JOURNAL OF MATERIALS SCIENCE 29 (1994) 6104-6114

Oxygen mass transfer at liquid-metal-vapour
interfaces under a low total pressure

P. CASTELLO, E. RICCI, A. PASSERONE
Istituto di Chimica Fisica Applicata dei Materiali del C.N.R., Via De Marini 6, 16149, Genova, Italy

P. COSTA
Istituto di Scienza e Tecnologie Chimiche — Facolta di Ingegneria dell’Universitd di Genova —
Via all’ Opera Pia 15/a, 16145, Genova, Italy

The problem of oxygen exchange at the interface between a gas and a liquid metal is treated for
systems under a “vacuum’’ (Knudsen regime, pressures lower than 1 Pa), where, due to the large
mean free path of gas molecules in a vacuum, transport processes in the gas phase have no
influence on the total interphase mass exchange, which is controlled by interface phenomena and
by oxygen partition equilibrium inside the liguid. Owing to the double contribution of molecular
O, and volatile oxides to the oxygen flux from the surface, non-equilibrium steady-state
conditions can be established, in which no variations in the composition of the two phases occur
with time, as the result of opposite oxygen exchanges. The total oxygen and metal evaporation
rates are evaluated as a function of the overall thermodynamic driving forces, and an account of
the transport kinetics is given by using appropriate coefficients. A steady-state saturation degree
s, is defined which relates the oxygen activity in the liquid metal to the O, pressure imposed and
to the vapour pressures of volatile oxides. When metals able to form volatile oxides are considered,
pressures of molecular O, higher than those defined under equilibrium conditions have to be
imposed in the experimental set-up in order to obtain a certain saturation degree, as

a consequence of the condensation of the oxide vapours on the reactor walls. Effective oxidation
parameters are determined, which define the conditions leading the liquid to a definite
steady-state composition under a “vacuum’ when it is out of equilibrium. The effective value of
the oxygen pressure which corresponds to the complete oxygen saturation of the metal, P, , is
evaluated at different temperatures for the systems Si—O and Al-0. The results are represented as
curves of IgP§, . against T, which separate different oxidation regimes; these results agree well
with the experimental data found in the literature.

Nomenclature S value of the bulk-saturation degree in
ay activity of the component 7 in the liquid steady-state {regime) conditions.
phase. T temperature in the system, far from the
k, partial-transport  coefficients for the container wall (K.).
mass transfer of the component T, temperature of the container wall (K).
n (molsg™*em™1). X, molar fraction of the component 1 in the
K, global-transport  coefficients for the liquid phase.
mass transfer of the component o, condensation coefficient of the species
n (molsg™*em™Y). n (em ™33,
M, molecular  weight of the species
n (g mol™1). Subscripts
N global metal flux between the gas and the ! a quantity evaluated for a liquid below the
condensed phase (mol cm ™ %*s™1). saturation point.
N§: global oxygen flux between the gas and the  liq quantity in the bulk liquid.
condensed phase (mol cm™%s™1). s a quantity evaluated in conditions where
P; partial pressure of the j™ oxide (Pa). the liquid metal is saturated with oxygen.
Py vapour pressure of the pure metal (Pa). I a quantity in the interfacial liquid layer.
Py, partial pressure of molecular O, {Pa).
Py total pressure {Pa).
P effective metal-vapour pressure (Pa).
P&, effective oxidation pressure (Pa). 1. Introduction
RE effective evaporation ratio. The presence of reactive gases in the working atmo-
5 actual value of the bulk-saturation degree.  sphere can significantly affect the surface properties of
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liquids through adsorption and/or surface reactions.
Oxygen, which shows a strong surface activity to-
wards a large number of metallic systems [1], is the
most important of these contaminants in liquid metal
and alloy systems. Since the presence of this gas can
never be completely avoided, basic investigations on
high-temperature capillarity are generally performed
under controlled atmospheres, such as helium, ultra
high vacuums and buffer mixtures [2, 3, 4].

For this reason, it seems extremely useful to provide
theoretical models which enable the prediction with
reasonable accuracy, of the degree of contamination of
a surface, in order to relate the physical properties
which are observed to real surface-composition data.
To achieve such a result it is necessary to consider the
interplay of all the possible means of mass transport,
adsorption, solution and reaction phenomena in the
liquid—gas system, defining which one of these factors
mainly controls the oxygen mass transfer at the
liquid—gas interface, as a function of the boundary
conditions.

A kinetic-fluodynamic model of oxygen exchanges
between the gas phase and the condensed phase at
different O, partial pressures under inert atmospheres
(He flowing with an inlet pressure of the order of
0.1 MPa) has been presented in a previous work [5].

In that case, diffusion was the main mass-transport
mechanism in the gas phase, and reactions between
metal vapours and oxygen can occur. If the ratio
between the reaction and the diffusion rates is favour-
able, specific reaction regimes can be established in
which the oxygen consumption takes place in the
gaseous layers far from the liquid surface. In this case,
a steady state is established in which O, does not
contaminate the liquid surface.

