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Abstract

This high temperature mass spectrometric study is aimed at the quantitative vaporization of powder beds of SiC–Al2O3 and
related triphasic SiC–Al2O3–C and SiC–Al2O3-Si powder mixtures. The quantitative evaluation of reaction enthalpies showed that

the different vaporization processes are not equilibrium processes and all the vaporization reactions are kinetically hindered. The
multiple Knudsen cell method is used to determine directly the condensation coefficients of the Al(g), Al2O(g), CO(g) and SiO(g)
species. Further, the comparison with previous equilibrium pressures calculated using thermodynamics allows the calculation of the

evaporation coefficients of these species from the condensation coefficients and the measured mass spectrometric pressures. Super-
saturated or undersaturated resultant pressures for each species are used as a criteria in the choice of suitable powder beds. # 2002
Elsevier Science Ltd. All rights reserved.
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1. Introduction

The thermodynamic analysis of the vaporization
behavior1 of the SiC–Al2O3 pseudo-binary system
showed that the main vaporization reaction is,

Al2O3ðsÞ þ 2SiCðsÞ þAl2OðgÞ ()

4AlðgÞ þ 2COðgÞ þ 2SiOðgÞ
ð1Þ

meanwhile other species like AlO(g) or Si(g) and Si2C(g)
are minor species (less than 10�3) of total pressure. The
gas composition—referred to the basic Al–C–O–Si
quaternary system—of any Al2O3+SiC mixture is loca-
ted in the pseudo-binary Al2O3–SiC section. Any matter
loss by the gas phase cannot lead to a condensed residue
with a final composition out of the pseudobinary sec-
tion. The vaporization behaviour can be termed as
pseudo-azeotropic or pseudo-congruent because gas

composition ratios as Si/C=1/1 or Al/O=2/3 are con-
stant during the vaporization1 (all the gaseous species
being taken into account). Consequently any matter loss
will move the condensed phase composition along the
pseudo-binary SiC–Al2O3 section. For mixtures with
small alumina content,1 the evolution is toward pure
SiC, and this feature explains the alumina losses
observed during sintering.
The gas phase analysis, performed qualitatively in the

preceding paper2 by Knudsen-cell mass spectrometry,
confirmed that the main gaseous species are those pre-
dicted by thermodynamics, and that the impurities—
including small excess SiO2 or small excess C—are dis-
tilled during the heating stage at intermediate tempera-
tures. The comparison between different powder beds,
loaded in different cells and for different SiC/Al2O3

compositions, using the multiple cell method showed
that, contrary to thermodynamics, the partial vapor
pressures were not constant for the SiC–Al2O3, the SiC–
Al2O3-C or SiC–Al2O3–Si systems when composition is
varied. This feature suggests that the vaporization is
kinetically hindered, and some condensation and
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evaporation coefficients are lower than unity. Unity
corresponds to thermodynamic control of the net eva-
poration process in the cells. The effect of these coeffi-
cients is generally to decrease the partial pressures
measured with effusion cells. This paper is aimed to the
determination of these coefficients as well as evaluation
of their impact on powder bed vaporization behavior.

2. Analysis by conventional quantitative vaporization

2.1. Vaporization reactions and samples

Conventional Knudsen cell mass spectrometric
experiments3�6 were run using single cells as described
in Fig. 1 of the preceding paper.2 The samples, the con-
tainer and the effusion orifice characteristics are pre-
sented in Table 1. For samples of the SiC–Al2O3

pseudobinary section, the main vaporization reaction is
reaction (1). For the samples corresponding to triphasic
domains—excess of C or Si—the total vaporization
reactions can be written as,

SiCðsÞ þAl2O3ðsÞ þ COðgÞ þ 4AlðgÞ ()

SiOðgÞ þ 2CðsÞ þ 3Al2OðgÞ
ð2Þ

and

SiCðsÞ þ 2Al2O3ðsÞ þ SiðsÞ þ 2AlðgÞ ()

2SiOðgÞ þ COðgÞ þ 3Al2OðgÞ
ð3Þ

The molar fractions in the samples were chosen in
agreement with these two reactions in order to favor equi-
librium conditions when kinetic limitations exist at grains
contacts as previously observed for Si–SiO2 mixtures.3

