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ABSTRACT 
The sessile drop technique was utilized for the determination of the 

contact angles between droplets of liquid tin, indium, and gallium; and 
substrates of niobium, and zirconium. Contact angles, 6, were measured 
for various substrate surface roughness and over the temperature range 
30-650°C. Values of 0 for all of these systems were found to be greater 
than 90° i.e., constituting a case of nonwetting between the liquid metals 
and the substrates. Three characteristic regions of the temperature de
pendence of contact angles were observed. A steady-state region in which 
the contact angle is relatively independent of temperature was preceded 
and followed by regions in which 6 decreased rapidly with increasing tem
perature. For the steady-state or second region, contact angles were 
found to be independent of time whereas in the third region contact angles 
showed a decreasing trend with time at constant temperature. In accordance 
with theoretical predictions for 0>9O°, increasing roughness of the sub
strate caused a corresponding increase in 8. Electron microprobe analyses 
showed that only the Ga-Zr system exhibited evidence of diffusion at the 
interface. Photographs of the sessile drop of this system over a period 
of time indicated that the drop had spread over a greater area thus sup
porting the possibility of a surface diffusion mass-transport process. 
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INTRODUCTION 
Contact angle studies of various liquid-solid systems have been the focus 

of interest of numerous investigators over the past few decades. Such an in
terest has been generated, in part, by the importance of this parameter in the 
determination of wettability of solid surfaces by liquids. Crnsiderations in 
such practical matters as adhesion J ceramic to metal bonding/ ohmic contact 
in electronic devices,'* and the selection of a suitable liquid metal as a 
coolant for laser fusion reactors, are a few of those examples in which know
ledge of the wettability of a substrate by a metal or alloy is of primary im
portance. 

The original contributions of Laplace have been modified by Young so as 
i e (• 7 

to describe the interaction between a liquid drop and a solid substrate. ' ' ' 
The contact angle shown in Figure 1 defines the following equilibrium relation
ship between interfacial energies involved: 

Y Sv = YSL + YLV C 0 S 6 ^ 
In this equation y<-u , y^, , and y, y represent, respectively, the energies of 
the solid-vapor, solid-liquid, and liquid-vapor interfaces. Complete wetting 
is described as the condition at which 0=0°. A value of 90 3 has been arbi-

i trarily selected as the boundary between partial wetting and nonwetting. 
p Bangham and Razouk have modified the Voung-Dupre' equations to account 

for the influence of adsorbed gases on the contact angle between a liquid and 
a solid. The relationship between 6 and the modified interfacial energies is 

YSV° = YSL + YLV° C 0 S 9 ^ 
where Ycuo and Y^0 are the energies at the interfaces when the condensed 
phase is saturated with adsorbed vapor. 



The validity of the fundamental equations derived by Young and others 
is based on the premise that the vertical component of Y L V is small and does 
not deform the solid at the contact periphery. Although this is acceptable 
since most solids are rigid, yet the proof is not exact. The main short
coming of the equation derived is that it demands a knowledge of the sur
face energies. It is possible to estimate Yew from bond energies between 
neighboring atoms in a given crystalline planed However, for nonclose 
packed structures e.g., body-centered cubic, next, and subsequent neighbors 
will have to be considered in order to obtain a more realistic estimate of 
Y s v . With regards to liquid-solid surface energies, y. s .estimatioT methods 
are made more complicated by the lack of long-range order in liquids. De
tails of the exact nature of the atomic bonding at the solid-liquid inter
face is not well understood, thus making the task of estimation of inter-
facial energies somewhat speculative. 

Observations of the influence of temperature on the contact angle 
have been well documented. On the basis of observations on systems of 
liquid metal on ceramic substrates Rhee has proposed the following re
lation between temperature and contact angle, 6, 

cos 6 = 1 + B(T-T C> (3) 
Here T is the absolute temperature, Tc is the temperature at which com
plete wetting takes place, and B is a constant. Studies on the wetting 
of sapphire by liquid aluminum and of Gafls by gold-germanium and gold-

12 tin alluys have demonstrated a temperature dependence which falls into 
1? three characteristic regions. The observations by Zee and Hunir on 

gallium arsenide have provided evidence for extensive mass transport 
across the liquid-solid interface during the third region. In contrast, 
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it was shown that diffusional processes in the second region were essentially 
absent. 

