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Surface reactivity of liquid metal with oxygen
and its relationship with surface tension
measurements: a kinetic—fluodynamic model

E. RICCI, A. PASSERONE, P. CASTELLO
Istituto di Chimica Fisica Applicata dei Materiali del C.N.R., Area della Ricerca dei C.N.R.,
Via De Marini 6, 1-16149 Genova, Italy

P. COSTA
Istituto di Scienza e Tecnologie Chimiche, Facoltd di Ingegneria dell’Universita di
Genova—Via all’ Opera Pia, 1-16145 Genova, Italy

A kinetic and fluodynamic description of processes that may take place near the liquid—vapour
interface in the presence of an inert carrier flow containing definite oxygen amounts is
presented, in relation to surface tension measurements. The evaluation of the Thiele modulus, ¢,
and of the parameter £® (which compares the magnitude of the fiuxes of interest to and from the
surface), allows definition of the regimes in which fast or slow reactions in the gas phase
surrounding a drop of liquid metal are possible in the presence of variable oxygen concentrations.
The kinetic features of the process are described in terms of these different reaction regimes,
and on the basis of the thermodynamic stability of the possible oxidation products. Diagrams on
a plane log ¢*/log €° are drawn, immediately allowing one to know the range of P3, and Tin
which the reaction considered is thermodynamically possible, and to foresee the evolution in
this field from a kinetic point of view, as a function of P, and T. Therefore, the treatment
presented here (and applied to selected cases of technological interest) allows a “stability field”
for a chosen oxide on the log ¢$*/loge® plane to be defined, and the behaviour of the system
from a kinetic—fluodynamic point of view to be predicted when the flow parameters and the
geometry of the experimental set-up are known. In particular, the reactive gas fluxes at the
liquid—vapour interface can be evaluated as a function of the different experimental conditions.
Kinetic—fluodynamic diagrams for liquid metal-oxygen systems containing Pb, Sn, Zn, Cu and
Al are presented, as well as an application of the model to surface tension measurements on liquid

tin, which gives semi-quantitative confirmation of the theory developed here.

1. Introduction

The reactivity of liquid metal surfaces with gases plays
a significant role in several technological processes,
such as brazing, soldering, alloying, crystal growth,
formation of composite materials, etc. In all these
cases, reactions occurring between a liquid metal and
the working atmosphere can affect to a great extent
the final results of a process.

It is well known that surface properties are strongly
affected by the degree of cleanliness of a surface, which
is dependent on the surrounding atmosphere, and in
particular on its oxygen content. This gas is extremely
surface-active for a large number of metallic systems
[17; its presence as a component of the biosphere, can
never be completely avoided.

In order to relate the observed effects on surface
properties to oxygen content in the experimental en-
vironment, the first critical point is to evaluate the
effective gas concentration in the immediate surround-
ings of the surface, by understanding the physical and
chemical processes that may take place in this layer.
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The existence of an oxygen flux determining the
adsorption process can be supposed; on the other
hand, vaporization phenomena provide the existence
of a flux of metallic vapours in the opposite direction.
If the boundary conditions are favourable from both
a thermodynamic and a kinetic point of view, it is
possible that reactions will exist between the two cle-
ments in the gas phase, in the vicinity of the surface.
This will cause both an increase in the metal vapor-
ization rate and a decrease in the oxygen content of
the gaseous layers in contact with the liquid surface;
the contamination of the surface itself could conse-
quently be reduced.

The effect of oxygen partial pressure on the vapor-
ization rate of metals has been studied by Turkdogan
et al. [2]. They observed that enhancement of the
vaporization rate of metals must be expected, and
depends linearly on the oxygen content of the sur-
rounding gaseous atmosphere. On the other hand, it
has been pointed out [3,4] that some anomalous
trends in surface tension versus temperature, can be
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justified by considering different availabilities of oxy-
gen near the surface as a function of temperature and
gas flow rate.

A dynamic description of the processes that may
take place near the surface of liquid metals in the
presence of definite oxygen partial pressures has been
given previously [5]. The aim of this paper is to widen
the theoretical model developed in [5] and to apply it
to a certain number of metals, with particular em-
phasis on their thermodynamic properties; providing
for each a model of behaviour in different thermodyn-
amic and fluodynamic conditions, with reference to
typical experimental conditions used in surface ten-
sion investigations.

2. The model and its description in
terms of reaction regimes

High temperature measurements of surface tension
are commonly performed by sessile or levitating drop
methods [6]. The experimental apparatus for both
these techniques consists of a tube-shaped vacuum
tight chamber in which a drop of pure element or alloy
is placed, and where a gaseous flux of known composi-
tion is introduced.

Oxygen concentration in the gas flow can be con-
trolled in two different ways:

1. by mixing known amounts of this gas with an
inert carrier, like helium or argon; and

2. by using gaseous mixtures, like CO/CO, or

H,/H,0, able to provide oxygen as a product of
chemical equilibrium.
In such mixtures, the oxygen concentration is defined
at each temperature by the initial concentration of the
other species and by the equilibrium constant of the
reaction.

High vacuum conditions are also very often used
but they will not be treated here. For the sake of
clarity the assumptions of the model, extensively de-
scribed in the previous work [5], are briefly reported
here.

1. Atmosphere: helium (carrier gas) + O at defined
partial pressure PJ,, with a total pressure, Py, of the
order of 0.1 MPa (where 0 is a quantity referred to the
gas supply).