2.2. Knudsen cell mass spectrometric method

The molecular beam, effused from the orifice of the
Knudsen cell and sampled along the normal to the ori-
fice by small apertures, crosses the ionization chamber
of the mass spectrometer. An electron beam ionizes the
molecules of the beam, and the ions are accelerated by
an electric field (4600 V), deflected by a magnetic field
(radius 30.2 cm, 90�) and finally collected on a second-
ary electron multiplier. The detection of the ionic
intensity I+i is performed by a pulse counting device.
The basic mass spectrometric relation,

pi¼Iþi T=Si ð4Þ

relates the measured ionic intensity Iþi to the partial
pressure pi of the parent molecule in the Knudsen
cell,3�7 the temperature T of the cell and the mass spec-
trometric sensitivity Si. In addition, the effusion mass
loss during the experiment is written according to the
Hertz–Knudsen equation,3�7

dNi

dt
¼

pisCffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2�MiRT

p ð5Þ

in which dNi/dt is the number of moles i effusing by unit
time, s and C the cross sectional area and Clausing
coefficient of the orifice, Mi the molar mass of the
effusing species i, and R the gas constant. Combining
relations (4) and (5) allows the direct relation between
the total mass loss during an experiment �mi and the
parameters of the mass spectrometric experiment, Iþi , T
and Si:

Fig. 1. Evolution of the decimal logarithm of vapor pressure of

Al(g)—proportional to the IT product—as a function of the inverse of

temperature as measured for four cells with different f factors (see text)

in a multiple cell experiment run with mixtures SiC + Al2O3.

Table 1

Experiments run quantitatively using single conventional Knudsen effusion cells

Experiment label Powder nature Crucible material Effusion orificea(mm)

SiCAl2O3-01S SiC (norton)+50% (mol) Al2O3 Al2O3 h=2.02 d=2

SiCAl2O3-02S 25% (mol) SiC (norton) +25% Al2O3 +50%C Graphite (SiC coated) h=2 d=1.72

SiC Al2O3-03S 25% (mol) SiC (norton) +50% Al2O3 +25%Si Graphite (SiC coated) h=2 d=1.72

SiC Al2O3-04S SiC (carborundum) +50% (mol) Al2O3 Graphite (SiC coated) h=2 d=2

a h is the length of the cylindrical orifice walls, d the diameter.
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Dmi ¼
sCffiffiffiffiffiffiffiffiffi
2�R

p x

ffiffiffiffiffiffi
Mi

p

Si

X
j

Iþi
ffiffiffiffi
T

p
dt ð6Þ

j being the different temperature plateaus for mea-
surements (integration between the plateaus is done
applying the trapezoidal method to the Iþi

ffiffiffiffi
T

p
function).

This method of calibration was used systematically in
order to determine Si after weighing the crucible before
and after the experiments. Supplementary calibrations
with a silver foil (ffi 5 mg) evaporated at the beginning
of the run were used. The sensitivity of the mass spec-
trometer for Ag was thus calculated by observation of
the silver melting temperature using the mass spectro-
metric relation (4) and the known thermodynamic
values for saturated pressure of silver.8

In our experiments the total measured mass loss cor-
responds to four effused species that have similar partial
pressures and we needed to evaluate relative sensitivity
values by an independent way and relation (6) becomes:

Dm ¼
sCffiffiffiffiffiffiffiffiffi
2�R

p �

ffiffiffiffiffiffiffi
M1

p

S1

�
X
j

Iþi
ffiffiffiffi
T

p
dtþ

Xn
i¼2

S1

Si

ffiffiffiffiffiffiffi
Mi

M1

r X
j

Iþi
ffiffiffiffi
T

p
dt

 !" #

ð7Þ

the species 1 being chosen as the reference (silver is used
also as a secondary one). The sensitivity ratios in our
case are:

S1

Si
¼

�1A1

�iAi
ð8Þ

si being the ionization cross section either issued from
earlier experiments or from literature (Table 2), Ai being
the isotopic abundance calculated exactly from the
atoms one’s.
Other parameters cancel. The sensitivities determined

by mass loss or by reference to silver differed by less
than 2.2%, meanwhile the evaluation by simple deriva-
tion on the basis of relation (7) of the total absolute
uncertainty on each sensitivity was 18%.