During early investigations it was observed that for the same combina
tion of liquid-solid materials significantly different contact angles could 
result for a given temperature. The apparent anomaly was clarified by 
Wenzel who developed a relation between surface roughness and the contact 
angle. He defined a roughness factor r as the ratio of the cosines of the 
apparent and real contact angles i.e., 

r = cos 6'/cos e (4) 
Kashkooli, Hunir, and Williams investigated the influence of substrate 
characteristics on the wettability of a solid by a liquid. Their observa
tions are in accordance with the predictions of Wenzel. According to Equa
tion (4) r is a decreasing function of 6 for values of 6 less than 90°, 
and conversely it is arc increasing function of e for 6 greater than 90°. 

Contact angles are often measured at the contact periphery of a liquid 
sessile drop on a flat substrate. The influence of drop dimensions on the 

14 contact angle of a gallium-gallium arsenide system has been investigated. 
It was observed that the size of the drop has a significant effect on con
tact angle for drops of diameter in the range 1.0 -,o 2.0 rnn. Thus any ex
periments conducted to study the effect of other parameters should be on 
drops of uniform diameter or should be conducted in a drop-size independent 

. 14 region. 
I t has been well documented that contact angles in many liquid-solid 

systems vary with time at a constant temperature. ' ' ' A time study 

on the gallium-galliura arsenide system indicated that the variation of 

contact angle with time is dependent on the temperature at which the experi

ment is conducted. For instance in the steady-state region the contact angle 



was observed to be constant over a prolonged period of time regardless of 
temperature. At specific temperatures selected from the third (high tem
perature) range, contact angles were observed to decrease with time. Other 
investigators have noted that although contact angles initially 
change, they tend to assume a steady-state value over a period of time. 

Numerous techniques for contact angle measurement are reported in the 
literature. These could be basically divided into two general groups. 
The prerequisite for the first general group is the availability of ac
curate surface tension data. Determination of contact angle by a capil
lary rise is one such method. The relationship e and the height of the 
capillary rise is expressed as: 

cos G = gpha/Zy 
where h is the height of the capillary, p and y are the density and 
surface tension of the liquid, a is the radius of the capillary, and 
g is the acceleration due to gravity. Another technique which is based 
on surface tension dat.fi is the capillary pull method. The weight of a 
flat plate when in air, W Q, and when partially immersed in a liquid, W, 
are related to the contact angle as follows: 

W - W g = 2[1 + 5] Y COS9 - igzip 
Here z is the depth to which the plate is immersed, p and y are the 
density and surface tension of the liquid, and I and 6 are the width 
and thickness of the plate, respectively. Reliable values of surface 
tension must be available for the liquid under investigation to estimate 
contact angles with any degree of accuracy. 

Langmuir and Schaefer observed that at a particular elevation the 
reflection of a light source off a sessile drop could be made to appear 
and disappear for small charges in height when viewed at the same level 

http://dat.fi
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as the source. The principle of this phenomenon is illustrated in Figure 2. 
lft Based on this idea, Fort and Patterson developed an instrument to measure 

contact angles. This proved to be successful for angles of 0 less than 90°. 
The level surface method'' is another method that does not require know

ledge of surface tension of the liquid. A flat plate is partially immersed 
in a liquid and rotated aboui: an axis parallel to the surface of the liquid 
until the liquid and the plate form a continuous surface. At this point 
the inclination of the plate to the surface of the fluid is the desired 
contact angle. The methods described so far either require large amounts 
of fluid, or demand a knowledge of the surface tension of the fluid. Other 
direct techniques that do not suffer from these shortcomings have become 
popular in the recent past. 

The contact angle between a sessile drop and a flat substrate as depic
ted in Figure 1 can be measured by using a cathetometer equipped with a 

11 12 19 
goniometer. ' As discussed earlier, where there is significant mass-
transport across ihe interface, values of 0 become a strong function of time 
especially at relatively high temperatures. Thus direct measurements can 
suffer from this advantage in that it takes a finite period of time to com
plete one observation. To overcome this disadvantage, photographing the 
sessile drop with subsequeni measuremt t of the angle from the enlarged 

it if. 

print has been adopted. ' fhe sessile drop is illuminated through a 
window at the rear end of *he chamber, while photographs are taken through 
a front window, using a camera quipped with a telephoto lens. This back 
lighting arrangement provides a high contrast on the print and thu; im
proves the accuracy of the measurement. This type of illumination is 
called a "shadow technique" and can be used in collaboration with a tele-

20 scope and goniometer for direct observations. White has stated that 
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Figure 1 A schematic diagram of a sessile dron of molten 
metal on a flat substrate. 
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Figure 2 Principle of the Reflection Goniometer. 
(a) If light from a point source A strikes the drop B -U 

too low an angle, no reflection is seen at the vie..' 
point C. 

