Thermodynamic Properties of

Liquid Ag-Si Alloys

HIROSHI SAKAO AND JOHN F. ELLIOTT

The thermodynamic properties of silicon in liquid Ag-Si alloys in the range of 1100 to
1325°C have been measured by an electrochemical cell employing silica-saturated lithium
silicate as the electrolyte. The range of composition studied is 0.015 < xg; < 0.29. For the
change in standard state from pure liquid silicon to silicon at infinite dilution with the com-

position in atom fraction:

8i () = Si (inf, dil.): AG° = 5,000 + 5.47 T, (J/g-atom)

The results of the study are in good agreement with the measurements on the phase dia-

gram by Hager,

THE thermodynamic properties of silicon in liquid
silver-silicon alloys has been a subject of interest for
determining the activity of silicon in liquid iron by the
distribution method. In this method, the equilibrium
distribution of silicon between immiscible layers of
liquid iron and liquid silver is measured.’ The system
is also of general interest because it shows only slight
deviations from ideal behavior, even though the two
components differ materially in chemical and physical
properties. This behavior was described by Hager?
who determined the liquidus lines and eutectic tem-
perature of the phase diagram, and who used the phase
diagram to calculate activities in the system. Measure-
ments of the partial pressure of silver by O’Keefe,® by
Vermandé, Ansara and Desré,* and by Robinson and
Tarby® provide information on the whole system, How-
ever, these measurements are not of sufficient pre-
cision to provide accurate values for the activity of
silicon at dilute concentrations. Measurements utiliz-
ing the solubility of silicon carbide®” or silicon nitride®
also are relatively imprecise because of the impre-
cision in our knowledge of the standard free energies
of formation of these compounds. A study of possible
experimental methods that might be used showed that
an electrochemical method was the most promising
way for measuring the activity of silicon at dilute con-
centrations. This paper describes the result of a study
using the Emf method.

THE EXPERIMENTS
The cell utilized was

=) si** (+)
Mo, Si (s) (sat. in lig. Ag)| Li,0-Si0Q, |Si (in liq. Ag), Mo
SiO, (sat.)

The overall process in the cell with the passage of
positive current from the left electrode to the right
in the cell is the transfer of silicon from a chemical
potential of pure solid silicon on the left, ug;, at its
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chemical potential in the Ag-Si solution, ug;, on the
right.

Si(s) — Si (alloy); AG = pg — pg; = —4Fe€ [1]

The charge transfer reactions per atom of silicon at
each electrode with a silicate electrolyte involved 4
electrons® (Z = 4). F is Faraday’s constant, 96,487
coulombs per equivalent. The activity, agi, activity
coefficient, ygi, and excess rela).{tive partial molar en-
tropy of silicon in the alloys, SSiS, all relative to pure
solid silicon as indicated by the superscript s, are ob-
tained directly from the reversible potential of the cell,
€, as follows:

Inaf, = —ZF€¢/RT [2]

Iny§ =~ Z5€¢/RT— In xg [3]
E

SSIS:ZSFBE/BT—RlnxSI [4]

Xg; is the atom fraction of silicon in the liquid alloy.

The design of the cell is shown in Fig, 1. Lithium-
silicate was selected as the electrolyte primarily be-
cause the standard free energy of formation of Li,O
(per mole of O,) is approximately 120 kJ more nega-
tive than that of silica. Thus, the reduction of lithium
into the electrodes by the reaction between silicon and
Li,O is essentially avoided. It is to be noted that pre-
liminary measurements with a sodium-silicate elec-
trolyte met with failure because of the exchange reac-
tion involving silicon and sodium. A second reason
for selecting lithium silicate melts for the electrolyte
is that there is a eutectic at 19 wt pet Li,O and 1030°C.
Accordingly, the electrolyte can be a mixture of the eu-
tectic liquid and solid particles of pure silica over the
temperature range of interest, i.e., 1100 to 1325°C. An
electrolyte saturated with silica permitted use of silica
as the refractory material for the cell. The average
composition of the electrolyte was from 10.5 to 12 wt
pet Li,O.