2.3. 2nd and 3rd law calculations

The basic mass spectrometric relation (4) gives access
to partial pressures for each effused species and conse-
quently to equilibrium constants. The use of the second
and third laws of thermodynamics4�6,12,13 lead to the
enthalpies of the observed reactions.
The second law method leads to the Clausius–Cla-

peyron equation,

dlnKp=dð1=TÞ ¼ ��rH
�ðT; meanÞ=R ð9Þ

or using the basic mass spectrometric relation,

��rH
�ðmean TÞ ¼ �Rdln

Y
i

Iþi T
	 


=d 1=Tð Þ

þ Rdln
Y
i

Si

 !
=d 1=Tð Þ ð10Þ

As the experiments are run in such a way that the
sensitivity is maintained constant, the last term can be
discarded, and calibration of the apparatus is not
necessary when using the 2nd law method.
The third law calculations need the a priori knowl-

edge of the standard entropies of all the species in the
measured reactions via the relation,

�rG
�ðTÞ ¼ �RTlnKp¼ �rH

�ðTÞ�T�rS
�ðTÞ ð11Þ

which is more often used with a fixed reference tem-
perature (0 or 298 K) as:

�rH
�ð298KÞ ¼ �RTlnKpðTÞ�T�fef�ðTÞ ð12Þ

The free energy function—defined as fef=
� G 0

T �H0
28K

	 

=T—is a combination of entropy and

enthalpy increments obtained from thermodynamic
tables12�14 and stored for our purpose in the SGTE data
bank.15 The calculation of reaction enthalpies by the third
law method requires the determination of the equili-
brium constant Kp and consequently of partial pres-
sures through the calibration of the mass spectrometer.

2.4. Results

Calculations using the second and third law meth-
ods—the second law one being recalculated at 298 K by
use of enthalpic increments—are presented in Table 3
and compared with the values taken from thermo-
dynamic tables for the same vaporization reactions. As
these reactions are based on well-known compounds
and gaseous species, results should be comparable
within their uncertainty limits. This is not the case
except perhaps for some third law results that may
approach the calculated values with thermodynamic

Table 2

Ionization cross-sections or their ratios for 30 V ionizing electrons

Gaseous

molecule

Cross-section �i (Å
2) (References)

Al 9.7 (9)

Al2O 12.513
�Al2O

�Al
¼

�Ga2O

�Ga
¼ 1:29 0:13 (10)

CO 1.05 (11)

Ag 5.16 (9)

SiO 7.242 �SiO
�Ag

¼ 1:42 (3)
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reference tables. The second law results are far from the
expected values.
The inconsistent results between the two methods as

well as the large discrepancies observed with tabulated
equilibrium values show that some kinetic barrier
occurs in the vaporization process. We observed already
such behavior with Si–SiO2 powders,

3 the discrepancies
were accounted for by the effect of the evaporation
coefficient on the vapor pressures. The multiple cell
observations in the preceding paper2 reinforce this
assumption. Here we further use this latter method in
the determination the evaporation and condensation
coefficients which reflect the kinetic barriers.

3. Evaporation and condensation coefficients of powder

beds

3.1. Definition of the coefficients

For free or Langmuir vaporization of a surface under
perfect vacuum—no molecules come back to impinge
the surface—the vaporization flow is related to the
maximum Knudsen flow vaporizing at equilibrium:

�iðLÞ ¼ �i
piSffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2�MiRT
p : ð13Þ

The evaporation coefficient �i,—specific to each i
species—is equal to 1 at equilibrium, and lower than 1
when a vaporization step is kinetically hindered.
Conversely, for a flow of molecules that impinges on a

surface, a condensation coefficient �i can be defined that
relates the maximum flow condensing at equilibrium—
equal to the equilibrium vaporization flow at the sub-
strate temperature—to the impinging flow. These coef-
ficients are called gross evaporation and condensation
coefficients.16,17 The impact of these coefficients on