2. The liquid surface is “plane”, ie., the drop dia-
meter, dg, is “large” as far as capillary effects are
concerned. The exchange surface of the drop is in-
dicated as Sq.

3. The initial oxygen content of the liquid metal is
equal to zero.

4. The temperature is uniform in a large region of
the tube-shaped chamber (having a section §,), sur-
rounding the drop.

5. Gas flow can be considered as laminar. The flow
condition can be checked through an evaluation of the
Reynolds number of the drop (laminar flow for
Re < 100).

6. Only the formation of the most stable oxide in
the imposed conditions of P§, and temperature, (T) is
considered, via the reaction:

Mgas + aoéas — Mogzndensate (1)
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where M is the molecular weight of the metal (g) and
o is the stoichiometric coefficient.

7. The vapour pressure of the oxide is considered
negligible. This allows one to ignore the presence of
the oxide in the vapour phase.

8. The theory developed until now is based on the
so called “effective film theory” [7]. At a distance, 3,
from the drop, the oxygen partial pressure is assumed
to be constant and corresponds to a certain value P§,,
where p indicates a quantity referred to the atmo-
sphere at the diffusion boundary layer. This can be
estimated from a material balance involving the oxy-
gen supply at P2, the oxygen outlet and the oxygen
flux towards the drop.

The thickness of the diffusion layer, &,, and
Pj, values, together with the assumption of initial
zero oxygen content of the metal surface, define a dif-
fusion profile around the drop. Depending on the flow
parameters and on the geometry of the experimental
set-up, three such types of diffusion profile can be
singled out, as shown in Appendix 1.

9. Molecular diffusion is assumed to be the process
mainly controlling the exchange of matter between the
drop and the surrounding atmosphere. Obviously,
the diffusivity coefficient D for the layer becomes
meaningless when the mean free path is greater than
the thickness. Thus, high vacuum conditions are ex-
plicitly ruled out of consideration in the present treat-
ment. A schematic layout of the model is presented in
Fig. 1.

2.1. ¢ parameter
The Thiele modulus [8,9], ¢ is a dimensionless
quantity referring to a process in which reactants
reach, via diffusion, the site where the reaction itself
takes place. The square of this quantity defines the
ratio between the reaction and the diffusion rates; this
value can be more or less than one, and the slow stage
of the whole process corresponds, respectively, to the
reaction or to the diffusion regimes.

In the case of the model, assuming that Equation
1 is of first order for each reactant, the expression for
$2 becomes:

SZa Pk

2
d) B D02Plot (2)

Where P3,.: is the vapour pressure (s signifying on
equilibrium constant) of the liquid metal, D; is the
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Figure 1 Schematic layout of the experimental set-up for surface
tension measurements.



the kinetic constant of the reaction. This constant is
not known, as far as we know, for most of the reac-
tions occurring between metal vapours and oxygen at
high temperatures. Thus, it can be calculated, as a first
approximation, as the total number of collisions be-
tween metallic atoms and oxygen molecules in the gas
phase, disregarding the existence of an activation
threshold. In spite of this approximation, which finally
leads to an over-estimation of the Thiele modulus, the
values of k obtained by calculation are in reasonable
agreement with the few experimental data one can find
in literature [5].

2.2. ¢° parameter
g? is a dimensionless quantity defined as:

%D et Pres

= D02P82 (3)

o]

€% compares the magnitudes of the flux of matter in
two opposite directions. By calculating the quantities
¢? and £°, respectively, by Equations 2 and 3 for
a definite process and fixed boundary conditions, one
can define the state of the system from a kinetic and
diffusional point of view; and describe its behaviour in
terms of the following four reaction regimes, depend-
ing on the relative value of the two parameters
[10, 11].

1. Regime A: the reaction is slow with respect to
diffusion (for $* < 1, ¢ < ). The chemical reaction is
the slow stage of the process. Oxygen diffusion and
metal vaporization are not influenced by the oxidation
process, and oxygen has time enough to reach the
metallic surface and to diffuse into the drop before
reacting.

2. Regime B: fast reactions with oxygen excess (for
£ < ¢? < 1/¢). The diffusion of metal vapours is the
slow stage of the process, and oxidation is confined at
the liquid surface. Reaction causes only enhancement
of the metal vapour flux.

3. Regime C: fast reactions with metal vapour ex-
cess (for 1 < ¢2 < €2). This is the opposite case; the
slow stage is the oxygen diffusion, and oxidation is
confined in proximity to the upper limit of the effective
film. Reactions determine only the enhancement of the
oxygen flux.

4. Regime D: instantaneous reactions (for ¢?2
> (1/¢), ¢ » €2). The chemical reaction is the fast
stage of the process, while diffusion of both gaseous
species is slow. Both fluxes are enhanced by oxidation,
which is confined by the balance of diffusional fluxes
into a definite thin layer of the effective film, the
reaction plane (X, caction ), Whose distance from the me-
tallic surface is given by:

z"reaction = 861/(1 + 8) (4)

withe = g°(P2,/P},).
The borderlines of the different regions are defined,
in the most general form, by the following equations:

Regime A-regime B:

loge® = log¢? + log(P3,/P3)) ®)

Regime D-regime B:

loge® = (—log¢?) +log(PB,/P3,)  (6)
Regime A-regime C:

logp? = 0 ()
Regime C-regime D:
log ¢* + log[(P5,)/(P5,*]  (8)

As the transition from one region to another is not
sharp, the borderlines defined by Equations 5 to 8
have been spread into bands. Each band represents
a transition region between two reaction regimes, and
is approximately one order of magnitude wide.

