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The activities of cobalt and silicon at 2463 K have been determined across 
the whole composition range in the Co - Si system, including the a - Co 
solid solution, for which no activity data were previously available. Simple 
and reactive Knudsen effusion mass spectroscopy employed in this work 
were shown to successfully overcome problems normally encountered in 
studying high-temperature solid binary systems, such as slow equilibration 
and low parrial pressures of the components. The composition dependence 
of the cobalt activities within the a - Co solid solution phase was used to 
calculate the self-interaction coefficients of silicon in a - Co: tn 6, E -10.4 
* 0.2 and dgj = 18.6 * 0.8. The regular solution model was shown to be a 
fairly good description of the a - Co solid solution, with an energy 
parameter Z,,, of -120 f 5 Wmol -'. The results compare well with 
literature data on similar systems, such as Fe - Si and Ni - Si. 
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INTRODUCTION 

This work is a put of a larger study focusing on first-row transition xetal silicides. 
Recently, we reported o w  results on the high-temperature thermodynamics of three cobalt 
silicides: Co,Si, CoSi, and CoSi, (1). This report extends the thermodynamic analysis to 
cover the whole Co - Si system using the activity formalism. Special emphasis was placed 
on the a - Co solid solution region. As far as w e  know, no thermodynamic information has 
teen available for the a - Co phase. Our goal was to determine rhe activities of cobalt and 
silicon in the a - Co sohd solution and to make a comparison with some of the available 
thermodynamic data for the liquid Co - Si solution, a!! well as for terminal solutions of 
systems exhibiting a comparable solid solubility of silicon, e.g., Fe - Si and Ni - Si. A 

'This is an abbreviated version of an article with the same title which has been published 
(2) in Metallurgical Transactions A and appears here with the permission of ASM International. 

2Curixxtly with Argonne National L;tbontory,Chernical Technology Division, Argonne, 
IL 60439 - 4837. 
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States Government. Neither the United States Government nor any agency thereof, nor 
any of their employees, make any warranty, e x p m  or implied, or assumes any legal liabili- 
ty or responsibility for the accuracy, completeness, or usefulness of any information, appa- 
ratus, product, or process disdosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise does not necessarily CorrStitute or 
imply its endorsement, recommendation, or favoring by the United States Government or 
any agency thereof. The views and opinions of authors expressed herein do not necessar- 
ily state or reflect those of the United States Government or any agency thereof. 
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detailed account of this work has been published (2). 

The generally accepted phase diagram of the Co - Si system (3) is given in Figure 
1. 

EXPERIMENTAL TECHNIQUE 

Cobalt - silicon alloy samples were prepared by arc-melting elemental cobalt 
(99.9+ % Co or 99.95 % Co, both Johnson Matthey) and elemental silicon (99.9999 % Si, 
metals basis, Alfa Products) on a water-cooled copper hearth under a high-purity argon 
atmosphere. Sample weight loss due to arc melting was less than 0.5 %. The resulting 
ingots were annealed in vacuum and analyzed by powder X-ray diffraction and electron 
probe microanalysis. Sample compositions are given in Table I. 

Table I Cobalt - Silicon Alloy Sample Characteristics 

Sample Nominal Determined* Temperature Activity +o 

mol% Si mol% Co Range, K at 1463 K 

4a 
3 
3a 
2 
2a 
1 
l a  

17.7 16.93 1440- 1530 0.666 f 0.026 
15.0 14.26+ 1420 - 1500 0.736 -f 0.054 
12.9 12.35 1420 - 1540 0.729 -c 0.058 
10.0 9.51t 1430 - 1550 0.822 -c 0.064 
7.5 7.28 1420 - 1590 0.863 -I- 0.042 
5.0 4.75+ 1410 - 1540 0.935 f 0.053 
2.7 2.48 1420 - 1590 0.942 -c 0.038 

* By Electron Probe Microanalysis (EPMA) 
7 Calc. based on (mol% Si det.)/(mol% Si nom.) ratio for samples la, 2a, 3a, 4a 

All vaporization experiments were performed using a NUCLIDE model 12-90-HT 
mass spectrometer. The samples were contained in round-bottom fused silica cups placed 
in a cylindrical Knudsen cell made of molybdenum. Temperature was monitored by a type 
C (W - 5% Re, W - 26% Re) thermocouple inserted into the bottom of the Knudsen cell. 
The experimental arrangement and procedure have been described in greater detail 
elsewhere (1,2 and in references contained therein). 