Knudsen measurements was first analyzed by Motz-
feld18 and Whitman19 with the assumption �=�.
The Motzfeld relation relates the measured pressure

pm—obtained from the measured Knudsen flow by the
mass spectrometer—to the hypothetical equilibrium
pressure peq at the vaporizing surface, through the cell
geometry (orthocylindrical cells) and the evaporation
coefficient,

peq ¼ pm 1þ
f

�

� �
ð14Þ

Here f is the ratio of effective effusing area sC to cell
cross sectional area. This relation applies for each gas-
eous species independently since there are no collisions
in the cell other than on the walls. For processes that are
far from equilibrium, and taking into account a gross
evaporation coefficient that differs from the gross con-
densation value, Chatillon et al.20 recalculated this rela-
tion to be,

peq
�

�
¼ pm 1þ

f

�

� �
ð15Þ

For such a situation, we cannot extrapolate to the null
orifice (f!0) size as discussed by Rosenblatt21 since the
kinetic mechanisms may change when considering the
equilibrium situation for a closed orifice. Thus, we use
the multiple cell method3,22 to determine these coeffi-
cients within a rather small f range with the assumption
that the kinetic limiting step is the same for all the cells
with slightly different f factors.

3.2. Determination with the multiple cell method

The multiple cell method is used to compare the
effused flows—or measured pressures—coming from
cells with different orifice sizes. The existence of

Table 3

2nd and 3rd law calculations of the reaction enthalpies at 298 K as determined by conventional mass spectrometric single cell experiments and

comparison with tabulated data

Studied system

(powder bed)

Reaction

(Nr)

�H 0
r ð298:15Þ

janaf8

(kJ mol�1)

�H 0
r ð298:15Þ

Gurvich9

(kJ mol�1)

�H 0
r ð298:15Þ

(kJ.mol�1)

2nd law

DH 0
r ð298:15Þ

(kJ.mol�1)

3rd law

SiC (norton) +50% (mol) Al2O3 (1) 2860.8931.84 2867.04727.31 2685.5185.21a 2931.0222.27b

SiC (carborundum)+50% (mol) Al2O3 (1) 2860.8931.84 2867.04727.31 2772.3361.89 2911.4813.21

25% (mol) SiC (norton) +25% Al2O3 +50%C (2) 2.9654.73 �7.69167.31 �111.9254.74 �1115.3380.33

(1) 2860.8931.84 2867.04727.31 2589.0495.4 2892.9935.53

25% (mol) SiC (norton) +50% (mol) Al2O3+25% Si (3) 2016.5854.77 2006.9566.75 1471.65121.6 782.9954.5

(1) 2860.8931.84 2867.04727.31 2040.82155.61 2777.9161.13

a Standard deviation on the slope (2nd law).
b Standard deviation of the mean value (3rd law).
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evaporation or condensation coefficients is straigthfor-
ward when measuring the same sample and observing
the pressure decrease for larger orifices according to
relations (14) or (15) when f increases.3,20,22

In a first step we compare different cells (i) to one cell
taken as a reference (ref)—usually the smallest orifice—
and combining relation (15) with the basic mass spec-
trometric relation (4),

�i ¼ or �i if�i ¼ �ið Þ ¼

fi � fref
Ii
Iref

Ii
Iref

� 1

ð16Þ

�i are determined for each species and for each tem-
perature plateau.
In a second step and according to relation (15), the

evaporation coefficient �i can be known only if inde-
pendent thermodynamic values allow the calculation of
the equilibrium pressure peq, meanwhile a calibration
procedure is needed to deduce the measured pressure pm
from ionic intensities as already explained.20,22 At that
time, using the preceding bi value, the known peq and
the measured pm pressures, we can compare according
to relation (15) the pm 1þ f

�

 �
recalculated products

with peq: if these quantities are equal, �=�. If not, we
calculate � from their ratio according to relation (15).
For the specific case of the pseudobinary SiC–Al2O3

vaporization, we first should define the reference equili-
brium situation, that is the real equilibrium vaporization
of this system. Indeed, this was a part of the basic
motivation for our first paper which dealt with the
vaporization behavior calculated by thermodynamics.1

Thus the calculated congruent equilibrium vaporization
in Knudsen conditions is the reference behavior for deter-
mining the evaporation and condensation coefficients in
this work. For the triphasic powders, SiC–Al2O3–(C or
Si), we used the triphasic equilibrium pressures.