Equations 5 to 8 show that the position of the
rigorously calculated borderlines (i.e. the relative ex-
tension of the regions associated with the different
regimes) changes under different thermodynamic and
fluodynamic conditions, even if not to a large extent.

Considering the stoichiometry of the formation re-
action of a metal oxide, the thermodynamic condi-
tions (atmosphere composition and 7) and the
fluodynamic features of the system (flow rate, geo-
metry of experimental apparatus), a couple of ¢ and
g% values can be calculated for a given metal-oxygen
system under definite boundary conditions. This
couple identifies one point on the plane log ¢?/log &°.
Its position can be used to define the kinetic-diffu-
sional state of the system itself in terms of the corres-
ponding reaction regime.

loge® =

2.3. Delimitation of the regions associated
with the different regimes

Special care has to be taken when drawing the dia-

gram and placing the representative points of a sys-

tem, in order to be sure that the points and the

borderlines have been evaluated with respect to the

same boundary conditions.

For instance, at low flow rates, having defined
a shape factor, f=8,/Sq=d2/d3, the condition
S Pecum < Pe, <€ 1, is verified (see Appendix 1); where
d, is tube diameter and Pe is the Peclet number. The
diagram assumes the shape in Fig. 2. On the contrary,
at high flow rates (fPeg,, > 1), the borderline C-D
shall lie on the X-axis.

When substituting the appropriate expression of
P% (Appendix 1) in Equations 5 to 8, the slope of each
line depends on the gas flow parameters (linear de-
pendence) and on the temperature (dependence 3/2).
Since this dependence is smoothed out by the logar-
ithm, the slope of the borderlines can be considered, as
a first approximation, to be constant with 7, and can
be calculated for an average value of the quantity Do, .
Variation of this parameter in the range of one order
of magnitude can produce displacements of the bor-
derlines not greater than one logarithmic unit.

Much more attention is required when the flow rate
or the geometry of the experimental set-up are
changed; in these cases it is necessary to verify the
correct position of the borders, which depend on rela-
tive values of Pe, and fPeg;.n, according to the criteria
presented in Appendix 1.
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As a final consideration, it is pointed out that in the
definition of the Thiele modulus for the model de-
scribed in this paper, an order of reaction equal to two
has been assumed; first order for each reactant. This
assumption is supported by the few experimental data
that are available. However, the diagram itself could
be used as an instrument to investigate the kinetics
through an iterative process.

Assuming that one is able to determine the bound-
ary conditions, both thermodynamic and fluo-
dynamic, for which a given metal-oxygen system
encounters a transition between two of the four de-
scribed reaction regimes, one could substitute Equa-
tion (3) with another expression for ¢?* that gives
a better account of the experimental data. In the same
way, investigations on the rate constant of reaction
k could be made, finding its “best value” through
sequential approximations.

3. Characteristic diagrams for a given
metal-oxygen system

For definite fluodynamic conditions a characteristic
zone in the plane log ¢?/log &° exists where any point
related to a certain oxidation process occurring in
a given metal-oxygen system can be placed: the posi-
tion and the width of this zone are defined by the
thermodynamic properties of the system, and in parti-
cular by the chemical stability of the species taking
part in the process considered.

It must be remembered that ¢ and &£° are cal-

culated with reference to a well defined reaction, with
its own stoichiometry. The only values of these two
parameters that must be taken into consideration are
those corresponding to coupled values of P§, and
temperature, for which the chemical stability of the
compound indicated as the product of that reaction is
greater than the analogous quantity for:
(a) reactants; and (b) possible products of any other
process. These coupled values, lead to define a stabil-
ity field in Fig. 2; this zone represents the kin-
etic-fluodynamic diagram of a given system for a
selected reaction, all the points which fall out of this
zone no longer have any physical significance.

All the information contained in a stability diagram
T/Po, [12, 13] can be suitably translated on the plane
log $2/loge®. The results of such a procedure are
presented in the following, with reference to metals for
which assessed data on the stability of both the pure
metal and its different oxides can be found [14].

A detailed example of the calculation of a log ¢?/log
g® diagram is given for the lead—oxygen system, for
which the reaction:

Pbgas + % Ogas N Pbocondensate (9)

has been considered.

3.1. Temperature

One of the assumptions of the model is the presence of
the metal in its liquid form; thus, only co-ordinate
points, log 2, log £°, corresponding to T values for
which the liquid form of the metal exists must be taken
in consideration.

1836

20
Regime A Regime C
Slow reactions Fast reactions
with excess
10 of metal
vapours
o Regime D
w 0
o Instantaneous
5 reactions
-10f Regime B
Fast reac;ions with
oxygen excess
.20 i
-20 -10 10 20

0
Log ¢*
Figure 2 General form of the kinetic-fluodynamic diagram for low
laminar flows.

1700 1 3 T T 12 r——_ - 12 Y
L 3
1600 b =1580 2 35 f § -
/co-"“‘-.\ a [a
1500 |F2” NS b
1400 | D ]
L, +1L P
1300 e S |
] )
— ] [} ]
¥ 1200 1143 ! b |
£ 1100 ryrI R :

u ' i 0. 1
REE N
2 1000} L, + q a1++E6i g '; 4
E 900 | B i .

