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Surface phenomena at the interfaces of 
the tungsten-liquid Cu-Sb alloy system 
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Poland 

This paper describes phenomena occurring at the interfaces of the solid tungsten- 
liquid Cu-Sb alloy. Model experiments, such as the measurement of surface energy 
of the liquid, the wettability of tungsten in the equilibrium conditions, kinetics of 
wetting and structural investigations have been carried out within the temperature 
range 1373 to 1573 K and in the range of antimony concentration up to 35 at% in 
the liquid. On the basis of the results obtained and thermodynamic calculations it 
has been demonstrated that antimony is surface-active at all interfaces of the system. 

1. Introduction 
The subject of this study is connected with indus- 
trial needs in the range of contact composite 
materials designed for use in the quickly 
developing and promising domain of the vac- 
uum switching technique. Surface phenomena at 
the interfaces, linked with simultaneous 
presence in the system of a liquid and a solid 
phase, lie at the foundations of the technology 
of composites, particularly of liquid phase sin- 
tering and infiltration. They are also of great 
importance during the work of electric contacts. 

[n the available literature there is practically 
no information on surface phenomena occurring 
in the W-Cu-Sb system, contrary to the model 
system of W-Cu metals, insoluble in one 
another, which has been examined fairly well 
in this respect [1-3]. Little is known of the 
Sb-W phase equilibrium system, except for the 
suggested possibility of a weak chemical reac- 
tion of these elements [4]. 

In this paper we have attempted to describe 
and interpret the surface phenomena occurring 
at the interfaces of the above-mentioned system, 
within the range of antimony concentrations 
reaching 35 at %. 

2. Experimental procedures and 
results 

2.1. Test materials and conditions 
The following materials were used: 99.999% 

0022-2461/85 $03.00 + .12 

pure copper, 99.99% pure tungsten sheet and 
99.9999% pure antimony. The Cu-Sb alloys 
were obtained by melting the ingredients in 
graphite crucible in a laboratory induction vac- 
uum furnace Balzers VSG-02. The tungsten 
plaques were polished: the average height of 
surface irregularities was smaller than 0.1 #m. 

A pure atmosphere of flowing hydrogen of 
maximum pressure of H20 0.26 Pa (dew point 
--70 ~ C) and 02 0.1 Pa (ca. 1 ppm) was used. 
Most of the experiments were carried out in a 
surface phenomena testing device of our own 
design, described earlier [5]. Both phases (liquid 
and solid) were separately heated, and the tung- 
sten surface was refined prior to its contact with 
the liquid. Fig. 1 shows two variants of phase 
contact applied: the liquid drop is pressed out 
from the crucible on the tungsten substrate (a), 
or the tungsten plate is slowly lowered on to the 
top of the drop resting on the non-wetting 
graphite substrate (b). 

2.2. Surface energy of liquid Cu-Sb  
alloys 

The surface energy, ~OLV, of liquid Cu-Sb alloys 
was examined by the "large drop" method [6], in 
19mm diameter crucible of spectrographically 
pure graphite. The ratio of drop radius to its 
height was greater than 2.0. Calculations were 
carried out according the Porter improved 
procedure [7] on the basis of drop parameters 
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Figure 1 Two variants of wetting of a tungsten surface by Cu-Sb alloys: (a) by placing a liquid drop on immobile substrate, 
(b) by slow contact of tungsten substrate with an immobile drop. 

measured on photographs.  The results of  the 
calculations are shown in Fig. 2. 

The shape of  the isotherms indicate a strong 
relationship of  ~OLV for low ant imony concen- 
trations. The effect o f  temperature on the surface 
energy of  alloys investigated is rather insignifi- 
cant. 

2.3. We t t ab i l i t y  in the equ i l i b r i um 
c o n d i t i o n s  

The equilibrium contact angle was assumed to 
be a measure ofwettabili ty.  The angle was deter- 
mined on the basis of  the measurements made 
on a photograph of a sessile drop of the Cu-Sb  
alloy on the fiat tungsten surface. The wetting 
act was carried out according to the diagram 
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shown in Fig. l a. The results are presented in 
Fig. 3. Each datum point is an arithmetic mean 
for three samples. 

From the figure, it can be seen that  ant imony 
exerts a significant effect on the degree of  wet- 
tability in the system under examination. 
Addition of  ant imony to copper lowers the 0 
value which reaches a minimum for 
XSb = 0.02, . . . ,  0.04. For  higher ant imony con- 
centrations the wettability becomes much 
poorer. 