3.3. Determination of the condensation and evaporation
coefficients

The multiple cell used (see Fig. 2 in Ref. 2) is loaded
with four dense graphite cells (crucibles+lids), the geo-
metrical characteristics of which are presented in
Table 4. The measured products Iþi T (proportional to
pi) are presented in Fig. 1 in the usual manner for partial
pressures—as a function of the inverse of temperature.
We observe some deviation from a linear relationship at
the beginning of the experiment, already discussed in
the preceding paper, and a systematic pressure decrease
in the high temperature range (when compared to the
expected linear relationship in thermochemistry) which
is accompanied by smaller differences between cells.
The phenomenon may be attributed to at least three
processes:

� an increasing collision number in the gas phase
of the Knudsen cell22 allowing homogeneous gas
phase kinetics to occur. Part of the observed flow is
thus coming increasingly from direct gaseous col-
lisions that may be closer to equilibrium values.

� a modification of the flow regime17 in the cell
leading usually to apparent lower values for eva-
poration coefficients due tomolecules coming back
to the surface without any collision on the walls.

� an increasing saturation of adsorbed species at
the surface17 of the sample that can modify the
surface adsorption kinetics, usually leading to
increasing values for the coefficients.

To avoid any coupling between surface kinetics and
mass flow in the mass spectrometric observations, we
systematically discarded data at temperatures higher
than 1667 K (104/T<6) in the evaluation of these coef-
ficients. But yet, the coefficients values at the surface
remain available for further calculations of transferts at
the interface solid-gas. An example of � determination
is presented in Fig. 2, obtained by a comparision
between two cells. The results from other cell compar-
isons were not significantly different. We retain in this
work the coefficients that correspond to cells similar to
those single cells we shall use for the � determinations in
experiments with calibration procedures (see further).
The mass spectrometric experiments were performed

in the 1350–1750 K range—ranging from the mass
spectrometric detection threshold to the free gas colli-
sions in the cell orifice limit. As we need extrapolated
values for our � coefficients at the temperature of the
sintering process, we present mean values and least
square fitted values according to the Arrhenius law23 in
Table 5. Four different runs were performed, each cor-
responding to different powder beds, including triphasic

Fig. 2. Evolution of the condensation coefficient � as a function of the

inverse of temperature as determined in a multiple cell experiment by

comparison between two cells loaded with the same SiC–Al2O3 sample

and fitted with two different effusion orifices.
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beds, but with the same sample in each four cells of the
multiple cell block.
We observe (Table 5) that the condensation coeffi-

cients are generally in the same range (1 to 4)10�2

except for (i) the CO(g) on the triphasic mixture with
silicon, �CO at 1500 K 10 times the value of �CO of the
other mixtures, (ii) the Al2O(g) still on the triphasic mix-
ture with silicon, the b at 1500 K�3�10�3 value increas-
ing to 2�10�2. It seems thus that the silicon ‘‘catalyzes’’
the CO and Al2O incorporation to surface reactions.

Using the b least square fits (Table 5), the measured
pressures pm (part 2.4 which led to Table 3 results with
second and third law calculations) are corrected using
relation (15) with the correct f factor, and the right side
of (15) is compared in Fig. 3 with calculated congruent
equilibrium pressures for SiC–Al2O3 samples, including
the two triphasics, as done in Ref. 1. We observe sys-
tematic differences showing that the evaporation and
condensation coefficients have different values for all the
gaseous species.
Knowing the equilibrium partial pressures and the �

coefficients (fitted values), we then calculated the eva-
poration coefficients �. These are presented in Table 6 in
the same manner as for the condensation coefficients.
Conversely to the b coefficients, the a coefficients vary

largely by factors of 10–1000. Ratio of the evaporation
and the condensation coefficients (Table 7) reveals some
different saturation state (super or under saturation) of
the surface. For �/�<1 the surface is supersaturated for
this species while the gas phase is not. The converse
holds for �/�>1. Thus, according to Table 7, for the

Table 4

Geometrical parameters of our effusion cells used in the multiple cell

device and their associated f ratio (see text)

Crucible

diameter (mm)

Effusion orifice

diameter (mm)

Wall length of

the orifice (mm)

f=ratio sC/S

(see text)

