO2 + Si(g) = 2SiO(g) with

iO2 +  Si(g) =  2SiO(g) with Kp(T  ) = p2
SiO

aSiO2 ·  pSi
(35)

Si(g) =  Si2(g) with Kp(T  ) = pSi2
2 (36)
pSi

i(g) +  SiC(s) =  Si2C(g) with Kp(T  ) = pSi2C

aSiC · p2
Si

(37)
i

corresponds to the silica melting point (based on JANAF tables25).

SiC(s) +  CO(g) =  2SiC2(g) =  SiO(g) with

Kp(T  ) = p2
SiC2

· pSiO

a3
SiC · pCO

(38)

To obtain the partial pressure of CO2 the equilibrium (39)
as considered for the congruent condition and Si(g) pressures

nd equation (40) for the congruent condition and the C activity:

iO2(s) +  SiC(s) =  Si(g) +  CO2(g)

Kp(T  ) = pSi ·  pCO2

aSiC ·  aSiO2

(39)

iO2(s) +  2C(s) +  SiC(s) +  CO2(g) Kp(T  ) = aSiC ·  pCO2

a2
C · aSiO2

.

(40)

The second way, an alternative and more accurate method,
nvolves considering the calculation of the vaporization flows
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Knudsen flows) of all species and the congruent relation for
he gas composition is then deduced from the flow composition
mposed in the pseudo-binary system SiC–SiO2 (composition
n the line SiC–SiO2). The congruent flow relations, as already
roposed for pseudobinary sections by Banon et al.,39 or Mal-
eiros et al.,40 are derived from the following reasoning: (i) the
art of the Si flow corresponding to SiC vaporization is equal to
he C vaporization and (ii) the part of the Si flow corresponding
o SiO2 vaporization is equal to half the oxygen flow,

′
Si =  FC and F ′′

Si = 1

2
FO (41)

nd the total Si flow is,

Total
Si =  FC + 1

2
FO (42)

nd the congruent (azeotropic) state is calculated checking
elation (42) when the activity of Si is varied within the non-
toichiometric range of SiC, i.e., from the SiC–C limit to the
i–SiC (a(Si) = 1) limit.

The two methods for calculating the congruent partial pres-
ures give very similar results up to the 1900–2000 K range.
t that temperature, the SiC–SiO2 system cannot vaporize con-
ruently since the CO pressure becomes higher than the SiO
ressure while the silicon activity reaches the value 1, i.e., the
i–SiC–SiO2 phase limit, and the liquid silicon phase appears.
his is how silicon production is managed in arc-melting fur-
aces.

Table 3 lists the coefficients A  and B  for the decimal log-
rithmic plots of the partial pressures as an inverse function
f temperature for the different composition domains analysed
bove.

.2. Change  in  composition  due  to  vaporization  losses

The main question in calculating erosion by vaporization of
iC-based compound materials which contain additives such as
i, C or SiO2, is to identify the losses that can be attributed to

he erosion of SiC, SiO2 or impurities.
For the only pure pseudo-binary system SiC–SiO2 that vapor-

zes under congruent conditions (absolutely neutral atmospheric
onditions or pure absolute vacuum), the Si atomic vaporization
ow represents the erosion of SiC and of SiO2 at the same time
ccording to reaction (22). The origin of the C flow can only
e the SiC compound. So the part of Si flow resulting from SiC
rosion must be equal to the C evaporated flow measured in
oles per second for a 1 m2 evaporating surface. The remain-

ng excess Si flow is thus attributed to SiO2 erosion. Thus, as
n example, erosion flows Ferosion(mol s−1 m−2) are evaluated
rom the total atomic vaporization flows Fevap(mol s−1 m−2) of

 and Si according to the following relations,

evap
Si =  F erosion

SiC +  F erosion
SiO2

(43)

evap erosion from SiC

C =  FSiC =  FSi (44)

erosion
SiO2

=  F
evap
Si −  F erosion

SiC =  F
evap
Si −  F

evap
C = 1

2
F

evap
O (45)

t
I
o
m
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For a Si-rich SiC–SiO2 mixture (the Si–SiC–SiO2 three-
hase system) the different flows are more difficult to identify
ecause the source of the Si evaporated flow can be SiO2, SiC
nd Si in excess. However, the source of C flow can only be SiC,
o the number of moles of vaporized C is equal to the erosion of
iC and to the number of Si moles resulting only from SiC. The
rosion of SiO2 must also be equal to half of the oxygen atomic
ow which is also equal to the number of moles of Si from SiO2.
hen, the remaining Si flow is due to erosion of excess Si and
o,