The electrolyte was prepared by mixing pure pow-
dered silica and ground Li,0-SiO, of the eutectic com-
position (19 wt pct Li,O). The silica powder was pre-
pared by igniting silicic acid (Mallinkrodt analytical
reagent grade) in air at 1000°C, The Li,0-SiO, eutec-
tic powder was prepared by mixing the required
amounts of lithium carbonate and silicie acid (Mallin-
krodt analytical reagent grade) and igniting them in
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a platinum dish at 1000°C in air. Subsequently, the
temperature was raised to 1230°C and the mixture

was fused. The cold glassy product was milled to a

fine powder in an alumina ball mill. The electrolyte
was placed in the cell as a mixed powder or in some
cases the mixture was sintered into a cylindrical block
in a silica crucible of the size used in the cell. Subse-
quently, recesses and holes were drilled in the block

so that the cell could be assembled with all of the elec-
trodes and leads positioned exactly as required and with
the electrolyte in place. Both methods were satisfactory
but the second allowed a larger amount of electrolyte to
be placed in the cell.

The design of the cell is shown in Fig. 1. The cell
crucible, 55 mm LD. x 50 mm high, and the electrode
crucibles, 10 mm I.D. X 15 mm high, were clear quartz
glass. The assembly was wrapped in molybdenum foil
to protect the furnace tube (porcelain) from attack by
possible leakage of the electrolyte or by Li,O fumes,
Radiation shields spaced at intervals of 25 mm above
the cell also held the electrode leads in position and
prevented serious convective flow of gases in the sys-
tem. Each cell had four electrodes, one or two were
saturated with silicon and served as reference elec-
trodes. The other two or three were Ag-Si cathodes,
and in some cells there were one or two Fe-Si cath-
odes in place of Ag-Si cathodes.

The electrodes were prepared by melting the appro-
priate weights of silver (99.99 pct pure) and silicon
(99.99 pet pure). These electrodes were solidified and
then placed within the cell when it was assembled. The
compositions of all of the cathode electrodes were de-
termined by chemical analysis of each button on com-
pletion of an experiment. The leads were withdrawn
from the electrodes prior to shutting down the cell.
Seven of the twelve cathode alloys were cut in half
and two determinations were made of the compositions.
For alloys below 2.0 pct Si, the agreement was within
0.02 wt pct, i.e., 1.79 and 1.77 wt pct. The analyzed
compositions were also within a few hundredths percent
of the compositions as weighed out, but the average of
the chemical determinations was taken as the compo-
sition of the alloy. At the higher compositions, the sil-
icon precipitated on cooling and floated to the top of the
metal button, Thus, it was unlikely that duplicate deter-
minations would be in good agreement because the sili-
con might not have been uniformly distributed and some
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Fig. 1—Cell design for Ag-Si alloys.
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might have been lost in cutting the button. Anode 13-1
was cut and the determinations were 3.57 and 3.69 wt
pct and the average was used.

Several cells were run with only Ag-Si electrodes.

A check of possible contamination of the electrodes by
iron and molybdenum was made by analyzing one elec-
trode (No. 11-2) for these elements, 0.0003 pct Fe and
less than 0.0001 pct Mo were found. Another electrode
contained 0,005 pct Mo. Several of the Ag-Si cathodes
were contained in cells which also had Fe-Si cathodes,
one such Ag-Si alloy (17-1) was found to contain 0.0009
pct Fe. The electrolyte in cells containing both Fe-Si
and Ag-Si alloys showed between 0.04 and 0.05 pct Fe,
These impurity levels were considered to indicate that
there were no serious problems with exchange reac-
tions in these cells.

To prevent contamination of the electrodes with mo-
lybdenum from the lead wire, the tip of each wire was
immersed briefly in a molten Ag-Si alloy. A thin sili-
cide coating resulted which prevented solution of the
wire and also depletion of silicon from the electrodes
during the experiments. The analyses of the electrodes
described above indicate that the prior treatment of the
leads was effective. The atmosphere in the cell was ar-
gon containing 3 pct hydrogen at a pressure slightly
greater than atmospheric. Each gas was purified sepa-
rately; the argon by passing it successively through
columns of ascarite, copper at 500°C and iron at 700°C,
and hydrogen by passing it through a platinum catalyst,
drierite and ascarite, Initially, the cold cell system
was evacuated by mechanical pumping and then it was
filled with the purified gases. A slight flow of gas was
maintained through the cell.