The aim of the present paper is to provide an
approach to the problem of oxygen mass transfer
under pressures lower than 1 Pa, that is in conditions
of the Knudsen-diffusion regime, which can be re-
garded as a vacuum. In these conditions, when metals
able to form volatile oxides are considered [6, 7, 8, 9],
condensation of the oxide vapours on the reactor
walls can enhance the rate of oxide vaporization. The
oxygen content of unsaturated liquid metals can be
decreased by purification via suboxides [10, 11]; the
removal of oxide vapours from the reactor is expected
to raise the effectiveness of the process [12].

Deoxidation at high temperature under very low
total pressures is a technique which is largely used
in industrial metal refining; some aspects of this
methodology are reconsidered here, with particular
regard to surface contamination in high temperature
capillarity measurements.

2. The model system

Consider a liquid metal drop placed at the centre of
a closed chamber, whose farthest wall is at a distance
L from the liquid-metal surface. The following condi-
tions apply.

1. The temperature, near the drop, is maintained at
a constant value, 7, which is higher than that for the
chamber walls, T,.

2. Ifatotal pressure P, of less than 1 Pa, at least, is
maintained inside the chamber, Hertz-Knudsen con-
ditions of a thermomolecular regime are assured for
the mass-transport phenomena in the gas phase [12].

3. The activity coefficient of the liquid metal is
assumed to be unity.

4. Small amounts of dissolved oxygen are assumed
not to affect significantly the vapour pressure of the
pure metal, Py which is assumed to depend only on
the temperature, T.

5. The residual partial pressure of oxygen in the
atmosphere, Po, ,, is considered to be constant, as-
suming that its value is continuously restored by
microleaks through the vacuum seals.

6. A molar fraction xq; < X0, of oxygen is dis-
solved into the metal, where x¢_, indicates the limit of
solubility [13]. Above this limit, the formation reac-
tion of the first stable oxide in the condensed phase,
given by

M(cond) + Vmoégas) — Mogc\znd) (A)

is shifted to the right. The term first oxide denotes the
oxide with the minimum oxygen content which is
thermodynamically stable under the conditions
imposed.

When xo ; = xo , that is, when the metal and the
oxide exist at the same time in the condensed phase,
the atmospheric composition is fixed at constant 7 for
a system at equilibrium, and it can be calculated if the
chemical equilibria conditions in the metal-oxygen
system are known. In particular, the vapour pressures
P;  of the species containing oxygen (suboxides) re-
sulting from thermal decomposition of the oxide de-
pend exclusively on T. Because of the remarkable
complexity of oxide vaporization phenomena [6, 7, 14,
15], the evaluation of the equilibrium partial pressures
of suboxides requires specific considerations; these are
presented in the Appendix.

3. Interphase mass transfer
Consider the following chemical equilibria conditions
in the model system, for xo ; < X0,

M (cond} — M {gas) (B)
O(ZgaS) 20 iq) (C)
M® 4 v,08 = MOE (D)

Assuming the fugacity coefficients of gases to be equal
to unity, the following equations can be written

PM,l = PM (1)
Poz,zaa,% = POz,SaO_,% 2)
Py P§, Pl = Py Pg P;! (3)

Where ao; is the oxygen activity in the liquid metal.
The quantities marked with a subscript [ in Equation
3 indicate the equilibrium vapour pressures of a metal
with an oxygen activity ao ;.
If the saturation degree, s, of the bulk liquid with
respect to dissolved oxygen is defined as
s = do,1 @)

aO,s
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then according to Equation 2, the oxygen partial pres-
sure in equilibrium with a molar fraction of dissolved
oXygen Xo; can be expressed as the product of the
quantity s by the saturation pressure, Py, , that is,

Py, = sz‘POz.s (5)

Substituting Equations 5 and 1 in Equation 3 an
analogous relationship for the j'* oxide partial pres-
sure can be obtained

P =

il s™iP; (6)
The mass transfer between the gas and the condensed
phase can be formalized through the evaluation of the
global fluxes of oxygen and metal to and from the
surface,

Using Equations 5 and 6, the rates of evaporation of
oxygen and metal vapours per unit surface can be
expressed by means of the overall thermodynamic
driving force, that is by the difference between the
equilibrium partial pressure and actual pressure,
which will be indicated by the subscript g. These rates
are given, respectively, by

Néozt = KOZ(SZPOz,s - POz,g)

+ 2 VK(s* P =P (D)
i

Ny = Ku(Py — Py,) + Z Kj(szva}.’s —Piy) )
i

The quantities Ko,, Ky, K, are global kinetic coeffic-
ients for the mass transfer, whose evaluation requires
a separate discussion that will be treated in Section 5.

As can be seen from Equations 7 and 8§, there are
two different kinds of contributions to both the total
fluxes: one given by “free” molecular O, and metal
atoms, and the other is given by the j species, where
oxygen and metal are linked together as oxides.