erosion
SiC =  F

evap
C (46)

erosion
SiO2

= 1

2
F

evap
O (47)

erosion
Si =  F

evap
Si −  F

evap
C − 1

2
F

evap
O (48)

onsidering a condensed SiC–SiO2 mixture rich in carbon, i.e.,
he SiO2–SiC–C three-phase compound, SiC cannot be consid-
red to be the only source of C flow. Furthermore, considering
he reaction

iO2(s) +  3C(s) =  2CO(g) +  SiC(s) (49)

or calculating the CO partial pressure of C-rich mixtures, it
s found that in this case SiC is not eroded at all, but SiC is
reated from SiO2 and free carbon. Like the Si-rich compound
iscussed previously, the erosion of SiO2 is calculated as half
f the oxygen atomic flow, i.e., the relation (47). It follows that
he same quantity of the total atomic evaporated flow of Si can
e attributed to the effect of SiO2 erosion and the remaining Si
ow is related to SiC – erosion when >0 or growth when <0,

erosion
SiC (if >  0) or F

growth
SiC (if <  0) =  F

evap
Si − 1

2
F

evap
O

(50)

Indeed, for this triphasic, the oxygen flow is coming from
O(g) and SiO(g) the partial pressures of which are far above the

ilicon gaseous species, and relation (50) gives the real growth of
iC detrimental to silica according to relation (49). The C atomic
aporization flow is equal to the erosion of carbon in excess of
he growth, and is directly related to the CO(g) departure (remind
hat the pressure of CO(g) is the highest in this triphasic).

The C atomic vaporization flow is equal to the erosion of
arbon in excess and

erosion
C =  F

evap
C +

∣∣∣Fgrowth
SiC

∣∣∣ =  F
evap
C −

∣∣∣∣F evap
Si − 1

2
F

evap
O

∣∣∣∣ .

(51)

Thus, in the case of C-rich mixtures, no SiC erosion can be
bserved as long as SiO2 and C are co-existing since the growth
f SiC is operating detrimental to SiO2 reacting with C according
o reaction (49). An excess of C is eroded via the vaporization of

he CO(g) species the pressure of which remain the highest one.
ndeed SiC is created in this way by the carbothermal reduction
f silica as it is the case during the first step of Si extractive
etallurgy with an important loss of carbon in the gas phase.
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Erosion or Growth when vaporizing the Si-C-O system 
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he Si rich and the C rich SiC–SiO2 triphasic mixtures in micron of eroded mater
ystem there is no erosion of SiC but growth.

Fig. 16 displays the different erosion (or growth when appli-
able) flows due to vaporization as described above. In order
o facilitate their understanding, they are displayed as decimal
ogarithms as an inverse function of temperature. This figure
hows that for the gas congruent compositions of the SiC–SiO2
seudo-binary compound, SiC like SiO2 will be eroded con-
inuously and uniformly as temperature increases with a slight
hange at the silica melting point. Indeed, the ratio of eliminated
iC and SiO2 remains constant (main reaction (22)) by increas-

ng amount of eroded material up to the end of the congruent
aporization (≈1950 K).

For Si-rich SiC–SiO2 mixtures, excess Si will be eroded until
bout 1950 K due mainly to the SiO(g) pressure which is by far
he main gaseous species. Above 2000 K the excess Si will not
e eroded at all because, above this temperature, the SiC–SiO2
seudo-binary compound will no longer vaporize congruently
nd Si–SiC–SiO2 three-phase mixtures are stable with Si (liquid)
roduction: this is how silicon is produced in arc-melting fur-
aces. At the same time SiC erosion, which was initially lower
han Si and SiO2 erosion, increases until it is close to SiO2
rosion above 2100 K.

For the C-rich SiC–SiO2 mixtures, a constant ratio of erosion
f C and SiO2 is observed with a slightly higher SiO2 erosion
ow and SiC growth detrimental to C. This behaviour is due to

he main chemical reaction considered in this section, but also
uring the experiments, and for the manufacturing process of
iC, SiC crystal growth is generally observed on carbon surfaces
uch as linings or furnace kilns made with graphite.

The behaviour described here and the calculated erosion rates
how that impurities, such as Si or C in excess in initial SiC
owders, are eliminated initially by primary vaporization–or
iC growth -from the components reacting with SiC or silica

s already shown experimentally by S. Baud et al.40 using mass
pectrometry and finally a pure SiC–SiO2 congruent mixture
ill be vaporized after a short while.