The temperature of the cell was determined by a
Pt-Pt/10 pct Rh thermocouple located immediately
below the tube containing the cell. The reading of this
thermocouple was calibrated by making simultaneous
measurements over the experimental temperature
range with another thermocouple of the same type
placed within the cell assembly. For this set of mea-
surements, the cell was assembled exactly as for an
experiment except that the electrolyte and electrodes
were omitted. A thermal survey of the cell assembly
showed the temperature gradients to be less than 0.7°C,
the variation of temperature because of cycling of the
controller to be approximately 0.5°C, and the drift
over several hours was not more than 1°C, The ther-
mocouples were calibrated against the gold and pal-
ladium points by the wire method. It is assumed that
the total uncertainty in the temperature of a set of
readings of the cell potentials was not more than 1.3°C.
Thermocouple potentials were measured with a Rubi-
con-type B potentiometer.

Cell potentials were measured with a Keithley model
630 potentiometer which has an impedance of 10™ ohms.
The readings of the cell were also checked occasion-
ally with the Rubicon potentiometer to test the quality
of the measurements by passing very small positive
and negative currents through the cell for short peri-
ods. For most checks of this type, the potential re-
turned smoothly from either side to its original value
within 20 to 40 s. When it did not, adjustment of the
position of the lead usually corrected the condition.

It appeared that the potential of an electrode settled
down to a constant value as rapidly as thermal equi-
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Fig. 2—Experimental data on emf of cells: Series A, Ag-Si

only; Series B, Ag-Si electrodes in cells that also contained
Fe-Si electrodes.

librium in the cell was attained. This usually required
approximately one hour after the temperature setting
on the controller was changed. The temperatures at
which measurements were obtained were in an over-
lapping sequence alternating with an increase in tem-
perature, followed by a decrease in temperature. The
life-time of a cell was approximately 48 h because of
devitrification of the quartz crucible and damage to the
connecting leads because of attack by silicon.

Coulometric determinations of the value of Z in Eq.
[2] were attempted, These efforts met with failure, ap-
parently because the current required to produce the
transfer of sufficient metal in the time of an experiment
also caused some silicon to deposit on the lead wire.
Hence, a quantitative relationship of adequate precision
between electrical transport and mass transport was
not possible.

THE MEASUREMENTS

The cell potentials were steady and reproducible and
they are plotted in Fig. 2. Series A are those electrodes
from cells containing only Ag-Si cathodes; series B are
from cells containing some Fe-Si cathodes as well.
(The results of the work with Fe-Si alloys will be re-
ported later.) The data for each cathode are fitted by
a least-squares equation of the form:

€=A + BT,

(5]
the coefficients of which are given in Table I. The po-
tentials for electrode 11-2 appear to be high by approx-
imately 3.5 mv, but there is no apparent reason for ex-
cluding them,

The values of the activity of silicon relative to pure
solid silicon at 1200°C were calculated by Eq. [2] from
the data in Table 1. Corresponding values of GAg were
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Table . Equations of ¢ for Electrodes, €= A + BT

BX 10*
Electrode No. Composition, xg; A, volts volts/K
184 0.0159 -0.1245 1.564
15-1 0.0182 -0.1130 1457
18-2 0.0286 —0.1216 1.426
1741 0.0286 ~0.1025 1292
14-1 0.0366 —0.1229 1.380
18-1 0.0474 —0.1222 1.321
112 0.0661 —0.1176 1.233
12-1 0.0651 —0.13t6 1.307
44 0.0917 ~0.1287 1.198
13-1 0.1264 —0.1374 1.174
4-3 0.1804 —0.1543 1.187
4.2 0.2874 —0.1481 1.040
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Fig. 3—Activity of Si relative to pure solid Si and of Ag rela-
tive to liquid Ag at 1200°C.
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Fig. 4—Activity coefficient of Si referred to pure liquid Si as
standard state. Solid line: 1200°C; circles: observed points;
squares: calculated from Hager’s liquidus; broken line: 1100°C.

obtained by integrating the Gibbs-Duhem equation. The
results are shown in Fig. 3.