At equilibrium all the pressure gradients disappear,
and the net fluxes are equal to zero. Equations 7 and
8 show that steady-state conditions for the system can
also be attained out of the eguilibrium between the gas
and the condensed phase; in this case no variations of
the composition of the two phases are to be expected,
as a consequence of the balance of the not-null oppo-
site contributions to the oxygen and metal transfer to
and from the liquid.

A steady-state condition is attained, by definition,
when the saturation degree of the liquid remains con-
stant under unchanging boundary conditions; that is,
when the following relationship is verified

tot
NG, ao, ©)
Nyt B am,i

where ay, is the liquid-metal activity.

If the oxygen transfer is considered, remembering
that oxygen generally has a very low solubility in
liquid metals [13], an approximate formulation of the
steady-state conditions, under the model-system as-
sumptions, can be obtained

N = 0 (10)
This is a reasonable approximation provided that

6106

the following condition is verified

P 1/
3 a
ZjPJ,s 0,1

as will generally occur when it is expected that volatile
oxides will form.

When the condition expressed by Equation 10 is
reached, the saturation degree of the liquid assumes
a steady-state value under definite conditions of
Po, ¢ Pj and T.

A steady-state saturation degree, s,, can be derived
from Equations 7 and 10; it is defined by the following
equation which is solvable by an iterative procedure,

& = ( Po, e+ 2, Vi(Ki/Ko,) P 12 a1
Po,,s + 3. Vi(Ky/Ko,) Py o577

As expected, when the saturation values Po, (7)),
P; (T are imposed (oxygen saturation, with the sys-
tem in monovariant equilibrium) s, becomes equal to
unity.

4. Mass-transfer coefficients
Concentration gradients inside the systemn are created
when the concentration of dissolved oxygen is differ-
ent from the equilibrium value with respect to the gas
phase. The related overall thermodynamic driving for-
ces (Equation 7) can be split into a number of factors;
each of which is referred to the mass transfer through
a single region of the system. For oxygen they corres-
pond to the following steps.

(@) Mass transfer inside the liquid phase. This mass
transfer is from the bulk liquid, with an activity
do,; = Sdo,s to the liquid close to the interface
(a0,1 = s1a0,5). By arbitrarily choosing to express the
relative driving force in terms of the equilibrium par-
tial pressures, the oxygen flux can be written as

Ng? = kO,liqPOz,s(Sz - 312) (12)

where ko i, is @ function of the oxygen diffusivity in
the liquid, of the liquid phase geometry, of the degree
of turbulence and of the saturation itself. So Equation
12 is little more than pure formalism, but it will be
useful below to make the global coefficients explicit.

(b} Liguid—interface mass transfer. This mass transfer
is from the layer at saturation (s;) to the interface
(whose saturation degree can be indicated as ;). s; can
be defined as the ratio between the actual surface
oxygen adsorption I'(xg ;) and the maximum value of
I", corresponding to the saturation of all the available
surface sites [16]. Assuming that local equilibrium
conditions exist between the surface and the interfacial
liquid layer, the oxygen partial pressure correspond-
ing to s is also related to s; by Sievert’s law [1]; that is

= 5{Po,,s 13

(¢} Interface-gas mass transfer. This mass transfer is
from the layer at saturation (s;) to the gas just over-
hanging the liquid surface (at a partial pressure of
Pg,.1). Expressing, as usual, the condensation flux in
terms of the number of collisions corresponding to the
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partial pressure Po, ; and assuming that the evapor-
ation flux is equal to the condensation flux corres-
ponding to Py, ;_, the driving force for the net oxygen
flux is

(14)

(d) Mass transfer inside the gas phase. This mass
transfer is from the layer at Pq,  to the gas phase at
a partial pressure of Pg, .

1 — ol
Po, 1, = Po,1 = ${Po, s — Po,.1

In conditions of very low total pressure the mean
free path, I, of the molecules can be assumed to be
much greater than the characteristic dimensions of the
gas phase, L. As a consequence, no significant pressure
gradients can be established in the gaseous environ-
ment, and it can be assumed that

Po,1 ® Po, 4 (15)

Thus, under the conditions considered, the transport
phenomena in the gas phase are not a controlling
stage for the oxygen exchange.

Similar considerations apply to oxides, taking into
account that the contribution of oxygen “bonded” to
the liquid-phase mass transfer in stages a and b can be
neglected, with reference to the extremely low solubil-
ity of condensed oxides in liquid metals, On the other
hand, the total oxygen flux at the interface must take
into account the contribution from the evaporation of
oxides.