2.4. Kinetics of w e t t i n g  
The experiments were carried out according to 
the variant f rom Fig. lb. The liquid phase drops 
all had the same volume of  0.2 cm 3. The contour  
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Figure 2 Surface energy, COLV , of liquid Cu Sb alloys in a hydrogen atmosphere as a function of composition and temperature. 
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Figure3 Equilibrium contact 
angles of tungsten by Cu-Sb 
alloys depending on solution 
composition and temperature. 

of the spreading drop was filmed on 16 mm cine- 
film at a speed of 2000 frames sec- 1. The diam- 
eter of the wetted surface and the dynamic con- 
tact angle were measured. Fig. 4 presents the 
relation of the wetted surface area to the time 
and the rate of spreading to the composition of 
the Cu-Sb alloy. 

It is seen from the figure that the relationship 
of wetted surface to time is of a linear character, 
except for the Cu-34.3 at % Sb alloy. The dia- 
grams embrace the interval up to approximately 
10 -2 sec, and within that time the spreading abifity 
of this alloy is stopped, whereas alloys of other 
compositions spread at an unchanged rate. 

2.5. Structural investigations 
The experiments were carried out using the X- 
ray Jeol JXA-50A microanalyser. Areas near 
the W-Cu-5 .5a t% Sb alloy interface were 
analysed. The composition of the alloy was 
chosen based on the wettability results: for this 
composition the strongest interfacial reaction 
could be expected. Test samples were prepared 
by immersing the pieces of tungsten sheet, 
previously surface-refined, in the liquid alloy, 
keeping then there for 6 h at 1373 and 1573 K, 
followed by rapid cooling. In Fig. 5 typical dis- 
tributions of tungsten and antimony concen- 
trations, perpendicular to the interface, are 
shown. 

No formation of a new phase within the seal, 
diffusion of antimony into tungsten or solubility 
of tungsten in the Cu-Sb alloy, can be observed. 
On the other hand, a distinct growth of antimony 
concentration in the vicinity of its boundary 

with tungsten, on the Cu-Sb solution side, can 
be noticed. These phenomena will be tested in 
greater detail by isotopic methods in the future. 

3. Discussion of results 
The results were discussed from the point of 
view of explaining the effect of antimony on 
surface phenomena occurring in the investigated 
system. 

A measure of the activity of the element at the 
interface is its excess calculated for the two- 
component solution according to Gibbs' equa- 
tion [8]: 

asb ( d ~ ' ~  
rc?' - ~ \~%JT (l) 

where: I'C~ is the antimony adsorption while the 
surface excess, according to Gibbs' convention, 
is equal zero; ~o is the surface energy; a the 
thermodynamic activity; R the gas constant; and 
T the temperature. 

The results of COLv measurements (Fig. 2) suggest 
the antimony surface activity on liquid copper 
(d~oLv/dasb < 0). To determine the derivative in 
Equation 1, the relation ofcoLv to ash (not quoted 
in this paper) had been plotted. The diagrams 
were constructed on the basis of the published 
data on antimony activity in the Cu-Sb solution 
[11]. After graphic differentiation, the FsC~ values 
were calculated and are presented in Fig. 6. 

An attempt was also made to estimate the 
composition of the surface layer for antimony 
concentrations in the solution corresponding to 
extremal adsorption. The results of the calcu- 
lations are shown in Table I. 
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Figure 4 (a) The area of  tungsten surface wetted by Cu-Sb alloys at 1373 K, as a function of  wetting time. (b) Spreading rate 
depending on antimony concentration in liquid solution. 
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T A B L E  I Calculated composit ion of  the surface layer in liquid Cu Sb alloys 

Quanti ty Symbol Unit  1373 K 1473K 1573K 

Sb concentrations corresponding 
to the max. adsorption ~ b  
Max. surface excess FsC~ 

m Sb concentrat ion in surface layer Xsb 

- 0.20 0.18 0.14 
10 -Smolm -2 6.5 5.7 4.0 
- 0.80 0.78 0.73 

From the above considerations (Fig. 6 and 
Table I) it results that antimony is strongly 
active at the liquid Cu-Sb alloy-hydrogen inter- 
face within the temperature range 1373 to 
1573K and XSb concentrations from 0 to 0.35. 
The maximum surface excess FsC~ of the order of 
4 to 6.5 • 10-Smolm 2 and the corresponding 
concentration of antimony in the surface layer 
can be taken as a measure of  this activity. The 
estimated value of  this concentration is four 
times higher than in the bulk phase. 