It is more meaningful to consider the properties of
silicon relative to pure liquid silicon. The transforma-
tion of standard states is accomplished using data on
the normal melting point of silicon, T,, = 1687K; the
heat of fusion at the normal melting point, AH,,
= 50,550 J/g-atom; and the heat capacities, C, = 25.5
J/g-atom K and C§ = 28.3 + (T - T,,) 25 x IOD*J/g—
atom K, for the pure liquid and solid states, respec-
tively." Using these data, the equation for the conver-
sion of pure solid silicon to pure liquid silicon (under-
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Fig. 5—Excess relative partial molar entropy of Si in Ag. The
standard state is pure liquid Si.

Table I1. Partial Molar Properties of Si and Ag at 1200°C
Relative to the Liquid*

° o
s, tom o~ sE s 7] e
J/g at. J/g at. K kJ/g-at. log'yAg apg k)/g-at.
0.0%mm 0.105 2960 -54 -499 0.000 1.000 0.0
0.05 0.115 3242 41 -280 -0.001 0.948 0.0
0.1 0.160 4511 =30 4009 —0.004 0892 -0.3
0.15 0.214 6033 =2.1 +294  -0.012 0.827 -0.7
0.2 0235 6625 -13 +471 -0016 0.770 -1.1
03 0.255 7190 -0.1 +7.04  —0.022 0.666 -19
04 0.225 6343 +0.6 +7.23 —-0.005 0.593 -19
0.5 0.180 5075 +1.0 6.55 +0.032 0.538 -13
0.6 0.130 3665 +10 5.4 40094  0.496 +0.2
0.7 0080 2255 +09 3.58 +0.185 0.459 +3.6
08 0.035 986  +0.6 1.87 +0.314 0412 +8.0
0.9 0.010 280 0.3 0.70 40475 0.300 +15.0
1.0 0.000 0 0.0 0.0 +0.660  0.000 +25.0

*Under-cooled liquid silicon.

cooled) in the vicinity of 1473 K (1200°C) is:
Sifs) = 8i{l); AG{J/g-atom) = 51,130 — 30.34 T [6]

and the activity of silicon relative to the pure liquid
state is given by

log al, = log a$, — 2670/T + 1.585 [

The values of log y calculaied from the equations
given in Table I by Eqs [3] and [7] are shown in Fig. 4.
Below xg; = 0.05 the values of log v, at 1200°C are ap-
proximately constant at 0.1, and the hne is drawn to
connect this value smoothly with the curve through the
results at higher concentrations. The points above xsl
= 0.3 were calculated from Hager’s liquidus points®
using the data on entropy that are developed in the next
paragraph. Values of log y4; at 1100°C are slightly be-
low the 1200°C line below xsl = 0.1, and above the line
at the higher concentrations.

The excess partial molar entropy of Si calculated
from values of B in Table Tare shown in Fig. 5. The
data are not completely consistent, but at low concen-
trations they appear trustworthy within +1 J/g-atom K
or +0.25 e.u. At higher concentrations, there are no
data and the line is extended on the assumption that
the solution becomes more nearly regular as xg; in-
creases. The effects of temperature on the excess
free energy and the activity coefficient were calculated
from this line. The partial molar properties of both
components at 1200°C are given in Table II. These
data are obtained by use of the curves in Figs. 3, 4,

2066~VOLUME 5, SEPTEMBER 1974

0 of 02z 03 04 05 08 07 08 08 10
Xsi
Fig. 6—Activity coefficient of Si at 1420°C. Solid line: pres-
ent data extrapolated; dotted line: Hager’s data assuming reg-
ular solution. Squares calculated from Hager’s points using
our entropy. A Chipman and Baschwitz,! vV Turkdogan and
Grieveson,® @ Smith and Taylor.?

and 5. As an approximation, it is assumed that SE;
and Hg; are independent of temperature

At infinite dilution log 7’S is 0,105 at 1473 K and
Ssll = — 5.4, From these data the free energy for the
change in standard state is

Si (1) = Si (indif. dil.); AGY; (J/g-atom) = — 5000
+5.4T [7]
and
log yg; = —2613/T +0.282 [8]