For stage c, the oxide j is subject to the driving force

Pi, — Pj1=stP;s — Pjy (16)
while for the step d it can be assumed that
P}',[ R Pj,g (17)

Thus, the total oxygen flux at the interface, (expressed
in mol cm™2s7!), can be written as:

Nb, = ko, (st Po,,. — Po,.1)
+ 2 Vikja(sf Py — Pyy)  (18)
i

where ko, ; and k;, are the coefficients of the
Hertz-Langmuir-Knudsen equation for the evapor-
ation from a surface under a vacuum [12]. For an
evaporating element or a compound 1, such a coeffic-
ient is given by

1 12
k= G‘“(?.mzir’J\a'n)

where a, is the condensation coefficient of the evapor-
ating species n and M, is the molecular weight of 1,
expressed in g mol ™1,

Equation 18 can be simplified when, in addition to
high vacuum, the presence of a wall, cold and/or
infinitely extended with respect to the liquid metal
sample, is imposed at a distance d < [ from the inter-
face. In such conditions, a quantitative condensation
of the metal and oxide vapours can be invoked, so that
the following further conditions can be assumed

(19)

2v;
Pj,g < 5 ’Pj,s
PM,g « PM,s

(20a)
(20b)

5. Evaluation of the global kinetic
coefficients

The global kinetic coefficients, K, can be expressed in
an explicit form by using the relationships derived
from the separate evaluation of the oxygen flux. Com-
bining Equations 12 and 18 under the conditions
expressed by Equations 15, 17, 20a and 20b, the fol-
lowing expressions of the saturation degree, s;, and of
the total oxygen flux can be obtained

2
2 kO.liqs POZyS + kOlJPOz,g

S prsd Vg
' kouiqPoss + koy.iPoys + . Viki Py 520D
(21

tot
NOz - kO,}iqPoz,s

% Sz[koz,lpoz,s + Zjvjkj,lpj,sSIZ(vj~l)] — ko;,IPoz,g
2(v;~1)
ko,liqP02,S “+‘ ka,lPOZ,s + ZjvjkijPjsSsI (vj )
22

If Equations 22 and 27 are compared under the condi-
tions of Equation 20a, the following relationship be-
tween the kinetic coefficients is obtained

EJ'_ _ kj,l (ﬂ>2(w‘1) (23)
K()z koz,i N

Remembering that Ko, and K; are the global kinetic
coefficients for the oxygen mass transfer, this expres-
sion shows that, in vacuum conditions and in the
presence of a sink which removes the oxide vapours,
the oxygen exchange between the liquid metal and the
gas is controlled by:

{a) the evaporation of oxygen and oxides and conden-
sation at the gas-liquid interface (the factor k; 1/ko, 1),
(b) the oxygen partition equilibrium between the sur-
face and the bulk (the factor s;/s).

No factors for the mass transfer in the gas phase are
contained in Equation 23 because of the fact that
transport and/or the reaction phenomena in the gas
phase are not controlling stages for the process.

Finally, remembering the definition in Equation 19,
the explicit form of the ratio between the global kinetic
coefficients can be given by

. . 2(vs— 1}
R Y gy (i?) (24)

KO: o,
where

m = MM//Moz'

6. Evaluation of the oxygen content
under steady-state conditions

On the basis of Equation 24, the steady-state satura-
tion degree, s, (see Equation 11), can also be made
explicit. A further considerable simplification can be
introduced by assuming that condensation on the
reactor walls quantitatively removes the oxide vapours
from the working atmosphere, so that

Pj,g ~ PM,g ~ 0
This is likely to happen in the following two cases:

() when the temperature of the chamber wall is con-
siderably lower than that of the sample (as a conse-
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quence, the vapour pressure of the elements and the
compounds condensed on the cold wall can be
neglected);

(ii) when the whole chamber is at the same temper-
ature, but the surface of the reactor wall is much larger
than the sample surface (in this case, the oxide flux
coming from the sample cannot completely coat the
chamber walls in a time which is comparable with the
experiment times; as a consequence, vapour-pressure
gradients exist between oxide-covered and clean por-
tions of the walls, so that the probability of reconden-
sation on the clean sections is extremely high).

When at least one of these conditions is verified, the
saturation degree, s,, can be expressed as

Py
5, = 258

7. Effective oxidation parameters
Vacuum conditions, with the additional effect of
vapour condensation, can determine a significant
lowering of the degree of contamination of oxygen-
unsaturated liquids with respect to normal gas-liquid
equilibrium conditions, as shown in Equation 25.

Thus, the following basic question can now be ad-
dressed: how can clean samples be obtained? That is,
in which conditions of residual P, and T does s reach
its maximum value m? In order to give an answer,
slightly different formalism has to be introduced.

If Equation 10 is written in its explicit form, it
follows that a steady-state condition with respect to

1/2

' (25)

o; i St 2(¢;— 1)
PO;,S + Z .Vj‘_(m + V; 1 Pjsssg(vjil} -
J 2
%o, N S,

Equation 25 relates the bulk oxygen activity to
Po,,, at a definite value of 7, which is the result
generally achieved through the Sievert’s law, that is

SSiev = (M)WZ
P O2,s

As can be seen, the Sievert’s theory neglects the contri-
bution of significantly volatile oxygen compounds;
this is absolutely probable when a constant oxygen
pressure is imposed and gaseous suboxides are not
removed from the environment. In this case, the con-
dition P; , = s*"7P; , holds true and the oxide-vapours
gradient in Equation 7 is equal to zero. In contrast,
when any kind of quantitative or semi-quantitative
removal of suboxides takes place (condensation,
pumping), being in several cases P;  much higher than
Po,.s [6, 7], the system can reach a non-equilibrium
steady state in which

(P()z‘g)uz

sp| ==

POz,S

The saturation degree of the bulk liquid can be much
lower than that expected in gas—liquid equilibrium con-
ditions.