813 oy T It
800 F — s -
700fp L2t TR B
600 Grii 8
600 B [st .
"
500 (Pb) + 0, o o
i fnes
400 1 L 1 2 ) '.l . L,
0.00.10.20.3 0.4 0.50.56 | \0.64 0.68
(a) X, d+y| n+9o
0.60
8

o 1148 K

1159 K
Liguid 3

| PO
{c, yellow)

1143 K
(i)

211 PbO (¢, red) 813 K

Log P;, (MPa)

Liquid 2

-36

-41

400 600 800 1000 1200 1400 1600
(b) Temperature (K)

Figure 3 (a) Phase diagram of the system Pb—O [12], and (b) stabil-
ity diagram of the system Pb-O (from data in [14]).

The lower temperature limit of the diagram is then
the melting point of pure lead, (601 K). As an upper
limit a temperature of 1500K can be assumed, being
that the behaviour of liquid PbO is unknown for
temperatures higher than 1500K, resulting from
Fig. 3a. Above this temperature, as can be seen in Fig.
3b, Pb; O, can be formed, under oxygen pressures
> 1.013 x 10° Pa.



The characteristic zone for Equation 9 is con-
sequently comprised between two straight lines, whose
points must have co-ordinates, log ¢* and log €°,
calculated for T equal to each one of these two temper-
atures. From the definition of $2 and £°, it follows that
these isothermal lines must be vertical ones, i.e. lines at
constant ¢2.

3.2. Equilibrium values of oxygen partial
pressure in the oxidation reactions

As can be seen in Fig. 3b, PbO formation is thermo-

dynamically favoured only in the field delimited by the

lines marked with symbols (i), (ii} and (iii), correspond-

ing, respectively, to the equilibria between the follow-

ing phases:

(1) L, — Pbocrystal,
(i) L, — Ls, and
(iii) Pby Of{ys“’l — PbQerystal,

Three series of P3, and T values corresponding to
each one of these equilibria, define the borderlines of
the stability field of PbO on the stability diagram. By
Equations 3 and 4, three series of ¢2 and £° values,
corresponding to those values, can be calculated, in
order to obtain three other lines delimiting the charac-
teristic zone of Equation 1 on the plane log ¢?/log £°.

As a first approximation we can suppose the equi-
librium (i), L,-PbO crystal, to correspond to the reac-
tion

Pbliquid + % Oias Pbocryslal

(10)

The equilibrium values of PJ, can be calculated at
each temperature from thermodynamic data [14], and
corresponding limiting values of ¢* and &° can be
obtained by Equations 2 and 3. These couples (¢2, °)
locate the points on the straight line (i) in Fig. 4, i.e. the
analogous of line (i) in Fig. 3b.
Points defining (ii) line can be determined in the

same way with reference to the reaction:

Pbliquid + %Oias N Pboliquid (11)
Finally, points defining the (iii) line can be determined
with reference to the reaction:

3PbO°stal 4 3 05 Pb, Ogysta! {(12)
Kinetic-fluodynamic diagrams for systems containing
Sn, Zn, Al and Cu, are also presented in Figs 5 to §;
they have all been constructed in the same way as for
the lead—-oxygen system.

3.3. Total pressure

The significant zone of the log ¢2, log £° plane is
defined not only by the limiting values of P3, and T,
but also by the total pressure imposed: in fact, consid-
ering points of the diagram corresponding to oxygen
pressures larger than the limit value fixed for the'total
pressure (for instance, 0.1 MPa) has no significance at
all. Thus, another borderline of the characteristic zone
is then drawn by joining all the points of the log ¢2,
log £° co-ordinates calculated for P3, = 0.1 MPa.
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Figure 4 Kinetic-fluodynamic diagram for the lead—oxygen system; reaction Pb®* + 4 O5° — PbQeordensate
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4. Visualization of thermodynamic
parameters P3, and T on the
kinetic— fluodynamic diagram

From the definitions of ¢2 and €° it can be seen that:

S?k(T)sz} (13)

loge(T) = logd)Z(T)—log[P D7)

The second term on the right-hand side depends on
the T through k(T) (dependence 1/2) and D (T)
(dependence 3/2). However, the resulting linear de-
pendence on T is smoothed out by the logarithm. For
this reason, as a first approximation, the second term
on the right can be considered nearly constant with T;
thus, the values of log €° calculated at different tem-
peratures, but at one single value of P3, are repres-
ented by a straight line having unitary slope.

It can be easily demonstrated that by varying the
value of oxygen partial pressure a family of straight
lines is obtained whose separation is linear with AP.
Thus, isobaric lines can be drawn, allowing interpola-
tion and extrapolation of data to be easily made with
reference to the oxygen imposed partial pressure.

The dependence of ¢? and &° from T 'is less straight-
forward, deriving from quantities like diffusivity, va-
pour pressure and reaction kinetics; so, in order to
draw a family of isothermal straight lines, log ¢2, must
be evaluated for just one value of P3,, for each desired
temperature. Then, isothermal vertical lines passing
through these calculated points can be drawn.