(b) As the angle is increased a .right spot of light appears 
at the edge. 

(c) If the angle is too hinh light is reflected to the view 
point not from the edge. 

(d) At the angle where the reflected light just appears or 
disappears, the anqle of displacement 0 of the point 
source and view point (A,C) from the vertical equals 
the contact angle. 



the most accurate surface tension data available are those obtained by 
Zeizing, and Smolders and Duyvis, using the sessile drop method and 
shadow technique. An obvious advantage of the photography method is that 
it is an instantaneous mode of recording and hence can be used with greater 
confidence in kinetic studies where variation in contact angle with time 
is to be investigated. Furthermore, contact angles could be measured from 
the print by several methods. For example, direct measurement of the angle 

23 Adams have derived the following equation relating the coordinates of 
from the print could be carried out using a protractor. Bashforth and 

23 Adams have derived the following equation relati 
the meridional profile of the liquid sessile drop: 

§•<*•« (••isf-**Hti !) f?l 

where x and y are the coordinates of points on the meridional profile 
of the drop. The parameter e is a constant which is defined by: 

e = gpb 2/y (8) 
where g is the acceleration due to gravity, p and y are the density 
and surface tension of the liquid, and b is the constant. Numerical sol
utions of this equation are available in the literature. Staicopolus, 

27 28 Larkins, and Ehlrich have solved the above equation using a digital 
computer to obtain values of contact angles from drop dimensions. 

This report gives the results of an investigation of the contact 
angles between liquid Sn, In, and Ga, and substrates of niobium and zir
conium. Tin, indium, and gallium were selected because of tiieir low melt
ing points: 231.9°, 156.2°, and 29.78°C, respectively. Furthermore, these 

29 materials have low vapor pressures in the temperature range investigated 
(Sn ^10 , In ^10 , Ga iilO"''' torr). The selection of the substrate ma
terials has been made on the basis of their suggested use as structural 



member" in controlled thermonuclear fusion reactors.' A knowledge of the 
ability of various liquid metals to wet these solid surfaces is essential 
for the selection of suitable coolants. 

EXPERIMENTAL MATERIALS AND PkOCEDURE 
A schematic view of the apparatus used to determine contact angles 

by the sessile drop technique is shown in Figure 3. It consists of a stain
less steel tube surrounded by a resistance heating furnace. The furnace was 
manufactured by Hevi-Duty Electric Company specified as type 70-T, has fine 
and coarse temperature controls, and is capable of attaining a maximum tem
perature of 1000°C. Two lenses of optical quality are attached to the ends 
of the tube furnace thus providing viewing windows. The windows at one end 
can be easily removed without disturbing the main system and thus providing 
for an easy access to the sample. The furnace tube is connected by means 
of a T-joint to a vacuum system which has a working background pressure of 
10 torr. In the lower portion of the furnace tube a mild steel plate 
3.175mm thick was situated to serve as a platfonn for the niobium and zir
conium substrates. This plate extends from one end of the tube to the 
other and is supported by the inner walls of the tube furnace. Substrate 
temperatures were measured by means of a chromel-alumel thermocouple. The 
thermocouple was located such that its hot junction lay directly under the 
middle portion of the substrate. The thermocouple was calibrated by observ
ing the melting points of tin, indium, and gallium. 

The stainless steel joints of the vacuum system were made by helium-
arc welding and those which were coupled to brass or copper were silver 
soldered. Varnish and scale from soldered parts were removed with concen
trated hydrochloric acid, and more successfully with a nitric acid solution 
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consisting of W ni tr ic acid, 30% sulfuric acid, 0.5% hydrochloric acid, 

and 29.5% water by volume. The acid bath was followed by a dist i l led 

water rinse. The basic parts of the entire system were cleaned in dilute 

hydrochloric acid solution and rinsed sequentially in acetone, trichloro-

ethylene, and Freon 12 solution. Apart from the standard use for contact 

angle measurements this apparatus also has the faci l i ty to handle materials 

which require special atmospheres. A glove box compartment can be easily 

coupled to the flange provided at the front end of the tube. 