For Equation 25 to be effectively applicable to real
systems, two problems remain to be solved.

1. The condensation coefficients a;, &g, of the evap-
orating species should be known. As a first approx-
imation, their ratio can be considered to be equal to
unity if the efficiency of the evaporating process is
assumed to have about the same value for both
species.

2. An evaluation of the s;/s ratio has to be made.

To achieve this second result, a deeper study of the
oxygen mass transfer in the liquid phase is needed.
Such a study, leading to a definition of the transport
coefficient ko 1, would make the quantity s valuable
in definite conditions of Po,,, and T according to
Equation 21, and it would consequently make all the
factors in Equation 25 completely defined.
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the oxygen exchange is reached when the O, residual
pressure is

Ps, = Po,. +Z§'Vjpj,l (26)
j 02
P§, can be regarded as the effective oxidation pressure,
it is the O, pressure which maintains a sample with an
oxygen activity of a5 ; in a steady state. The summa-
tion is related to the existence of significantly volatile
metal-oxygen compounds. It takes into account the
loss of oxygen linked as oxides by considering that this
loss has to be balanced only by an additional counter-
flux of pure O,, because the condensation of vapours
on the reactor wall virtually eliminates the oxides
from the gas phase.
The value of P§, depends on the saturation degree
of the liquid. This dependence can be made explicit
through Equations 5, 6 and 24; that is

a‘
P§,(s) = s*Po, s + Zvja—’(m+ vy~
J 02

s \205 D)
x <—) P; s 27

s

According to this equation, the saturation degree of
a system can be controlled through the O, pressure
conditions. Starting from a liquid metal with a satura-
tion degree of s;,, in a steady state under a residual
O, pressure, P§,(s;,), an increase or a decrease of the
oxygen content can be obtained respectively, by in-
creasing or lowering Po,. In particular, the oxygen
content of the molten metal could be lowered by im-
posing, at a particular value of 7, an oxygen pressure
Po,.¢ = P8, (8¢im) < P8, (Sin)-

Nevertheless, the effective feasibility of such a pro-
cess depends not only on the volatility of the oxygen
and the oxides but also of that of the metal.

If the vapour pressure of the metal is much greater
than that of the oxides, the oxygen loss from the liquid
can be smaller than that of metal: as a consequence,
oxygen impurities concentrate in the liquid phase.



A feasibility study on the vacuum refining of
metal-oxygen solutions has been proposed by
L. Brewer and G. Rosemblatt [10]. On the basis of
thermodynamic considerations, they introduced
a parameter R, defined as the ratio between the oxy-
gen molar fractions in the gas and in the liquid phase.
A refining effect, in equilibrium conditions between
the gas and the liquid, can be expected for R > 10.
However, the Brewer and Rosemblatt estimation of
vacuum-refining feasibility can be upgraded by also
taking into account specific kinetic arguments and by
referring to the ratios between the global fluxes
coming from the surface and the activities of the ele-
ments in the liquid phase.

An effective evaporation ratio, RE, can thus be de-
fined by

tot

0z .t (28)

RE =
tot
Ny' a0,

Reading Equation 28 on the basis of Equation 9,
a vacuum refining of a liquid metal with an oxygen
activity of ag,; is possible if R¥> 1. In order to refer to
measurable quantities, the ratio between two effective
pressures can be considered instead of that between
the fluxes. For this purpose, an effective metal vapour
pressure, P&, which is analogous to P§, can be defined
as the pressure which is able to counterbalance the
total metal evaporation under the conditions given by
Equation 20a and b making the global metal flux
equal to zero, that is

K.
PE = Py + ZK—’S”"P;,s (29)
J M

Following the same criteria as has already been used
for oxygen mass transfer, it can be demonstrated that
the global metal mass transfer is controlled only by
the interface-gas phenomena and that the following
relationship exists

K; ki

— = 30

Ku ~ G0
Thus, the following expression for P§ can be found, by
using Equation 19,

PEG) = Py + zf‘ifi(——’"_

j(xM m+Vj

172
) PP, (31)
By the definition of both of the effective pressures, the
effective evaporation ratio, R¥, can now be written as

E
POz Ko, am,1

RE
P& Ky ao,;

(32)

and finally, remembering Equations 24 and 30, it can

be rewritten as
—2{v;— 1}
1251 4 a
mti? (—) b (33

s do,y

RE = 5‘%_2 %o,
P l\lf:i Cim
When the fundamental condition RE > 1 is verified,
the refining of a liquid with an oxygen activity ao ;,
can be obtained in the following two different ways.

1. By lowering the O, residual pressure in the sys-
tem at a constant 7' this condition is often not attain-

able experimentally, due to the extremely low values
Po, would have to reach for certain metal oxides.