DISCUSSION

A plot of log ygj at 1420°C that was obtained by ex-
trapolating the results of this study is shown in Fig. 6.
Values of log 1g; calculated by Hager from points on his
phase diagram® and the assumption of regularity are
also shown. Hager’s individual data points calculated
to 1420°C by means of the values of the entropy from
Fig. 5 are shown by squares. Above xg; = 0.2 they
agree well with our line. The only divergence is at
concentrations just above the eutectic where the liqui-
dus curve is exceedingly steep and the data may be
strongly influenced by slight errors in determining
the composition. However, further confirmation of
Hager’s results is found in the following points.
Hager’s solubility of xg; = 0.334 at 1200°C fits the
activity data of Fig. 3. Our line for the emf of the
cell xg; = 0.2874 in Fig. 2 shows a break at 1152°C
which is within 5°C of Hager’s liquidus temperature
for this alloy, 1157°C.

Fig. 6 permits comparison of the results of previ-
ous work with that of the present study. Chipman and
Baschwitz® pointed out that the entropy of mixing in
the Ag-Si system probably is not ideal and they sug-
gested an arbitrary correction of +0.10 in Hager’s
value of log yg;j at low concentrations. Their value is
shown at xg; = 0. The same correction was applied by
D’Entremont and Chipman® to derive the free energy
of B-SiC from its measured solubility in liquid silver.
Smith and Taylor’ confirmed D’Entremont’s value for
the solubility of SiC in Ag and used this with their
value for the free energy of formation of the carbide
to obtain the activity coefficient. Their value of log
ygi at xg; = 0.02 is also shown in Fig, 6. With the aid
of the new measurements, it might be profitable to re-
verse this calculation to obtain the free energy of for-
mation of SiC. Turkdogan and Grieveson® measured
the solubility of Si,N, in liquid silver, and from their
data and the free energy of formation of the compound
they concluded that yg; = 1.76 at 1400°C within the
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Fig. 7—Activity coefficient of Ag at 1420°C, Lines (this study):
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Fig. 8—Relative partial molar enthalpy of Si and of Ag. The
standard states are the pure liguids.

range 0.005 < xg; < 0.038. The correction to 1420°C

is insignificant and their values is shown as log ygi

= 0.245. Our value for log yg is given in Eq. [8], from
which its value at several experimental temperatures
is as follows: 0.105 at 1200°C, 0.128 at 1420°C, and
0.137 at 1530°C.

Tupkary'? measured the emf of the cell Ag-Si ()/
Ca0-B,0,;-810, (SiO, sat.)/Pt/0, (¢) at 1150°C and from
the results calculated the activity of Si in the alloy.
The calculation depends upon the value adopted for the
free energy of formation of SiO, and in view of uncer-
tainties in this datum, the results are of only relative
significance. They are not far from our results at
1200°C and display a minimum at a concentration less
than xg; = 0.1, implying 2 minimum in the curve for
log vg;-.

The activity coefficient of silver at 1420°C, as found
by Gibbs-Duhem integration, is shown in Fig. 7. Shown
for comparison are the direct observations of Ver-
mandé, Ansara, and Desré,* interpolated to 1420°C.
The former show a slight rise above the ideal at XAg
= 0.9, a difference which is qualitatively in agreement
with the minimum log yg; shown by Tupkary. Robinson
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and Tarby’s® results are somewhat more negative than
are ours.

From the activity coefficients (Figs. 6 and 7) and the
relative partial molar entropy of Si (Fig. 5), the rela-
tive partial molar enthalpy of each component was cal-
culated and is shown in Fig. 8.

SUMMARY

A reversible electrochemical cell has been devised
using a silica-saturated lithium silicate electrolyte in
which reproducible emf data at temperatures of 1050
to 1325°C have been obtained for liquid Ag-Si alloys
relative to pure solid Si. The thermodynamic proper-
ties have been derived for the temperatures of 1100
and 1200°C and for concentrations up to saturation
(xg; = 0.334 at 1200°C). Deviations from ideality are
slight, the activity coefficient of Si relative to the pure
liquid being larger than unity at all concentrations.
Derived values for entropy and enthalpy permit calcu-
lation of excess free energy and of log yg; from the
phase diagram. The results of this calculation, together
with our data, form a continuous line across the whole
composition range 0 < xg; < 1.0. The data are corrected
to 1420°C for comparison with published values of log

vsi and 1og yag .
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