5. Discussion

Several indications can be found in the literature to
support the idea that metal vaporization plays a fun-
damental role in surface oxidation kinetics. An inver-
sion of the slope of surface tension versus 7 when the
temperature is lowered has been observed by White
[15] and by Nogi et al. [3] on zinc; both these authors
relate this effect to increased surface contamination.
The decrease of metal vapour pressure with decreasing
temperature enhances the accessibility of oxygen to
the surface. This means increasing accessibility of oxy-
gen to the surface being the gas flux, no longer “con-
trasted” by a counter flux of metal vapours.

Similar deviations from linearity can be found in
data reported by Nizhenko et al. [16] and by Hardy
[17] on the surface tension of liquid gallium.

Goumiri and Joud [18] made observations on the
oxidation kinetics of aluminium surfaces by Auger
electron spectroscopy (AES). They demonstrated that
oxidation proceeds much more rapidly on solid than
liquid aluminium, although the reaction is thermo-
dynamically favoured in both cases. Solid Al is rapidly
covered by a thin oxide layer under an oxygen partial
pressure 10~ '8 MPa, while the liquid Al surface be-
comes cleaner under a pressure ten times greater.

Sangiorgi et al. [19], in studying surface tension of
liquid tin—oxygen alloys in relation to surface com-
position investigated by AES, have observed that no
oxidation of the tin liquid surface can be appreciated
for 2h under an oxygen pressure of 4 x 10712 MPa,
which is thermodynamically largely sufficient to pro-
mote the formation of the oxide.
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Although the experimental set-up used in all these
experiments was somewhat different from those as-
sumed for our model, the common feature of the
observations reported by the different investigators
seems to support our theory.

5.1. Calculation of oxygen fluxes towards
the metallic surface
In order to forecast the influence of oxygen on surface
tension measurements of liquid metals, an evaluation
of the oxygen fluxes towards the surface at the
liquid—gas interface, Ng,, has to be made. General
equations allowing this kind of estimation are pre-
sented in Appendix 2 for each reaction regime.
When Nj, is known, it becomes possible to evaluate
the time that the liquid metal needs to reach the
equilibrium content of oxygen. The time needed for
bulk saturation of the liquid drop, 8, is:

XopVa

0y = —or O
" MSyNp,

(14)
where p is the liquid metal density (g cm™3), M is the
molecular weight of the metal (g); V4 and S, are,
respectively, the drop volume and the exchange sur-
face; and X is the bulk oxygen molar fraction at
saturation. This last quantity corresponds to the limit
of the solubility value of oxygen [20] when the
reaction becomes thermodynamically possible
(P8, > P%,) and, as a first approximation, to the value
given by Sievert’s law [1] when no reaction takes
place (P3, < P},).

Neglecting diffusion of the surface adsorbed oxygen
into the liquid metal, a time can also be calculated to
form an adsorbed oxygen monolayer:

Q

s
02

0, = (15)
where Q is the number of surface sites per unit area
(mol cm~?) [5] (typical values for Q=3
x 107 molcm ~ %)

5.2. Application of the model to surface
tension measurements on liquid tin
A semi-quantitative confirmation can be found in data
collected by Passerone et al. [4] in a work on the
influence of oxygen on the surface tension of liquid tin
(Fig. 9). The straight line in Fig. 9 represents the trend
of surface tension versus temperature, and connects
experimental values obtained under boundary condi-
tions that can be assimilated to those of the model,
under an oxygen partial pressure of 102! MPa. These
values are marked with squares.

All other points have been obtained under the same
helium total pressure of 0.1 MPa but with higher
partial pressures of oxygen, ranging from 1077 to
10~'* MPa. As one would expect, in the presence of
higher environmental oxygen concentrations, surface
tension values are in general lower along the whole
temperature range; but, in addition, a sharp decrease
with respect to the linear trend obtained at
PY, = 102" MPa can be observed below 900 K.
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Figure 10 Simplified kinetic-fluodynamic diagram for the tin—oxygen system.

In order to relate these observations with the kin-
etic—diffusional theory here developed, the diagram
for the system Sn-O (Fig. 5) can be simplified in the
following way:

1. Neglecting the division between regions C-D
and A-B, the log $2, log ° plane can be considered as

divided simply into two areas AB and CD; the first
corresponds to the regimes in which oxygen reaches
the surface, and the other to the ones in which this
does not happen (Fig. 10).

2. Considering the duration time of measurements,
and calculating the time oxygen needs to reach the
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surface in definite thermodynamic and fluodynamic
conditions by Equation 15, a zone in the AB region
can be delimited in which the oxygen flux towards the
surface is so low that contamination can be considered
to be not taking place at all. This is because the
oxygen does not have enough time to reach the surface
during the experiment. The dashed line in Fig. 10
indicates these limiting thermodynamic conditions
(calculations made in order to draw this line are
shown in Appendix 3).

Points calculated for P, = 1072! MPa lie in the
region corresponding to the reaction regime CD for
T > 950 K, and to the reaction regime AB for lower T.
At high temperatures, the oxidation reaction of Sn
should take place far from the liquid surface; which
should therefore remain clean. When T is lowered, the
system Sn'9¥id 4 O, enters the zone of the region AB,
in which the oxygen flux towards the metal [5] can be
neglected. Selected values of N3,, 8, and 0, for the
tin—oxygen systems from [4] are given in Table I.

According to the kinetic-fluodynamic model for Sn,
lowering T from about 1000 K under P$, = 107!
MPa, the liquid surface should remain clean, and
surface tension measurements should not suffer any
interference from the oxide formation reaction. This is
in good agreement with the experimental trend, as
shown by the squares (Fig. 9).