2. By modifying the temperature conditions
[17, 18, 19], making the oxide volatility increase. This
requires an estimation of the derivatives of vapour
pressure with respect to T for both the oxides and the
metal, in order to be sure that their ratio does not
become unfavourable as the temperature increases.

8. The generalization of the solid-gas-
interface reactions for oxygen-
saturated system

When the condensed phase is completely saturated

with oxygen, the saturation degree, 5 is equal to unity

Equation 4, as a consequence s;/s = 1. In this case, the

effective value of the residual oxygen pressure that

must be imposed over the condensed phase in order to
saturate it, can be derived from Equation 27 which
simplifies to

PS5 = Poys + L= (m + v) V2P, (34)
j Yo
This equation defines the effective saturation pressure
for oxygen P§, ., and it applies for the oxidation of
liquid and solid metals under vacuum conditions
and in the presence of a cold wall (to remove oxide
vapours). ,

When Po, , > P§, ., is imposed, a thermodynamic-
ally stable oxide layer, which thickens with time, is
expected to form on the surface. This can be defined
as the surface oxidation regime. In contrast if
Pg, ., < P8, s, the following phenomena are expected.

1. A liquid metal dissolves oxygen in proportion to
the pressure imposed, according to Equation 25.

2. A solid metal which is able to form volatile
suboxides enters a regime of active corrosion, the sur-
face reacts with oxygen, forming compounds that
evaporate rapidly, determining the consumption of
the sample. This behaviour has been observed by
different researchers [8, 9] on solid silicon.

Both these phenomena can be regarded as an oxide
regime removal,

9. Applications and discussion

Although the uncertainty in s, has still to be solved,
data supporting the present theory when restricted to
saturated systems (s = 1) can be found in the litera-
ture. This seems to confirm the validity of the ap-
proach taken here, and it encourages further study.

Equation 34 can be used to define the P, and
T conditions for a transition between the two
aforementioned regimes, under a vacuum, with com-
plete removal of the oxide vapours; as a first approx-
imation, the ratio between the condensation coeffic-
ients a; and o, can be considered as being equal to
unity.

The values of Py, (T)and P; ((T) can be evaluated
from thermochemical data [20], by taking into ac-
count the reactions describing the vaporization pro-
cesses and imposing for each value of T the condition
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of three-phase monovariant equilibrium. Owing to the
contribution of the suboxides to the total oxygen loss,
PE, . can be several orders of magnitude larger than
the corresponding saturation value under conditions
of equilibrium between the gas and the condensed
phase, as shown, for example, in Table I for the sys-
tems Si—-O and AI-O.

In the case of the Si~O system, the following equilib-
ria have to be considered [7]

SIOPd? = SiOE

SIOf) = SO\ 4 10§
Gifeond) % Oggas) = SiQftees)
Sjfcond) + O(zgas) — Sio(zgaS)

TABLE 1 A comparison of the oxygen equilibrium saturation
pressure, P, , and the oxygen effective pressure, sz‘ ,» for conden-

sed Si and Al

Si—O system Al-O system

T(K) P, (MPa) PE (MPa) P, (MPa) PE (MPa)
700 35x 1070 32%x1071 25x1077F 14x1072?
800 LI1x107%0 64x107'6 48x107%% 81x107*°
900 40x107% 22x10713 48x107%*% 69x1071¢
933# _— — 86x107%% 43x10713
1000 7I1x10740 24x1071Y 13x107%%  18x10713
1100 14x107%%  11x107°% 26x107% 12x107 !
1200 53x 10732 26x107%% 67x107% 50x1071°
1300 55%1072% 38x107%7 36x107% 72x1079°
1400 21%x1072%  36x107% 56x1073% 88x107°®
1500 37x1072% 26%x107°° 33x107*° 84x10797
1600 34% 10722 1.5x107%* 86x10727 49x107°¢
1685® 1.0x1072° 35x107%% — —

1700 19x1072° 44x1079% 12x107%% 25x1079°
1800 78X 10717 15x 1079 92x107%F 11x107%

*The melting point of aluminium.
bThe melting point of silicon.

By considering SiO to be the predominant oxide in the
gas phase and by applying Equation 34, the effective
oxygen saturation pressure in the silicon—oxygen sys-
tem can be evaluated. The result of these calculations
is presented in Fig. 1 in which a curve on a plane
log Po,—T defines the transition between the surface
oxidation and the oxide removal regimes for oxygen-
saturated condensed silicon from 273 to 2000 K, un-
der Knudsen conditions. Studies of this kind of
transition, limited to the oxidation of solid silicon,
have been made by Gelain et al. [21], who experi-
mentally determined the transition temperature be-
tween passivation and active corrosion under different
constant-oxygen residual pressures. They also pres-
ented a very accurate theoretical treatment, with spe-
cific reference to the oxidation of solid silicon, obtain-
ing an almost-perfect fit to the experimental data.