The horizontal tube which is surrounded by the resistance heater is 

f i rs t leveled by means of a spir i t level. The substrate holder which is 

a long rectangular bar was machined such that i ts cross section is a per

fect rectangle along its length. This is then inserted into the tube fur

nace and by virtue of its shape assumes a perfectly horizontal position 

i f the tube is accurately leveled. This was further ascertained by the 

use of a cathetometer. Each time a new substrate was loaded the tele

scope of the cathetometer, which carried horizontal crosshairs, was fo

cused on the sharp edge of the substrate and the substrate was then ro

tated until i t lay perfectly horizontal. 

Substrates 0.5mm thick and rectangular in shape were cut from sheets 

of niobium of 99.995% purity, and zirconium of 99.9£ purity. Each speci-

man was 25mm in width and about 50mm in length. Mechanical polishing 

of these substrates was then carried out on energy paper and diamond 

paste. Emery paper ranging in gri t dimensions from 204 mesh to 600 mesh; 

and diamond paste of 6, 1, and Jj urn size were used to attain a mirror

like finish. After polishing, the substrates were washed in dilute soap 

solution and rinsed in disti l led water and acetone. Before the inser

tion of each substrate into the tube furnace i t was washed in dilute 



hydrochloric acid solution and rinsed once more with distilled water and 
acetone. 

The surface roughness, defined as the root-mean-square of the average 
height of the peaks, was determined by a "Surf-Indicator" which has a re-
ported accuracy of 1.25x10 vim. The probe of the surf-indicator was 
traversed on the surface of the substrate along four arbitrary directions, 
and the average of the ftur readings was taken as the surface roughness of 
the specimen. As the sharp spike on the surf-indicator probe would damage 
the surface, roughness measurements were carried out after the completion 
of the contact angle experiments. 

Nearly spherical pellets of tin, indium, and gallium approximately 2mm 
in diameter were used for the sessile drop experiments. Tin and indium 
samples of 99.999% purity were supplied by the Electronic Space Products, 
Inc., of Los Angeles. The Atomergic Chemetal Company of New York supplied 
gallium of the same purity. These pellets were washed with dilute hydro
chloric acid and rinsed in distilled water and acetone just before inser
tion into the tube furnace for contact angle measurements. This treatment 

was carried out to remove any adherent surface oxide layer. 
21 22 The shadow technique ' was used to obtain the drop image. A 35mm 

Ashai Pentax camera with a IJSmra telephoto lens and extension tube was used 
to photograph the sessile drop. Back lighting was provided by a 600 watt 
"Colortran Mini-Pro" spot lamp. The intensity of illumination was deter
mined by a built-in light meter. A shutter speed of l/250th of a second, 
and an aperture of f/8 were used for all photographs. Fine-grained Kodak 
Panatomic-X film which has an ASA rating of 32 was used. The films were 
processed in Kodak developer D76 and Kodak fixer. An enlarger made by 
Simmon Omega carrying a Baltar MA 138, 50mdi f/Z.3 lens, was used to 



project the drop image. The enlarged image was printed on Ilfobrorii IB 1.1 K 

gloss paper, and processed in Bromophen developer and Kodak fixer. The paper 

and developer is manufactured by I l ford. Developing and fixing details pre

scribed by the manufacturers were followed. A total magnification of 14.5x 

was established as suitable for the final print of tne image of the sessile 

drop. 

The contact angle on the enlarged drop was measured by means of an 

Edscorp pocket optical comparator equipped with a protractor reticle. This 

instrument which was supplied by Edmund Corporation has a magnifying power 

of 6x, and an accuracy of ^ ° . To establish confidence in this technique 

faceted steel balls representing contact angles within the range of 90° to 

180° were photographed and the drop images were printed. The contact angles 

from the prints were compared to the mathematically calculated values and 

were found to l ie within ±0.5°. 

After loading each specimen the system was evacuated to a pressure of 

at least 2x10" torr before power was introduced to the heating element of 

the furnace. The rat of heating was maintained at around 2°C min*1 up to 

a temperature within 20°C of the melting point of each pellet, and then in

creased to about 10°C min^ beyond this range. For the Sn-Nb and Sn-Zr sys

tems photographs were taken at the melting points and upwards at 50°C incre

ments up to a maximum of 650°C. This procedure was repeated for the In-Nb, 

In-Zr, Ga-Wb, and Ga-Zr systems. The temperature ranges were 156-500"C for 

the In-Nb and In-Zr systems, and 30-450°C for the Ga-Nb and Ga-Zr systems. 