16 3 2 2.1�10�2

13 3 1 4�10�2

16 2 4 5.6�10�3

16 2 2 8�10�3

Table 5

Condensation coefficients b as determined from our multiple cell experiment and for each gaseous species Al(g), Al2O(g), SiO(g) and CO(g) and for

different powder beds

Studied system (powder bed) Method for � calculation � (Al) � (Al2O) � (SiO) � (CO)

SiC (Nor.) +Al2O3 � (meana) 0.01170.0055 0.00810.0111 0.01180.0101 0.03820.0437

ln � (fit) 0.989–8009/T 5.663–17 027/T �4.733+274/T �6.032+3844/T

� (at 1500 K) 0.0129 0.0034 0.0106 0.0311

SiC (Car.)+Al2O3 � (mean) 0.01510.0102 0.00690.0071 0.04970.0409 0.02250.0164

ln � (fit) 1.633–9341/T 3.375–13656/T 1.631–7095/T �16.118+18 635/T

� (at 1500 K) 0.0101 0.0033 0.0451 0.0249

SiC (Nor.)+Al2O3 +C � (mean) 0.02220.0244 0.01790.0342 0.3310.0423 0.03850.0538

ln � (fit) 1.915–9416/T 7.412–19 403/T �13.122+13961/T �7.824+5949/T

� (at 1500 K) 0.0127 0.004 0.022 0.0211

SiC (Nor.)+Al2O3+Si � (mean) 0.06740.0665 0.04950.0534 0.03160.0529 0.0840.0644

ln � (fit) �7.601+6042/T �10.414+9888/T �21.64+26 039/T �8.112+8900/T

� (at 1500 K) 0.0281 0.0219 0.0138 0.113

a Mean is a mean value and its standard deviation calculated whatever is the temperature of the measurements.

Table 6

Evaporation coefficients a for each gaseous species as determined from our partial vapour pressures obtained by single cell experiments (Table 1)

and from a method of calculation (see text) that takes into account the preceding condensation coefficients as determined in Table 5

Studied system (powder bed) � (Al) � (Al2O) � (SiO) � (CO)

SiC (Nor.)+Al2O3 � (meana) 0.01340.0026 0.00780.0023 0.00750.0051 0.01300.0032

ln � (fit) �5.185+1286/T �8.112+5002/T �8.112+4442/T �3.14–1892/T

� (at 1500 K) 0.0132 0.0084 0.0058 0.0123

SiC (Car.)+Al2O3 � (mean) 0.01350.0019 0.01130.0019 0.00500.0010 0.09930.1124

ln � (fit) �2.616–2572/T �5.745+1889/T �2.381–4442/T �13.122+16 061/T

� (at 1500 K) 0.0132 0.0113 0.0048 0.0894

SiC (Nor.)+Al2O3+C � (mean) 0.00460.0009 0.00210.0004 0.09330.0970 0.01790.0169

ln � (fit) �3.37 - 3034/T �4.501–2503/T �16.118+19677/T �7.419+4768/T

� (at 1500 K) 0.0045 0.0021 0.0498 0.0144

SiC (Nor.)+Al2O3+Si � (mean) 0.16350.1544 0.22260.2799 0.04700.0344 0.36830.1951

ln � (fit) �18.932 + 24468/T �24.23+33270/T �15.423+17532/T �5.051+6142/T

� (at 1500 K) 0.0728 0.1287 0.0239 0.3843

a Mean value calculated whatever is the temperature of measurements.
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norton SiC+Al2O3 bed, the gas phase is supersaturated
only with Al2O meanwhile for the carborundum
SiC+Al2O3 bed, the gas-phase is super saturated with
Al, Al2O and CO. Combining these coefficients in order
to compare the two beds, we conclude that the partial
pressures over the Norton bed are lower than over the
Carborundum bed as measured by direct comparison in
the preceding paper.2 The reason for these differences
cannot come from the impurity contents since the Si(or
SiO2) or C small excess and impurities are vaporized at
the beginning of the experiments as studied in the pre-
ceding paper,2 the loss of these excess being part of the
vaporization processes that led quickly to the congruent
vaporization state. In addition, as the Norton and SiC
powders have quite similar morphologies2 (grain size
and distribution) differences in evaporation and con-

densation coefficients cannot be attributed to differences
in the real vaporization surface, but more probably to
intrinsic surface defects nature and density. Indeed,
kinks or dislocation edges are known to favor the
transfer of molecules or atoms from the bulk to the gas
phase. The surface characteristics have to be related to
the production process of these powders.