The treatment presented here is more general, but
when the boundary conditions of Gelain et al. are
imposed, results which are quite similar to those of
Gelain et al. were obtained as a particular case. In-
deed, the part of the curve in Fig. 1 for solid silicon
{below 1685 K) agrees very well with the experimental
data of Gelain et al. (represented by the squares). This
seems to confirm that the approximations made for
the condensation coefficients, o, do not very signifi-
cantly affect the final result.

The problem of the transition between the surface
oxidation and the oxide removal regimes under Knud-
sen conditions has also been approached by Laurent
et al. [19], in an attempt to explain their observations
on the wetting behaviour of liquid Al on alumina.
They supposed that the oxygen fluxes to and from the
oxidized surface originated from the vaporization of
a compact oxide layer, and they calculated these fluxes
at different temperatures, then they drew a limit curve
on the log Py,~T plane separating an oxide-layer
thickening zone from an erosion zone. They have also

=)
T

Surface oxidation

)
o]
1

N
=}
1

Etfective pressure {log MPaj}
o
o
1

.50 b=

1685 K {melting point of Si}

Oxide removal

-60 1
0 500

1000

1500 2000

Temperature (K)

Figure I The effective oxygen saturation pressure plotted against T for condensed Si, under a “vacuum”: (w) data from [21], and () values of

the effective saturation pressure.
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calculated the time (in seconds) needed for an oxide
monolayer to disappear when the system is under
oxide removal regime conditions. Nevertheless, when
using this model for a best choice of experiment tim-
ing, they observed that the order of magnitude of the
calculated deoxidation time was much higher than the
experimental observations. They supposed, as an ex-
planation according to the model of an oxidized alu-
minium surface proposed by Pask [17], that structural
fauits or cracks filled with liquid Al coming from the
bulk are present in the oxide layer. As a consequence,
they thought that the following reaction takes place

4A1(Hq) + Alzo(Bsol) —_ 3A}20(gas)

resulting in a three-phase monovariant equilibrium
which imposes the equilibrium vapour pressures for
the molecular oxygen, for the metal and for the oxides.
These conditions are the same as those given by the
model presented here for s = 1; that is they are those
of Equation 34.

Following the same procedure for silicon, the
transition curve between the surface oxidation and the
oxide removal regime was obtained for condensed Al
(shown in Fig. 2). The curve is shifted towards higher
residual-pressure values with respect to that presented
by V. Laurent et al., this is because the suboxide
vapour pressures (that is, their contribution to the
oxygen loss) are maximized in conditions of three-
phase equilibrium [6, 7]. This is in better agreement
with the observed time of deoxidation, which is small-
er than that predicted by Laurent’s model.

Although capillarity measurements, being the sur-
face properties most strongly affected by the degree of
surface cleanliness, can give indirect information on
the surface-oxidation kinetics, the most immediate
way of investigating these phenomena is offered by

surface spectroscopy (AES). Unfortunately, this kind
of data for liquid metals, due to experimental difficul-
ties, is currently lacking except for a very few systems.

Surface analyses on liquid Al have been performed
by Goumiri and Joud [22], who investigated the oxi-
dation kinetics of both liquid and solid aluminium
surfaces which had previously been cleaned by ion
sputtering under conditions of

Po, = 10718 MPa, T=293K
for solid Al, and of
Py, # 10717 MPa, T=973K

for liguid Al The results of their experiments are
represented in Fig. 2 by the squares.

The points for the solid sample lies in the surface
oxidation regime zone of the diagram. In contrast
liquid Alis not expected to be coated under the experi-
mental conditions imposed. These theoretical expecta-
tion agree very well with the experimental observa-
tions. A rapid oxidation of solid surfaces which had
previously been sputtered has, in fact, been reported
by Goumiri and Joud. In contrast, no sign of contami-
nation was observed during the experiments on liquid
aluminium,

10. Conclusions

An approach to the problem of the oxygen exchange
at the interface between a gas and a liquid metal for
systems under a “vacuum” (Knudsen regime, pres-
sures lower than 1 Pa) has been given. This imple-
ments a treatment, previously presented in [5], for
systems under total pressures of the order of 0.1 MPa,
in which gas-phase diffusion plays a fundamental role.
Under a vacuum, transport processes in the gas phase
have no control over the total interphase mass ex-
change, because of the large mean free path of the

0
. 933 K {melting point of Al) ——"" —"

-10 - Surface oxidation L/,__
;-5 20k n //
=
o /
L
s 301
=
g .
o Oxide removal
S -40}-
o
2
&
Q
2
% -850k

_60 -

-70 i i i

o] 500 1000 1500 2000
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Figure 2 The effective oxygen saturation pressure plotted against T for condensed Al, under a “vacuum”: (w) data from [22], and (#) values of

the effective saturation pressure,
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molecules under very-low pressure conditions. More-
over, when metals which are able to form volatile
oxides are considered, condensation of the oxide va-
pours on the reactor walls must be taken into account.
The removal of oxide vapours from above the metal
surface can significantly displace the oxidation equi-
librium by enhancing the rate of oxide vaporization,
this effect can be exploited, in some cases, to deoxidize
and/or purify a liquid metal.