These experiments were repeated for different roughnesses of the substrates. 

Additional experiments were also conducted to establish the dependence of 

contact angles on time at constant temperatures. In such experiments photo

graphs were taken at half hour intervals for a total time of ninety minutes. 



This was performed on each combination of liquid-solid system, on a particular 

roughness at a selected temperature. The substrates used for the time study 

of contact angles were sectioned at the meridian of the base of the sessile 

drop and mounted in a resin. After undergoing a series of polishes ending 

with a % urn diamond paste, they were etched in hydrochloric acid solution 

and rinsed in distilled water and acetone before performing a microprobe 

analysis. A simultaneous scan of the two metals of each system was carried 

out in steps of 1 m across the interface of each of these systems. 

RESULTS 

Figures 4 and 5 demonstrate the variation of contact angles of t in on 

substrates of niobium and zirconium as a function of temperature. The four 

curves in each figure correspond to specific roughnesses of the substrate. 

Similarly, Figures 6 through 9 depict the temperature dependence of contact 

angles of indium and gallium on substrates of niobium and zirconium for 

different roughnesses. Host of these curves, notably those at higher rough

nesses, show three characteristic regions. In the f i r s t , the relatively low 

temperature region, the contact angle is a decreasing function of temperature. 

The effect of temperature on the contact angle in the second region is com

paratively negligible. This is followed by a region in which contact angles 

decrease with temperature. In the Sn-Zr, In-Zr, and Ga-Zr systems, the third 

characteristic region was absent within the temperature range investigated 

for the smoother substrates. 

The dependence of contact angle on surface roughness is demonstrated by 

the curves in Figures 10, 11, and 12. The Sn-Nb and the Sn-Zr systems were 

investigated at 650frC, the In-Hb and the In-Zr systems were investigated at 

50u°C, and the Ga-Nb and Ga-Zr systems were studied at 450°C. The variation 
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of contact angles with surface roughness at other temperatures for these sys
tems could be determined from Figures 4 through 9, which are plots of contact 
angles as a function of temperature for different roughnesses. The curves 
of contact angle versus roughness thus obtained, will resemble Figures 10, 
11, and 12 in most cases. However for the In-Nb system the curve correspond
ing to a roughness of 12.5 u inches (0.31 urn), Figure 6, displays an unusual 
low tenperature behavior with the result that below about 2I0°C contact angle 
versus surface roughness variation does not conform to the general pattern 
of the curves in Figures 10, 11, and 12. A similar unusual pattern of be
havior is observed in the Sn-Zr system for the 7.25 u inch (0.18 um) rough
ness curve below 300°C. 

The results of the time studies carried out at points corresponding to 
the temperatures in the different regions of the curves in Figures 4 through 
9 are indicative of the kinetic control of each of these regions. A tem
perature of 650°C for tin on a substrate of niobium of roughness 4.25 u 

inches (0.11 ym) corresponds to the third region of the T vs 8 curve. A 
time study of this system at this temperature is depicted in Figure 13. 
Over a ninety minute period the contact angle decreased with time. The 
behavior of the In-Zr and In-Nb systems at a temperature of 500°C (which 
is in the third region for the two systems) is depicted in Figure 14. 
The decrease in contact angle over the r.inety minute period is quali
tatively similar to that observed for the Sn-Nb system described above, 
but somewhat less in magnitude. 

For molten tin on a substrate of zirconium of roughness 5.75 v inches 
(0.14 um), a temperature of 650°C corresponds to a point in the second re
gion of the temperature-contact angle curve. A ninety minute time study 
of the system at this temperature revealed that the contact, ingle remains 
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Figure 14. Time Dependence pi the Contact Angles Between In and 
Substrates of Nb and Zr at Constant Temperatures. 
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constant as seen in Figure 13. The contact angle also was constant over a 
ninety minute period for the Sn-Nb system for a substrate of roughness 4.25 
u inches (0.11 urn) at 500*0 (Figure 13). Similar results were obtained from 
time studies at 300°C for indium on a substrate of zirconium of roughness 
12.75 u inches {0.32 um) T Figure 14; and also at 450°C for gallium on a 
substrate of niobium of roughness 15,5 v inches (0.39 ym), Figure 15. The 
temperatures at which all these time studies were carried out corresponded 
to points in the second i.e., constant 0 region of the temperature-contact 
angle curves. The results indicate that in this region contact angles are 
not s function of time within the limits of the present observations. 