Table 7

Ratios of evaporation �i to condensation �i coefficients as determined

for each gaseous species and for different powder beds at 1500 K

�i/�i Al Al2O SiO CO

SiC (Nor.)+Al2O3 1.02 2.47 0.55 0.4

SiC (Car.)+Al2O3 1.31 3.42 0.11 3.59

SiC (Nor.)+Al2O3+C 0.35 0.53 2.26 0.68

SiC (Nor.)+Al2O3+Si 2.59 5.88 1.73 3.4

Fig. 3. Comparison of the decimal logarithm of our measured partial pressures pm(i), as corrected by the condensation coefficients previously

determined (Table 5), with the theoretical partial pressures as determined by thermodynamic calculations for congruent equilibrium conditions.

�p(Al), ~ (Al2O), o p(SiO), � p(CO): experimental data (single cell experiment) corrected using b from Table 5. —— Al(g), - - - - Al2O(g), – –

SiO(g), . . .. . .CO(g): thermodynamic calculations.
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The behavior of the two triphasic powder beds is very
different: the silicon enhances all the partial pressures,
meanwhile the carbon favors only SiO(g). In addition,
the behavior of the SiC–Al2O3 beds remain very differ-
ent from the triphasic powder beds.

4. Conclusions

The quantitative vaporization study of the SiC–Al2O3

powder beds, as well as those enriched with C or Si
showed that any of these powders vaporizes at equili-
brium. The vaporization and the condensation pro-
cesses of their vapors, Al(g), Al2O(g), SiO(g) and CO(g)
are kinetically hindered, and the evaporation and con-
densation coefficients have been determined using Mass
Spectrometry with the multiple Knudsen cell method.
We have to quote that these coefficients are gross coef-
ficients, that take into account the powder morphology
as already discussed24 for Si3N4. Consequently their
values cannot be referred to specific crystal surfaces.
The existence of evaporation and condensation coef-

ficient values that are systematically different leads to
gas phases that may be supersaturated or under-
saturated depending on the gaseous species considered
as soon as the sintering process occurs in a quite closed
container similar to Knudsen cells and with a neutral
gas (Ar). According to our study, the gas phase over the
SiC carborundum–Al2O3 beds is supersaturated with
Al(g), Al2O(g) and CO(g) in contrast to the SiC norton–
Al2O3 beds where the gas phase is only supersaturated
with Al2O(g), and this feature must be related to better
densification with a carborundum SiC bed.25 In order to
check if a general supersaturation initiates a better den-
sification in the sintering process, we tried to add silicon
to the beds in a sintering experiment, but we were not
successful and the mass losses were important.25 Thus,
increasing all the partial pressures by appropriate beds
does not improve the density in the sintering process. As
a conclusion of the mass spectrometric observation of
the vaporization and condensation behaviour of each
gaseous species, the criteria for the choice of a powder
bed as well as its environmental conditions are to obtain
higher partial pressures of Al(g) and Al2O(g) in
combination with a high pCO/pSiO ratio. This conclusion
agrees with the Mulla and Krstic26 works in which a
CO(g) pressure imposed of 0.1 MPa led to good
densification.
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2000. Forschungszentrums Jülich, Germany, pp. 403–406.

23. Dreger, L. H., Dadape, V. V. and Margrave, J. L., Sublimation

and decomposition studies on boron nitride and aluminium

nitride. J. Phys. Chem., 1962, 66, 1556–1559.

26 S. Baud et al. / Journal of the European Ceramic Society 23 (2003) 19–27



24. Rocabois, P., Chatillon, C. and Bernard, C., Thermodynamics of

the Si–O–N system. I—high temperature study of the vaporiza-

tion behaviour of silicon nitride by mass spectrometry. J. Amer.

Ceram. Soc., 1996, 79, 1351–1360.

25. Baud S., Frittage en phase liquide du carbure de silicium:

évolution des microstructures et des propriétés mécaniques.
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