When P, value is raised up to 10~ 1! MPa, points
on the diagram calculated for 7> 950 K again lie in
the CD region, so the surface should be reasonably
clean. When T is lowered, the system enters the AB
region. Here again no reliable effects are observed,
according to the evaluation of the oxygen fluxes to-
wards the surface (Table I). For P3, = 10”7 MPa and
T ~ 1000 K, the system definitely enters the region in
which the oxygen flux at the liquid metal-gas interface
is really significant, and oxygen is expected to saturate
the surface in a very short time.

According to Fig. 10, this decrease should take
place at about 1000K; whereas the experimental
points start deviating from a straight line at about
800 K. This disagreement with the experimental data,
even if not very important, can be accounted for by the
following:

1. Experimental data are scattered, so that it is not
easy to state, with a good level of accuracy, at which
temperature the surface tension begins to fall.

2. The existence of a certain degree of approxima-
tion must be accounted for by the position and width
of the borderline between regimes CD and AB.
A transition between these two regimes with dimin-

ishing T, softer than the one presented in Fig, 10, is to
be expected.

5.3. Application of the kinetic—fluodynamic
model to more than one reaction

The diagrams presented in this paper refer to the
formation reaction of one definite compound in
a given metal-oxygen system. If the boundary condi-
tions chosen are such as to render that reaction the
most probabile, this can be considered correct. Know-
ing data about the stability of all different possible
oxides in different thermodynamic conditions, one can
define the range of partial pressures of oxygen and
temperature in which the formation of a certain oxide
is favoured with respect to those of all others. On the
basis of this information, the discussion about kin-
etic-fluodynamic aspects can be developed with refer-
ence to a certain reaction which is defined by the
thermodynamic conditions.

In Fig. 4 a region where the formation of com-
pounds richer in oxygen than PbO is expected, has
been drawn. One of these compounds is Pb;O,.
Knowing the thermodynamic conditions in which this
oxide is stabler than all other, one could draw a dia-
gram analogous to that in Fig. 4, referring to the
reaction:

3Pbe™ + § OF° — Pby O™ (16)

Applying Equations 2 and 3 simply accounts for the
different stoichiometry.

Nevertheless, this is not very interesting for study-
ing the oxygen effects on surface tension; indeed, when
a quantity of oxygen, corresponding to stoichiometry
of the lower oxide, has been adsorbed on the surface,
the surface tension tends asymptotically towards
a minimum value. No significant changes of this value
are to be expected when an oxide richer in oxygen is
formed.

6. Conclusions

A kinetic and fluodynamic description of processes
that may take place near to the surface of some liquid
metals in the presence of a gas flow containing definite
amounts of oxygen has been given, with particular
regard to the thermodynamic properties of the
metal-oxygen system and the geometry of the experi-
mental set-up commonly used in surface tension
measurements. A complete theoretical treatment is
presented in the Appendices 1 and 2 to this work. Low

TABLE 1 Selected values of N§,, 8, and 0,, for the tin—oxygen system [4]

Temperature %, (molem ~2sec™?) 8, (h) 6 (h)
(K)
For P3,MPa For P3, MPa For P, MPa

1.010°% 1.010711 1.01077 1.010°% 1.0107 11 1.01077 1.01072! 1.0107 11 101077
1105 9710732 8.810° 2% 5.11071° 321072 3.510!! 6.210° 8.610'® 9.5107 1.6 10°
905 1.41072° 1410715 141071t 1.51015 1.510°¢ 15.64 591012 592 591072
705 2710725 271071 2710711 1.2310%3 1238 0.12 3.0410'2 304 3.0410°2
505 6.71072% 6710718 671011 2.810° 1013 2811073 1.24 1012 124 1241072

1842



flow rate conditions have been considered, being the
ones usually imposed during most experiments.

Having selected one reaction in particular, on the
basis of thermodynamic stability of all possible oxides
which can form under the given boundary conditions,
the kinetic features of the process can be described, in
terms of the corresponding reaction regimes, accord-
ing to the value of the parameters ¢2 and £°. Layouts
are given in Figs 4 to 8.

From such diagrams the following information is
immediately available:

1. The range of P, and T in which the reaction
considered is thermodynamically possible.

2. The possible evolution in this field, from a kinetic

point of view, as a function of P3, and 7.
In particular, once calculated the values of log ¢ and
log €° corresponding to a set of P3,, T values, it is
possible to foresee all evolutions deriving from
PJ, variations at the same temperature simply by
graphic extrapolation or interpolation. Therefore, the
treatment presented here, and applied to many cases
of technological interest, allows one to define:

1. The physical and chemical equilibrium condi-
tions of a system initially constituted by a liquid metal
and oxygen, in the presence of an inert carrier, under
total pressures ranging from about 10™% to 0.1 MPa,
for any flow rate.

2. The kinetic and fluodynamic characteristics of
the process through which the equilibrium conditions
are reached, having been given the geometry of the
experimental set-up.

In order to obtain a complete generalization of the
subject, an analogous theory should be developed for
CO-CO, buffer mixtures, where the equilibrium
exists.

CO+10, = CO, 17)

In this case, feeding of oxygen to the reaction layer, no
matter where it is placed, is no longer due exclusively
to diffusion from a “reservoir”. It can also proceed in
situ from the displacement of equilibrium, Equation
17, according to Le Chatelier’s principle.