The time dependence of contact angles for the Ga-Zr system was diffi
cult to interpret because of the formation of a eutectic phase. The photo
graphs of the drop image demonstrated the existence of two angles at each 
contact surface as shown in Figure 16. A microprobe analysis of this sub
strate further confirmed the formation of a nondistinct interface, and 
thus one could conclude that inter-diffusion had taken place. The phjto-
graphs of the cathode ray oscilloscope traces of this region are showr in 
cigures 17(a) and (b). 

Microprobe analysis of the substrates used in the time studies of the 
other systems was conducted in steps of 1 ]i. However this analysis did 
not yield any useful information othe1" than confirming the absence of sig
nificant diffusion of one species into the other. 

DISCUSSION 
The variation of the contact angle with temperature reveals a general 

pattern of behavior for the systems investigated. In ill cases the contact 
angle was observed to either decrease with increasing temperature or remain 
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Figure 15. Time Dependence of (he Contact Angles Between 
Ga and a Substrate of Nb at 45Q°C. 
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(a) 

(b) 

Figure 16 Sessile drop of liquid Ga on a substrate of Zr at 450°C. 
(a) After 30 minutes, and (b) After 90 minutes. 
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(a) 

(b) 

Figure 17 Electron mkronrobe oscilloscope traces of cross sections 
of Ga with Zr after 90 minutes at 450°C. (a) Zr radiation 
and (b) Ga radiation. 
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constant over an interval. These results are in agreement with the patterns 
12 observed in other systems. The work of Zee and ffanir on the interfacial 

properties between gold-germanium and gold-tin alloys and gallium arsenide 
substrates provides an example of such patterns. For the systems studied 
in this work the temperature-contact angle curves exhibited three distinct 
regions in most cases. However it was observed that for the Sn-Zr, In-Zr, 
and Ga-Zr systems when smoother substrates were utilized the third charac
teristic region was absent in the temperature range of investigation. Fur
thermore, there is preliminary evidence to indicate that the temperature 
marking the commencement and end of the constant contact angle region is 
dependent on roughness of the substrate. However a definite functional 
dependence cannot be derived from the present data. The first region of 

the contact angle versus temperature plots could be regarded as a period 
12 in which equilibration of contact angle occurs. The second region is 

obviously one in which temperature has negligible effect on contact angle. 
A time study of contact angle over a period of ninety minutes at a tempera
ture in this region indicated that contact angle did not change with time. 
One could conclude then, that diffusional processes are either absent, or 
are occurring at an extremely slow rate during this region. Time studies 
in the third region gave evidence for significant mass-transport across 

12 

the interface. Zee and Munir, who observed a similar characteristic 

region for gold-germanium and gold-tin alloys on gallium arsenide, con

ducted microstructural and electron microprobe observations on the sub

strate in the third region. Based on their findings they concluded that 

diffusional processes did occur in this last region. In most of these 

studies, however, only bulk diffusion across the interface has been in

vestigated. Of the systems studied in this work, the Ga-Zr system was 
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the only one that exhibited any form of bulk diffusion. A microprobe analy

sis of the substrates confirmed the formation of a new phase. Figures 17(a) 

and (b) show evidence for the diffusion of gallium into the zirconium sub

strate across the in i t ia l interface. Another interesting phenomenon is 

the surface diffusion of gallium along the substrate of zirconium. This 

is clearly demonstrated in Figures 16(a) and (b). The gallium is observed 

to have diffused over a greater area with time as seen in Figure 16(b). 

This strongly suggests that surface diffusion is a significant process 

in the high temperature region of this system. 

I t is interesting to compare at this point a sessile drop on a f lat 

substrate to a solid sphere onto a f la t plate in sintering experiments. 