5

fl

r hour as a function of the inverse of temperature. Note that for the SiC–SiO2–C

Unlike the SiC binary compound, calculation of the “time
o cross the non-stoichiometric domain” of SiC in contact with
iO2 would not be significant. This is explained by the fact that,
ue to congruent vaporization in the pseudobinary system, as
ong as SiO2 is available, no change in SiC non-stoichiometric
omposition can take place during SiO2 depletion due to a fixed
ie-line during congruent vaporization. Once all SiO2 is elim-
nated by vaporization, the first SiC residual crystals obtained
re within the non-stoichiometric composition domain of the SiC
ompound corresponding to the congruent tie-line. Then, subse-
uently, the pure SiC compound residue behaves as described in
he binary Si–C system, with further C(s) surface accumulation
ue to excess Si losses by vaporization.

The very high values of erosion rates at 2500 K – more
han 1 m per hour – are related to the high pressures of SiO(g)
nd CO(g). These values cannot be reached in normal furnaces
ecause certain limitations will occur due to the flow regime of
he escaping gases and limitations of the applied pressure (close
o 1 bar). Even so, at the beginning of the intermediate temper-
tures during the first step of the heat treatment, the quite high
alues of erosion rates explain the rapid distillation of any Si
r silica impurities as well as the consumption of C impurities
nto SiC. During the next step, the congruent vaporization of
iC–SiO2 mixtures, and due to the minimum total pressure, the
rosion rates of SiC are rather low compared to the one close to
he limit with carbon.

Table 4 lists the coefficients A and B  for the decimal logarith-
ic plots of the erosion (or growth) rates as an inverse function

f temperature for the different composition domains analysed
bove.
. SiC  re-deposition

In the previous section, the evaporated Si and C atomic
ows from SiC were calculated and general erosion rates were



1132 G. Honstein et al. / Journal of the European Ceramic Society 32 (2012) 1117–1135

Table 4
Coefficients A and B for the decimal logarithm of erosion (or growth) rates by vaporization in the congruent SiC–SiO2 pseudo-binary system and in the Si-rich and
C-rich three-phase domains as an inverse function of temperature, log10(erosion/�m/h) = A/(T/K) + B.

Coefficients for the component or compound A B

Congruent SiC–SiO2
a 1000–1685 K 1685–1950 K 1000–1685 K 1685–1950 K

SiO2 −18,514 −17,616 16.846 16.307
SiC −18,471 −17,617 16.198 15.688

SiC–SiO2–Si (rich)a 1000–1685 K 1685–1950 K 1000–1685 K 1685–1950 K
SiO2 −17,738 −18,551 16.454 16.861
SiC −20,978 −24,405 17.149 19.181
Si −17,612 −13,310 16.001 13.450

SiC–SiO2–C (rich) 1000–1685 K 1685–2500 K 1000–1685 K 1685–2500 K
SiO2 −15,411 −14,798 16.577 16.212
SiC growth −15,404 −14,730 16.253 15.851
C −15,406 −14,752 16.364 15.974
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ther solid SiC crystal in the manufacturing furnaces. Indeed,
ue to mass loss by vaporization in non-closed containers as
ell as to reactions with the walls materials – since silicon and
iO(g) are very reactive gases and no inert containers are known
there exists always some chemical gradients due to transport

y the gas phase from the inner volume to the outer surface of
he manufacturing parts. Along this transport process the dis-
illation of silica enhances at least an oxygen potential gradient
cross the parts. So, the vapours can condense and/or react either
o form new SiC crystals or to grow new layers under the influ-
nce of any local chemical potential gradients (temperature is
upposed homogeneous). This is for instance the case in the

ely growth refinement process for pure SiC growth crystals
f different polytypes. The present part deals with the available
ows for local SiC growth considering at first that the vapor-

zation and condensation phenomena are at equilibrium and in
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ig. 17. Decimal logarithms of SiC available deposition rates from a SiC at its stoic
alues are in �m of SiC per hour.
uces liquid silicon.

n apparent quasi-homogeneous SiC material. Indeed, the real
ituation could be calculated only when the local composition
including pressures) gradients were known as it is usually the
ase in deposition processes for which the temperature gradients
re fixed.

.1. Pure  SiC  compound

The maximum SiC precipitation as a non-stoichiometric
ompound can come only from the reaction of silicon with car-
on from the gaseous phase, i.e., by vapour transport. It is equal
o the only carbon flow resulting from gaseous species contain-
ng C, such as Si2C, SiC2, SiC, C, C3, etc. since silicon is in
xcess and will be lost. Fig. 17 displays the available SiC

deposition rates from the C flows within the two SiC non-

toichiometric limits, i.e., considering the whole existence
omain of the SiC compound. In this figure, the SiC erosion
ows for the same two-phase limits as calculated in part 3 are
lso displayed. Thus, for pure SiC the difference between erosion

nudsen) flows in pure SiC 
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nd deposition rates is always in favour of erosion regardless of
he SiC near-stoichiometric composition. This feature is the con-
equence of the excess of Si in the vapour phase that erodes SiC
ore than C regardless of the near-stoichiometric composition

f the solid.