Owing to the double contribution of molecular
O, and volatile oxides to the oxygen flux from the
surface, non-equilibrium steady-state conditions can
be established, in which no variations of composition
of the two phases occurs with time, as a result of
opposite not-null oxygen exchanges. The problem can
be approached by evaluating the total oxygen and
metal evaporation rates as a function of the overall
thermodynamic driving forces. By splitting these for-
ces into separate factors, referred to single regions of
the system, and giving an account of the transport
kinetics by using appropriate coefficients, a steady-
state saturation degree, s,, is defined. s, expresses the
oxygen activity in the liquid metal in non-equilibrium
steady-state conditions, as a function of the residual
oxygen pressure in the working atmosphere and of the
vapour pressures of volatile oxides, which depend on
the temperature 7.

From the evaluation of the total fluxes to and from
the surface, definitions of effective oxidation para-
meters can also be derived; despite their formal
thermodynamic appearance (as an effective oxidation
pressure, P§,, or as an effective metal-vapour pressure,
PE), they contain coeflicients that also account for the
kinetics. They define the oxygen residual pressure and
the temperature conditions that lead the liquid to
a definite steady-state composition under a “vacuum”
when not in thermodynamic equilibrium.

The coefficients contained in the expressions of the
effective parameters were completely defined in the
particular case in which the oxygen content of the
metal was equal (or nearly equal) to the limit of
solubility.

The effective value of the saturation oxygen pres-
sure, P§, , was evaluated at different temperatures for
the systems Si-O and Al-O. The results were several
orders of magnitude higher than the corresponding
equilibrium values, and they agree well with experi-
mental data found in the literature.

Curves of log P§, . against 7, separating different
oxidation regimes, were drawn; they can be regarded
as being analogous to the usual stability diagrams
given by log Po,  versus T [23], but they are referred
to systems out of equilibrium, and upgraded with
kinetic arguments.

Thus, an accurate control tool for determining the
degree of oxygen-contamination of liquid metals un-
der a vacuum is available; this would be useful in
capillarity measurements, in order to relate the
observed surface properties to the actual liquid
composition.

However, further studies are required to find a gen-
eral definition of the coefficients appearing in the
expressions of the effective parameters; the oxygen
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mass transfer inside the liquid phase needs, in particu-
lar, to be examined further, in order to make a correla-
tion of P§, with the liquid saturation degrees, s, ex-
plicit for the entire range of liquid compositions.
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Appendix Vaporization of an oxide in
equilibrium with a condensed
metal

As a rule, oxide vaporization cannot be reduced to

a simple equilibrium such as

Moy:ond) Mo§gas)

In several equilibria involving oxygen, more than one
oxide and frequently suboxide polymers as well [24],
generally coexist. As a consequence, metal-oxygen
compounds are present with a stoichiometry which is
different from that of the most stable condensed oxide,
and they often predominate in the gas phase.

As an example, when monovariant equilibrium con-
ditions between Al(liq), Al,O; and gas are established
in the Ai-O system, the main constituents of the atmo-
sphere are Al(gas) and Al,O(gas) [7].

In general, j-oxides (with j=1,2,3,4...), whose
formation can be formally described as

M9 4y = MO (AA)

can be present in the gas phase.

When the condensed phase is saturated with oxy-
gen, and equilibrium. conditions are attained with the
gas, the equilibrium constant can be written as

_ CXp - AGr%ac:t.AA — Pj,s
RT P§, Pm

react, AA
KP

(A1)

AG2,. aa can be calculated from thermochemical
data [20].

The quantity Po, , in Equation Al must also verify
the analogous equation written for the oxidation of
the condensed phase

M(cond) + vqo(zgas) Mo(zcvrind) (AB)

Thus

—AGlf)eac -t
K;eact.AB — eXp( RT l.AB> — <onaz’s> (AZ)

Upon substitution of the calculated value of AG,. ap
in Equation A2, Pg, ((T) can be determined.
According to the conditions of the model, the va-
pour pressure of the metal is assumed to depend only
on the temperature, and it can be consequently cal-
culated from thermochemical data. Inserting the es-
timated values of Py, , and Py into Equation Al
allows the value of P; . to be obtained. Thus, the
equilibrium pressures of the elements and the com-
pounds predominating in the gas phase above a liquid
metal coexisting with its most stable oxide in condi-
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tions of monovariance can be easily and rapidly evalu-
ated. As a first approximation it is not necessary to
consider the group of related equilibria which effec-
tively originate from the vapours.

If necessary, the values of P; , can be more accu-
rately calculated by taking into account all the
gas-solid reactions which are actually responsible for
the formation of each j™-oxide, and the relevant equa-
tions for K, can be solved under monovariant
metal-solid-oxide-gas equilibrium conditions.

The results of such calculations for the systems
Al-O and Si-O are given in Figs Al and A2; the data

agree very well with those in the literature [6, 7]. ALLO
and SiO are the only significant gaseous oxides in the
system Al-O and Si-O respectively, when mono-
variant equilibrium conditions are imposed.
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