Figures 18 and 19 represent the two systems, respectively. In sintering 

studies i t has been demonstrated that transport of matter from the parti

cle to the neck region occurs by one or a combination of the following 

processes: evaporation-condensation, volume diffusion, grain-boundary 

diffusion, viscous flow, and surface diffusion. The driving force for 

the evaporation-condensation process is the difference in pressures at 

the surface of the sphere and the neck regions arising from the differ-
33 ence in radii of curvature. Such a pressure differential is related 

to the radii of curvature by: 

RT£n [PJ/PQ] = [ytVil O/P-1/x] (9) 

where p, is the vapor pressure over the region with the small radius of 

curvature p, pQ is the vapor pressure over the sphere of radius a , y 

is the surface free energy, d is the density of the sphere, M is the 

molecular weight, R is the gas constant, and T is the absolute tempera

ture. This equation was obtained by the application of Kelvins equation 

to the system in Figure 18. Regardless of mechanism, differences in the 
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thermodynamic activities between the two regions would be the driving force 

for the surface and bulk diffusion processes. Thus i t appears likely that 

either all or a combination of these processes can play a role in a sessile 

drop-substrate system. Although there is no conclusive evidence to this ef

fect, several observations indicate that an evaporation-condensation mecha

nism could be the dominant mass transport process in the higher temperature 

regions. During preliminary contact angle studies on the Zn-Nb system at 

500°C the contact angle was observed to change rapidly from an obtuse to an 

acute angle. This phenomenon was coupled with a rise in vapor pressure of 

the liquid as judged by the increased deposition rate of Zn on the view post. 
29 At 500°C the vapor pressure of Zn is ^2 torr. Based on Kelvins equation 

and the Langmuir equation i t is possible to estimate a value for the mass 

transported to the neck region by evaporation-condensation (cf. Appendix C). 

For the Zn-Nb system at 500°C a flux of 1.43x 10"7gm/cm2-sec is calculated. 

I t is possible that in certain regions evaporation-condensation is a dominant 

mass-transport process leading to rapid changes in contact angles. Care

fully controlled experimentation in a suitably designed apparatus is neces

sary to substantiate these preliminary observations. 

In the past many theories have been proposed which view the phenomenon 

of wetting as a balance of three forces. A statistical interpretation of 

wetting as given by Young's equation^ woula liius be misleading as there now 

exists evidence that the wetting phenomenon is a kinetic process strongly 

influenced by temperature. ' ' ' Refinements of the earlier theories 

are necessary in order to make realistic predictions based on theoretical 

models. 

There is preliminary evidence from the present investigation and 
12 from the results of other workers in this f ield that roughness not only 
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fSV flS 
Figure 18 A schematic diagram of a sessile drop of molten metal 

on a flat substrate. 

Figure 19 A schematic dianram of a spherical particle sintered 
to a flat plate. 
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influences the value of contact angle but also has an effect on the tempera
ture of transition from the first region to the second, and from the second 
to the third. Thus, for a particular combination of materials, knowledge of 
temperature alone is not sufficient to predict whether a system is in a dy
namic or a steady-state region. The variation of contact angle with surface 

13 
roughness is in accordance with Wenzel's equation i.e., contact angles 
were observed to increase with roughness. Similar observations have been 

It reported by Kashkooli, Munir, and Williams. ' 
The electron microprobe analysis of the substrates of the Sn-Nb, Sn-Zr, 

In-Nb, In-Zr, and Ga-Nb systems used in the time dependence study of contact 
angles at a constant temperature did not yield any conclusive information. 
However it can be concluded that a significant amount of bulk diffusion 
across the interface is unlikely. It is possible that diffusion to depths 
of a few atomic layers could have taken place without being detected by 
the microprobe scan. The smallest step scan of the electron microprobe 
is 1 um or 10 A 0. This value corresponds roughly to a region of 3C00 
monolayers. Hence the resolution of this instrument is insufficient to 
detect diffusion depths within the first few thousand atomic layers. 
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APPENDIX A 
Tables of experimental Results 
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TABLE 1: Contact angles of Sn on substrates of Ul> of varying 

surface roughnesses at different temperatures. 

Contact anqle 0, degrees 

Temperature °C 1.25 6.25 11.88 15.50 
u inch n inch y inch u inch 

250 - 167.00 - 171.00 
300 162.50 163.50 166,00 170.00 

350 159.00 159.50 161,75 166.00 
400 156.00 157.00 159.00 163.50 
450 153.00 156.50 157.50 153.50 

500 153.50 156.50 157,25 163,25 
550 153.00 151.00 157.50 155.50 
600 148.00 150.00 155.50 155.50 

650 143.00 147.50 150.00 153.25 



TADLE 2: Contact angles of Sn on substrates of Zr of varying 

surface roughnesses at different temperatures. 