.2. SiC–SiO2 pseudo-binary  mixtures

For pure pseudo-binary mixtures, several mechanisms can
ccur simultaneously when including all the pure SixCy gaseous
olecules as discussed in the preceding section for pure SiC and

dding the oxygenated species such SiO(g) and CO(g) that are
roduced by the main congruent vaporization (22). Two general
rowth mechanisms can occur:

 First, assuming that the gaseous species containing oxygen,
CO(g) and SiO(g), can recombine to form solid SiC according
to the reverse of the main congruent vaporization reaction as
already postulated by Kreigesman et al.41,42

SiO(g) +  CO(g) =  2SiO2(s) +  SiC(s) (52)

ne mole of pure SiC can grow only if the SiO2 and SiC grains are
eparated and if an equivalent growth of two moles of pure SiO2
ccurs. However, reaction (52) cannot occur simultaneously for
wo different and separate surfaces without postulating a cer-
ain specific energy associated with special sites and selective
rowth. Reaction (52) is probably produced on the same surface
t the same time, and consequently “black glasses” are produced
s observed for deposits in furnaces. Black glasses could there-
ore produce links between the SiC and SiO2 grains or between
wo SiC grains (covered at least partly with a SiO2 layer).
 Second, assuming that reaction (52) does not occur at the SiC
surface and that pure SiC grains exist in the mixture (with
a bare SiC surface), the same SixCy gaseous species as for
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ig. 18. Decimal logarithm of SiC vapour phase deposition rates from SiC–SiO2 enr
ell as from the congruent SiC–SiO2 and the growth of SiC from the triphasic SiC–C
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pure SiC can condense and lead to the growth of SiC grains.
In this case SiC will grow with a near-stoichiometric SiC
composition corresponding to that at the congruent interface
SiC/SiO2, i.e., for the silicon activity (or oxygen activity)
corresponding to this interface (along the congruent tie-line
as discussed above), this silicon activity being between the
two diphasic ones.

Furthermore, due to the known Si(g) species in excess in
he only Si–C gaseous phase and to the presence of SiO(g) and
O(g) in the gas phase, other different reactions can produce
iC(s) precipitation, the main one being,

Si(g) +  CO(g) =  SiC(s) +  SiO(g) (53)

nd as a result half of the available excess Si-flow, which is
ot associated with carbon or oxygen in the gaseous phase,
ould be consumed for SiC deposition through an excess of
O(g) pressure at the SiC surface. Indeed, due to reactions
ith the kiln materials, excess CO(g) may become sufficient

but nonetheless small compared to the main Si(g) pressure) to
ct as a background component of the carrier or furnace gas.
he SiC from this precipitation reaction added to SiC from
arbon gaseous flow alone, leads to the maximum possible pre-
ipitation/condensation rate of SiC. Note that this possibility is
ependent on any real counter-effect due to reaction (52), i.e.,
o return to the real equilibrium conditions.

Fig. 18 displays the possible SiC minimum and maximum
apour phase deposition rates of any SiC–SiO2 pseudo-binary
omposition mixture – some with excess Si, some with excess C

 and compares these deposition rates with the erosion already
alculated in the different three-phase systems. Note that the
apour phase deposition rates are the same as for the pure SiC

ompound (Fig. 17) at its non-stoichiometric limits since the
ame gaseous species that transport SiC have the same par-
ial pressures. The available minimum or maximum SiC vapour
hase deposition rates are much lower than the erosion rates for

wth in the Si-C-O system 
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 / (T/K)

iched with Si or with C. The erosion of SiC from the triphasic Si–SiC–SiO2 as
–SiO2 are displayed for comparison. All values are in �m of SiC per hour.
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n Si-rich SiC–SiO2 mixture as well as for congruent pseudo-
inary mixtures. For C-rich SiC–SiO2 mixtures, the SiC growth
rom the reduction of SiO2 by C is much higher than the available
rowth by the vapour phase of the SiC at its C-rich limit. This
eans that as soon as the excess C is consumed, the SiC growth

s stopped while the SiC–SiO2 mixtures become congruent and
iC erosion (at the pseudo-binary congruent vaporization) will
tart.