The initial shape of diagrams in Fig. 3 
suggests antimony activity also at the solid- 
liquid interface; however, the wettability greatly 
decreases with further increase in XSb. From 
Young's equation: 

cos 0 - C~ - COSL (2) 
O)LV 

it results that this is possible when COsy $ or COSL T 
(COSy and COSL are, respectively, solid-vapour and 
solid-liquid energy). It is improbable that O)SL 
would increase with the growth of antimony 
content: this is indicated both by the shape of the 
first range of curves 0 = f(Xsb), and by the 
theoretical calculations of the ~SL value for 
W - C u  and W-Sb according to Miedema and 
Broeder's model of  the solid-liquid interface [9]. 

Figure 5 Linear distribution o f  tungsten and an t imony con- 
centrations perpendicular to the W - C u - 5 : 5 a t ,  % Sb inter- 
face after 6 h contact  at 1573 K. 

It results from the calculations that ~Ow_cu = 
961mJm -2 > COW_Sb = 751mJm-2 for 1373K; 
thus it is highly improbable that the addition of 
antimony to liquid copper would increase a~sL, 
and to such a great extent as to cause an increase 
in angle 0 with a decrease in COLv (Fig. 2). 

The deterioration of tungsten wettability by 
Cu-Sb alloys with a higher antimony content 
can be explained by the decrease in ~Osv due to 
the adsorption of the atoms of this element on 
the tungsten surface from the gaseous phase. To 
support this conclusion, the pressure of satu- 
rated vapours over the Cu-Sb solution was cal- 
culated, using the literature data on vapour 
pressure of the two pure components [10], and 
copper and antimony activity in the solution, as 
well as taking into account the equilibrium con- 
stants for the Sb ~- Sb2 ~- Sb, reactions 
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Figure 6 Surface excess of  an t imony at the liquid Cu-Sb  
al loy-hydrogen interface as a function o f  solution com- 
position. 
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Figure 7 Pressure of saturated vapours above the 
Cu-Sb solution as a function of its composition 
and temperature. 
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in the gaseous phase [11]. The results are presen- 
ted in Fig. 7. 

There is a correlation between the deterio- 
ration of  wettability and the increase in vapour 
pressure above the solution. In Table II a few 
other data, also confirming this hypothesis, are 
presented. In column Ogsv, the content of  tung- 
sten surface energy, calculated from Equation 2, 
in the presence of copper and antimony vapours, 
'is given. The previously calculated values on the 
basis of  Miedema and Broeder's model have 
been substituted for a~SL; the remaining data are 
the results obtained in the present study (the 

T A B L E  II  Specification of data concerning the adsorp- 
tion of copper and antimony vapours by tungsten (1373 K) 

A-B system ~OAv B Anads.A B* -AH~v.B* 
(mJm -2) (kJmol -l)  (kJmol l) 

W-Cu vapour 2050 315 [12] 336 [10] 
W-Sb vapour 918 440 [12] 264 [10] 

*Standard enthalpy of adsorption. 
*Standard enthalpy of evaporation, 
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additional measurement of  (.OLV for antimony 
and the contact angle in the W-Sb system at 
1373 K have been carried out, obtaining results 
of  350mJm -2 and 62~ 

rosy is much higher in the W - C u  (vap.) than 
in the W-Sb (vap.) system, not to mention COs of  
tungsten in a vacuum (2830mJm -2 at 1773K 
[1]). Thus, there is no doubt from the thermo- 
dynamic point of  view that the adsorption of  
antimony atoms on tungsten will take place. The 
difference between the value of  the energy of  co s 
and Ogw_Sb(vap.) is SO high, that this process should 
occur at a high rate. 

Adsorption enthalpy can approximately be 
regarded as a criterion of  the course of  the 
process (the correct criterion is zxG~ zxH~d~, for 
antimony on tungsten is greater than zXH~d~, for 
copper on tungsten, which indicates the tend- 
ency of  antimony atoms towards adsorption in 
the first place, zxH~ for antimony on tungsten 
is much higher than - zxH~ for antimony where- 
as for copper these two values are comparable. 



In the first case it certainly testifies to the stab- 
ility of the adsorbed layer at the surface of  the 
substrate (zXH~ = -- z~H~es.). 