Moreover, the vacuum as an operating condition is
also left out of the aims of the present paper; which
refers to pressure under which the mean free paths of
particles are smaller than the thickness, §,, of the
effective film. An extension of the present study to
these two particular cases is presently under way [21].
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Appendix 1 Evaluation of the
concentration profile
of the reactive gas along
the chamber and of the
effective film thickness
The most critical aspect of the application of the
effective film theory to the model presented in this
work is the correct evaluation of the thickness of the
effective film and of the effective oxygen pressure at
the external border of the diffusion layer. The problem
can be satisfactorily faced by considering in some
detail the transport phenomenon which oxygen
undergoes in reaching the metal surface. At first no
reaction will be taken into account, while explicit
reference will be made to the geometry and the flow
conditions of the system.

Let us consider a spherical drop of liquid metal
having diameter, dgy, placed at the centre of a tube of
diameter, d,, and length, 2L; a gas containing a react-
ive element A is introduced from one side of the tube,
and flows along the tube, grazing the drop (Fig. 1). The
concentration, of A in the supplying gas is C3.

Assuming the abscissa of the centre of the drop is
the origin of a co-ordinate system, the A flux at x is
given by:

Ca(x)vy — Dy

dCyu(x
dA;c() = Cgvh

—L<x<0 (Al)
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This flux is constant and contains the sum of two
terms: a bulk flow term and a diffusive term. The gas
flow is described in terms of the mean velocity, v,
while a more detailed model should contain the velo-
city distribution in the tube section; such a complica-
tion, however, seems to be out of the scope of this
paper.

Defining the concentration of reactive element
A near the drop, as C% and integrating we obtain:

Calx) = CR—(CR— CX)exp(vix/Dy) (A2)

A rough estimation of C¥ can be derived from the
material balance around the drop:
Dy

Vlstcg = V]S(C§+Tsdcz
film

(A3)
Where S, is the tube section, and 8., is the thickness
separating the interface from the first point at P§,.

Examining the concentration profile of A along
a vertical axis, we expect to find an increase from
a C3 value defined as the gas concentration liquid
surface, up to a point in which the A concentration
remains constant and equal to C¥%.
tion remains constant and equal to C¥.

The length separating the surface from that point is
assumed to be the &, parameter, which can be de-
rived from the mass transfer coefficient for the system
gas—drop:

Ofiim = ’g‘%

(A4)
where Sh is the Sherwood number.

When Re < 1 we have simply Sh = 2 and 3¢, = dy/2.
Assuming Peg, = vi0q1,m/Da and defining a “shape
factor” f=S,/Sq = d?/d%, Equation A3 and, in turn
A2 can be written as:

0 S Pesiim

C¥ = e
A A + f Petiim

(A5)
Substituting this relationship in Equation A2 an equa-
tion giving the concentration profile along the tube is
obtained:

exp [Pe((x/L)]
C =CJ{1——/———"=% for ~L<x<0
Al) A{ 1 + f Pegiim o ¥
(A6)
At the entrance of the tube, that is for x = — L, the
concentration of A is therefore:
exp( — Pe)
¢ = CY1-———— A7
Ci CA|: 1 +fPefilm:| (A7)

where ¢ is a quantity referred to the atmosphere at the
entrance of the tube.

On the basis of these relationships, criteria allowing
the most correct evaluation of the thickness, d,, of the
diffusion layer, depending on the geometry of the
experimental set-up and on the flow conditions can be
established.

From Equation A6 we obtain:

_d_% — COE 1

- A8
AL I + fPegiim (A3)

dx x=0
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The A flux created by diffusion only at x=0
(Ca = C%) can be approximated in terms of an effec-
tive diffusion layer, Ax; so the following relationships
can be written:

Pe, 1 D,

DyCo -

—(Ci—-C% (A9
L 1+fPCmm Ax( A A) ( )

And, remembering (A7),

L
Ax = —[1 —exp(— Pe))] (A10)
Pe,
A parameter 8, can be then defined which expresses
the effective length of the diffusive path:

8 = O + Ax (AlD)

So that the following relationship can be derived be-
tween the parameters o, and ¢y
8 — Ofiim _ 1 —exp(— Pe)) (A12)

Ofilm Pegiim

Being necessarily Pe, > Peg,,,, three cases can be dis-
tinguished:

1. 1 <€ fPegm < Pe,. The right hand side of Equa-
tion A12 is negligible. Moreover, from Equations AS
to A7, C{ ~ C4 ~ C} results; ie. C} = C$; the diffu-
sion layer is strictly confined around the drop, being
O = 8mm, and, under creeping flow conditions,
8, & d4/2. Transport along the tube is linked basically
to dynamic flow.

C,—>

.
2
N

>
Q
o

>

X —>

(b) - (L / Pet) X —>

L X —> 0
(c}

Figure 11 Possible diffusion profiles along the measurement cham-
ber. (a) condition 1, 1 < fPey, < Pe; (b) condition 2, fPesim
< 1 < Pe,; (c) condition 3, fPeg, < Pe; < 1.



2. fPesim <€ 1 < Pe,. From Equations A5 and A7
one has C¥ < C%; C4 ~ CY. A value for C} can be
assumed between C$ and C%; for instance, at
C}% = 0.5C3%, then (see Equations A5 and A6) the dif-
fusive flow and the bulk flow are equal.