The main result is that during the heating phases in a fur-
ace where any SiC + SiO2 pseudo-binary mixture coexists with
i or C impurities or both, the Si impurity will be evaporated
uickly while the C will produce SiC detrimental to silica. Once
hese impurities have been completely depleted, for the resulting
iC–SiO2 pure pseudo-binary mixtures, SiC erosion becomes so
reat that no deposition of pure SiC can occur during this step
efore the complete disappearance of silica.

. Summary  and  conclusions

The vaporization behaviour of Si–C binary and Si–O–C
ernary systems is first described around compositions corre-
ponding either to pure SiC or to mixtures of pure SiC + SiO2
ontaining Si and C impurities and the various erosion flows
obtained by vaporization), i.e., SiC, SiO2, Si and C flows were
valuated. In a second step the possibilities of growth by vapour
hase transport and condensation in parts under processing were
lso evaluated.

It was found that, for a pure Si–C binary system with increas-
ng temperature, vaporization conditions always involve a loss
f excess Si compared to carbon regardless of the SiC compound
omposition in its non-stoichiometric domain from silicon-
ich to carbon-rich limits. It follows that any SiC material at
igh temperature under neutral vaporization conditions prefer-
ntially looses its Si impurities (if existing initially) and then
urns rapidly into carbon-rich SiC composition, after which car-
on precipitates at the surface at a rate equal to rate of loss
f excess Si and finally SiC tends to become pure carbon or
raphite by re-crystallization. Evaluation of vaporization rates
n a thermodynamic basis, compared to reasonable estimates of
he composition range of the non-stoichiometric domain of the
iC compound, shows that the precipitation of C becomes very
igh and rapid with increase in temperature as soon as 2100 K is
eached (more than 100 �m/h). In any manufacturing process,
hese calculated times for this process show that it is impossi-
le to prevent carbon precipitation when applying any external
hysical parameter, such as the total pressure applied to the sys-
em, pure neutral gas use or working in a strictly closed vessel.
his is also the case when kiln structures are not inert.

The Si–O–C ternary system – around the SiC–SiO2 pseudo-
inary section – behaves differently due to the formation of
iO(g) and CO(g) gaseous species that are by far the main
pecies. In this case the precipitation of carbon is not possi-
le due to CO(g) formation. Partial pressures of oxygen-free

pecies (Si, Si2, Si3, Si2C, SiC2, etc.) behave in the same way
s for the Si–C binary system as long as no solid solutions are
nown between the different compounds and three-phase equi-
ibria are established as in the Si–SiC–SiO2 and SiC–SiO2–C
Ceramic Society 32 (2012) 1117–1135

ystems. The pure SiC–SiO2 pseudobinary system vaporizes
ongruently and produces the two main gaseous species SiO(g)
nd CO(g): the interface potentials between the SiC and SiO2
rystals then become fixed. It was shown that the partial pres-
ures of the gaseous species are different for the Knudsen flow
onditions (vacuum) and for flows under inert carrier gas atmo-
phere because in the first case flow compositions have to be
aken into account and in the second case allowance must be

ade for the mole fractions in the gaseous phase to impose con-
ruent conditions. In this study, the Knudsen flow conditions –
orresponding to vacuum conditions and maximum surface flow
ates – were used for most of the calculations in order to help
nderstand the Knudsen cell mass spectrometric experimental
esults.

By making equilibrium assumptions for these flows of dif-
erent components, Si, C, O, the origin of the erosion flows (by
aporization) for SiC, SiO2, and the Si and C impurities can
e calculated and distinguished. Given that the original SiC and
iO2 powder mixtures are very often enriched with Si or C impu-
ities, these calculated flow values show the quasi-immediate
ossibilities of purification in the early stage of heat treatment
f green SiC parts. Then the parts vaporize congruently in the
seudobinary section. Moreover, the departure of oxygen (that
s silica) is calculated and the compositional variation in the
ystem at that time would be towards pure SiC (within its non-
toichiometric domain limits) as a stage before going to SiC–C
ystem, i.e., carbon precipitation at the surface of SiC grains
oon after the loss of silica.

The possibilities of condensation and growth associated with
he vaporization of the pure SiC–SiO2 pseudobinary system
howed that vapour phase growth processes can lead either to
ixtures, usually called “black glasses”, or occasionally to pure
iC if the surface of the SiC grains remains free from silica and

f growth is associated only with the Si–C gaseous species (as
n the pure Si–C system) that can be enhanced by some local
O(g) excess reacting with the available excess Si flow. Finally,

n any case the use of silica additives cannot be considered as a
irect growth agent.
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