In the light of  the discussion of the results of 
the wettability experiments, the symptom of  
antimony activity in the investigated system can 
be a decrease in 0 within the XSb concentration 
range in the solution to approximately 0.06, on 
the one hand, and a considerable reduction of 
COsy leading to a great deterioration of wett- 
ability within the range Xsb > 0.06, on the other. 
Antimony surface excess at the tungsten-solution 
interface, calculated from Equation 1, can be a 
criterion of  surface activity for the first range. In 
our case this value cannot be determined, because 
the relationship of  eOsg to aSb is not known. The 
values of  (OSL are usually calculated from 
Equation 2. This equation can be applied if the 
functional relation of O)sv to the pressure of  
antimony vapour is known�9 However, based on 
the information collected, a semi-quantitative 
conclusion can be formulated. Since 
~w-cu > O~W-Sb (the difference being 22%), the 
function COSL = f(asb) is of  a decreasing charac- 
ter, thus F > 0. A small difference in the inter- 
face energies testifies to a significant, although 
not very high, activity of  antimony at the W -  
liquid Cu-Sb interface. 

The kinetics of  spreading and wettability is a 
result of  the action of two opposite factors: the 
driving force of the process resulting from the 
tendency of  the system towards equilibrium and 
the kinetic resistance forces. In view of the high 
speed of  the processes (the estimated Reynolds 
number Re > Recnt.), the classical laws, especially 
Young's equation, cannot be used to describe 
them. At the initial stage of spreading, the dis- 
tance between the periphery of  wetting and the 
centre of  the drop is small, and therefore the 
liquid transportation processes play an insignifi- 
cant role, and the kinetic resistance forces con- 
nected with the formation of  the interatomic 
bonds between the liquid and the solid are decis- 
ive. Thus, the rate of  spreading can be simply a 
criterion of the affinity of  phases. 

The increase in the rate of  spreading (Fig. 4) 
with the growth of  Xsb to approximately 0.06, 
indicates a distinct activity of antimony on the 
solid-liquid interface and an affinity higher than 
copper to tungsten. A further increase in anti- 
mony concentration in the solution results in a 
drop of  the spreading rate, this being undoubt- 
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Figure 8 The relative change of measured values in relation 
to pure copper as a function of antimony concentration in 
the Cu-Sb solution, at 1373 K. 

edly connected with the adsorption of  this 
element on the tungsten surface. The appearance 
of  antimony adsorption on the solid-gas inter- 
face in the course of kinetic tests confirms the 
conclusion about its occurrance from the gas- 
eous phase, because for such short periods of  
contact between the phases, other mechanisms 
(such as surface diffusion from the liquid) are 
hardly probable�9 

X-ray microanalysis has revealed a distinct 
increase in antimony concentration in the inter- 
facial area on the liquid side, which can indirectly 
indicate the inter-phase activity of  this element. 
The result of  the analysis testifies to the absence 
of a strong chemical reaction between antimony 
and tungsten; nevertheless, because of the high 
absorption coefficient of  the characteristic anti- 
mony X-radiation by tungsten, it cannot be 
completely excluded�9 

Fig. 8 sums up considerations about the role 
of  antimony in the system under investigation. 
In the figure, the results of  experiments of  the 
surface energy of  the liquid phase, the equilib- 
rium contact angle and the kinetics of spreading 
have been presented jointly, for a temperature of  
1373 K, in one coordinate system. On the X-axis 
the values of  the composition of  the Cu-Sb alloy 
have been marked and the relative change of the 
given value in relation to pure copper has been 
put on the Y-axis. A distinct correlation between 
the shape of the curves and the curve for 1373 K 
in Fig. 7 can be noticed. 
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4. Conclusions 
1. Antimony is surface-active at all interfaces 

of the W-Cu-Sb system within the temperature 
range 1373 to 1573K and Xsb up to 0.35. 

(a) At the LV interface it reduces the surface 
energy as a result of adsorption (the calculated 
maximum surface excess is 6.5 x 10-5molm -2, 
and antimony concentration in the surface layer 
is four times greater than its concentration inside 
the solution). 

(b) At the SV interface, within the range of 
XSb ) 0.06, it greatly reduces the surface energy 
by way of adsorption from the gaseous phase 
(the estimated value (DW~;bvap. is three times smaller 
than the value of ~o w .. . . . . .  ). 

(c) At the SL interface it reduces the value of 
the interfacial energy and, for XSb (0.06, it 
improves wettability both in the equilibrium and 
kinetic aspect (in relation to pure copper the 
extreme value of angle 0 is about 40% smaller 
and the spreading rate, dA/dz, is higher by about 
60%). 

2. The presence of antimony in the liquid 
phase does not result in a significant chemical 
reaction between the phases. 
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