Now the term on the right in Equation A12 is no
longer negligible; i.e. transport along the tube is due
to diffusion, more than to flow, up to a distance
8 = L/Pe, = D,/v, from the drop.

3. fPeyim < Pe, < 1. Now the term on the right in
Equation A12 is large, and diffusion is the main trans-
port mechanism along the whole tube, so that §, = L
Both C§ and C% are much less than C% and one can
put C} = C& ~ C{(Pe, + fPegim). A schematic layout
of the concentration profiles for conditions 1 to 3 is given
in Fig. 11.

Appendix 2 Evaluation of reactive
gas fluxes towards the
liquid metal surface
In order to estimate the reactive gas flux at the
liquid-vapour interface, N4, the analogous quantity
at the extreme border of the diffusion layer, N%, has to
be known.

Under reaction regimes A and B no enhancement of
the reactive gas flux towards the liquid surface is to be
expected. N§ being a flux calculated across the tube
section and Nj a flux calculated across the drop
surface, a factor, f, should be introduced in order to
account for the ratio S,/S,. Thus, for regimes A and B,
we have:

Ny = fN%, (A13)

On the other hand, by applying the same reasoning
used in Reference [5], for regimes C and D:

Dyt Pheat® |71
= f(N% + aNE) [1 + W} (A14)

Where 1 is 1 for P = P3, and (a0 + 1) for P = 0;
Pg being the actual value at the gas-liquid interface.

As a first approximation, the quantity NE,., can be
assumed to be equal to zero. Moreover, the quantity
NA% is given, in general, by the following formula,
deriving from Fick’s law and modified by the addition
of an “enhancement factor” ® whose presence is due
to the reaction, and whose value depends on the
reaction regime:

PED,®
RTS,

N = (A15)
where ©® = 1 for regimes A and B; ® = ¢ for regime C;
and © =1 + ¢ for regime D.

Choosing the appropriate value of ® and substituting
the quantity N§ in Equation A13 (or Equation Al4,
according to the reaction regime considered), with the
corresponding formula derived from Equation A1S5,
the following general equations, giving the reactive gas
flux at the liquid—gas interface, can be found:
Regimes A and B

PLD,
RTS,

Ni = f (Al6)

From the point of view of the reactive gas flux calcu-
lation, the case in which there are no reactions at all
(ie. for P3, < P%,) is not different from the one of
regime A. Thus, this formula can also be used for
determining the reactive gas flux in those circum-
stances.

Regime C
PiD, Dot Pia® 71
Ny = A 1+ Al7
A fRT(Sl ¢< + DAPZT1+1 ( )
Regime D

Dmetanetu'2 )_ !
RTS,

A A 0/p0 /pP
= f——[1+¢ (PA/PA)]<1+ NIE

(A18)

Depending on the geometry of the experimental set-
up, and on the flow parameters, the most correct
expression of P} in function of the experimentally
accessible quantities PS, fPer;,,, Pe, can be derived
from the equations presented in Appendix 1. Substitut-
ing it in Equations A16 to A18, formulae for calcu-
lation of the oxygen flux at the liquid—gas interface can
be obtained that are the most adequate for any actual
experimental set-up.

Appendix 3 Conditions of inaccessibility
of reactive gas to the liquid
metal surface: an example in
the tin-oxygen system

Even when a condition of reactive gas accessibility to
the liquid metal surface (regimes A and B) exists, the
flux could be so low that no reliable effects on surface
tension are observed during measurement. Presented
here is an order of magnitude analysis of this effect for
the tin-oxygen system.

Assuming that such an experiment lasts for about
half-an-hour, and supposing that significant effects of
oxygen adsorption could be observed when at least
one-tenth of the surface sites have been occupied, it is
possible to determine the minimum value of P3, ne-
cessary to produce a significant lowering of surface
tension. The condition required is:

O
—<05h = 1800s (A19)
10
Remembering Equation 15, this condition becomes:
01Q 31071°
T = o < 1800s (A20)
02 0>

It follows that the limiting value of the oxygen flux
required to produce a significant lowering of surface
tension is:

0, = 16710713 (A21)

Substituting N, with the general expression for a re-
active gas in conditions of regimes A and B (Equa-
tion A16) and inserting the expression for Py,
obtained from Equation A6 when the condition
SPegim < Pe, < 1is verified (i.e. for low flow rates, e.g.
in the case of Reference [4]), the following implicit
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condition on PJ, is obtained:

P3,(Pe, + f Pegiim)Da _
S = 2 o > 1671073 (A22
b T (a2)

Under experimental conditions [4]: v; = 0.022 cms ™1,

8, =25¢cm, &;4m = 0.5cm and f=S5. Equation A22
becomes:

0

P
Ny = 1.510‘3%21.67 10713 (A23)

The limiting condition of surface accessibility is thus
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reached for:
(A24)

Substituting this relationship in the definition for the
parameter ¢°, the limiting condition itself can be writ-
ten, at each temperature, in terms of the parameters ¢>
and £°, and consequently represented graphically on
the kinetic-fluodynamic diagram (dashed line in
Fig. 10).

For each value of ¢3(T) in the AB region, no
significant effects of oxygen adsorption on the surface
are expected for £° < (aP%,Dpne./1.11071°D, (T T).

P3,> 11107107,