In a Knudsen effusion mass spectrometry experiment, the vapor pressure of species 



i, pi, is related to the observed ion intensity, Zi, via the relation pi=kiIiT where the 
proportionality factor, ki, can be determined by calibration. The factor k,,, for instance, can 
be calculated by measuring Co(g) ion intensities versus temperature over elemental cobalt 
and comparing the results to literature vapor pressure data, such as JANAF tables (4). In 
applying Knudsen effusion mass spectroscopy to activity calculations, however, knowing 
kco is not specifically necessary, as we will explain below. In reactive effusion the silicide 
sample is equilibrated with solid SiO,, and Isio is measured (1). The instrument is calibrated 
by measurements on Si+SiO, mixtures. 

THEORY AND CALCULATIONS 

In order to determine the activity of cobalt in a-Co, partial pressures of Co(g) were 
measured over a-Co phases of different compositions and over pure cobalt. The Zn(I+coT) 
versus I f l  data were subjected to a least squares analysis according to this equation 

ln(ZioT) = 4 0  +Bco r11 

The Zn(I+ocoT) versus Inda ta  obtained with pure cobalt were analyzed in the same manner. 
Since p i  = kJ+iT (and poi = kJfoiT) and a, = pJpoi , activities of cobalt can now be easily 
obtained at some temperature, r", within or close to the experimental temperature interval 
using 

The temperature T* = 1463 K (1 190 "C) was selected with respect to the lowest invariant 
temperature in the Co - Si system, which is 1466 K (1 193 "C) for the equilibrium E-CO + 
a-Co,Si - a-Co,Si. (See Figure 1 .) In addition to the above determination of a, within the 
a-Co phase region, a, and a, have been determined in the E-CO + Co,Si two-phase region 
by simple and reactive (1) Knudsen effusion, respectively. Activities of cobalt in the Co,Si 
+ CoSi two-phase region and silicon in the Co,Si + CoSi and CoSi + CoSi , two-phase 
regions were calculated from vapor pressure data reported earlier (1) using a, = pcJpoc0 
and asi = (psi~po~io)2~ 

As described in ref. (2), the Zny,, versus xsi data, where yco is the activity 
coefficient of cobalt defined by a, = yco 'x,,, and xsj is the mole fraction of silicon, were 
subjected to a least squares analysis based on the Taylor series expansion (5)  of the In yco 
function at xsi = 0. This procedure, neglecting higher order terms, leads to 



where c is the only least squares coefficient calculated. A Gibbs-Duhem integration gives 
this relation 

02 2 lnysj(xsj) = [Iny,(xi) + 2 c x i  - cxsi 1 - 2cxsi+cxsj 141 

The cofficients of the absolute, linear, and quadratic terms in x, are identical to In fij, &’ 
and & , i.e., the zeroth-, first-, and second-order self interaction coefficients, respectively, 
in the notation of Lupis and Elliott (5). They can now be calculated if the least squares 
coefficient c is known. 

In the regular solution model, the activity coefficients of A(Co) and B(Si) as a 
function of composition can be easily obtained from an expression for the excess molar 
Gibbs free energy of mixing, GE = ZwABxAxg , as 

It is thus seen that the regular solution model predictions for the concentration dependence 
of the activity coefficients are consistent with the mathematical formalism to be used in 
analyzing the activity data with c = ( Z w d T ) .  Hence, the least squares’ value of c 
immediately yields the regular solution model parameter Zw,,. The applicability of the 
regular solution model to the a-Co solid solution can be judged in two ways. First, based 
solely on the a, data, by how well the In yco data are represented by the quadratic formula 
given above. Second, taking a, into consideration as well, another value for ZwAB can be 
obtained from In yz = ( Z w A T ) ,  which should be the same as the one calculated from c 
alone. Also, more frequently used, a relationship di’ = -2Zn between the zeroth- and first- 
-order self interaction coefficients of silicon should be obeyed. 

RESULTS AND DISCUSSION 

A typical result of a measurements on an a-Co sample is given in the Zn(IcoT) 
versus l/T plot in Figure 2. The activities of cobalt, a,, obtained from these measurements 
are plotted as activity coefficients in Figure 3 and summarized in Table I. It can be seen that 
the activity of cobalt exhibits a relatively large negative deviation from ideality. Ideal 
behavior would require Zny,, to be equal to zero over the whole composition range 
considered. Nevertheless, compliance with Raoult’s law can be assumed in the limit of 
xsi-O. This assumption, after neglecting higher order terms, implies a parabolic dependence 
of In yco on xsj. This dependence, which was shown to be consistent with the regular 



solution model, was used in calculating the best fit function, also shown in Figure 3. The 
value of the parameter c determined by the least squares method is -9.3a.7. Although the 
scatter of the experimental data is significant, they are reasonably well represented by the 
parabola. It might, thus, be concluded that cobalt in a-Co behavesideally in the limit of xsi - 0 (or xco - 1) and that the regular solution model provides a fair description of the system. 
Using the value of c determined above, the parameter Zocosi was calculated to be -1 13 
kJ-mol". 

In order to investigate the thermodynamic behavior of silicon in a-Co the activity 
coefficient of silicon, ysi, was calculated by a Gibbs - Duhem integration of the parabolic 
function representation of Zny,,(x,,) starting at Znysi(xsts0.16) = -7.7 (2). Since the point xsi 
= 0.1693; T = 1463 K is located at the cobalt-rich boundary of the r-Co phase field, the 
calculated value of a,(xst=O. 1693) = O.oooO75 1 is also equal to a, throughout the a-Cok- 
Co two-phase region, including usi(xst=O. 16) at the silicon-rich boundary of the a-Co phase 
field. Hence, Zny,(xSi=O. 16) = ln(0.0000751/0.16) = -7.7. With this and the previously 
obtained value for c of -9.3, the En ysi composition dependence becomes: 

lny,(x,) = -10.4 + 1 8 . 6 ~ ~ ~  - 9 . 3 ~ ~ ~  2 

Thus, silicon in a-Co, like cobalt in a-Co, exhibits a negative deviation from ideality 
because In ysi < 0. The coefficients in the previous expression can be identified with the 
self-interaction coefficients of silicon to yield In& = -10.4 f 0.2,d:' = 18.6 2 0.7 and &) 

= -9.3 f 0.7. Based on the finiteness of In &., &E), and p , silicon in a-Co obeys Henry's 
zeroth-, first- and second-order laws, respectively, as expected from a binary metallic 
solution. The value of Zw,,, calculated from En 6 is -126 kJ.mol", which compares rather 
well with - 1 13 kJ-mol-' based on c alone. Hence, we adopt an average value of - 120 kJ*mol 

for the energy parameter of the regular solution model. Using the values of the self- 
interaction coefficients of Si obtained above, it can be seen that dz) = 18.6 differs from the 
predicted value of 20.8 by about 10%. This agreement is acceptable, leading to the 
conclusion that the regular solution model provides a fair description of the a-Co system. 
A comparison of silicon self-interaction coefficients and ZoMesi values of Fe - Si, Co - Si 
and Ni - Si solutions is given in Table II. 



Table I1 Interaction Coefficients and ZO,,, Parameters for Some Me - Si Solutions 

Solution 1nY "Si(T) E ( ~ ~ ) ~ ~ ( T )  ZO,,,, kJ-mol-' T/K Ref. 

Fe - Si (s) -7.5 12.5 -1062 1 1673 (2) 
Fe - Si (1) -6.4 13.1 -95 +. 2 1822 (2) 
Co - Si (s) -10.4 18.6 -120 A 5 1463 pres. 
Co - Si (1) -6.8 3.6 -116k2 1827 (2) 
Ni - Si (s) - - - 
Ni - Si (1) -9.7 9.0 -152 f 4 1821 (2) 

The missing data for Ni - Si(s) are not available. Recalling E(;)= -2 ln si, it can be 
seen from Table 11 that although the regular solution model description of Fe - Si(l), Fe - 
Si(s) and Co - Si(s) is good, that is not the case for Co - Si(1) and Ni - Si(1). Nevertheless, 
the regular solution model energy parameter ZO,,, can be used for a crude comparison 
between different Me-Si solutions. It is seen that it becomes more negative in going from 
Fe - Si to Ni - Si. Also, the value of ZO,,, is roughly the same for the liquid and the solid 
solutions of silicon in iron and cobalt, suggesting that the phase state is less critical in 
determining the energy changes upon mixing than the chemical identity of the components. 

The activities of silicon and cobalt at 1463 K obtained here and in (2) and 
supplemented by earlier data (1) are plotted in Figure 4 in a logarithmic form. 
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