Contact angle 0, deqrees 

Temperature °C 5.75 G.25 7.25 8.00 
u inch \i inch \i inch p inch 

250 1W.75 150.00 157.50 172.00 

300 148.00 155.00 156.50 106.25 

350 144.50 156.50 155.75 164.00 

400 143.50 154.50 157.00 164.25 

450 142.75 154.25 155.50 164.00 

500 141.50 154.75 155.50 163.25 

550 142.00 149.50 155.75 158.25 

600 141.50 149.00 154.50 155.25 

650 141.50 142.50 150.00 153.25 
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TAOLE 3; Contact angles of In on substrates of Nb of varying 
surface roughnesses at different temperatures. 

Contact angle 6, degrees 

Temperature °C 7.25 8,75 12.50 15.25 
y inch u inch \i inch p inch 

156.2 149.50 159.00 146.50 166.00 

175 w.ao isz.ao 147.00 165.50 

200 130.25 143.00 147.00 163.50 

250 120.00 132.50 147.00 164.00 

300 126,75 130.50 148.00 164.00 

350 122,00 129.00 145.75 164,50 

400 122.00 130.00 143.25 162.50 

450 121.75 125.50 139.00 160.00 

500 119.75 123.00 134.00 158.50 
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TABLE 4: Contact angles of In on substrates of Zr of varying 

surface roughnesses at different temperatures 

Contact angle 0, deirees 

Temperature °C 9.00 9.25 12.75 14.75 
V inch u inch u inch y inch 

156.2 - 145.50 150.0(1 -
175 118.00 143.00 147.50 1C2.00 
200 116.0': 136,00 142.20 156.50 
250 115.00 135.00 141.00 156.00 
300 114.50 134.00 135.50 156.00 
350 113.25 132.00 138.00 156.00 
400 113.50 127.25 136.00 154.00 
450 113.50 124.50 136.00 151.50 
500 113.50 119.00 135.50 150.00 
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TABLC 5: Contact angles of Ga on substrates of Mb of varying 

surface roughnesses at dif ferent temperatures. 

Contact angle fl, dcnrees 

Temperature "C 10.00 12.75 15,50 19.95 
u inch \i inch g inch p inch 

30 - 125.00 - -
50 - 112.00 - -
100 - 110.00 - -
150 - 106.00 - 166.50 

200 - 104,50 - 165.00 

250 100.00 105.00 130.00 164.75 
300 98.00 104.50 123.00 164.00 
350 97.50 102.00 125.00 164.00 
400 96.50 99.00 124.00 164.00 
450 92.00 94.75 124.00 161.75 



TABLE 6: Contact angles of Ga on substrates of Zr of varying 

surface roughnesses at different temperatures, 

Contact angle 6, denrees 

Temperature °C 6.50 12.10 13.00 13.10 
u inch u inch u inch u inch 

50 140.00 142.00 - -
100 122.00 126.50 154.00 -
150 110.00 122.00 144.50 155.00 
200 107.00 116.00 133,50 143.75 
250 105.50 113.00 134,50 137.00 
300 106.00 112,00 130.50 136.00 
350 105.00 112.50 132.00 134.50 
400 106.00 112.00 127.50 134.75 
450 105.00 112.00 125,00 130.00 
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TABLE 7: The var ia t ion of contact angle of Sn on a substrate 

of lib of roughness 4.25 u inch, with time at 650aC. 

Time, Contact angle 8, 
minutes degrees 

0 143.00 

30 137.50 

60 136.00 

90 134.50 

TABLE 8: The var ia t ion of contact angle of Sn on a substrate 

of Ir of roughness 5.75 u inch, wi th time at 650°C. 

Time, Contact angle 0, 
minutes degrees 

0 141,50 

30 141.75 

GO 141.50 

90 142.00 
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TABLE 9: The variat ion of contact angle of In on a substrate 

of tlb of roughness 12.50 u inch, with time at 50G°C. 

Time, Contact angle 8, 
minutes degrees 

0 134.00 

30 134.00 

60 133.7'; 

90 133.50 

TABLE 10: The variat ion of contact angle of In on a substrate 

of Zr of roughness 12.75 v inch, with time at 500°C. 

Time, Contact angle 9, 
minutes degrees 

0 135.50 

30 131.50 

60 131.50 

90 129.50 
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TABLE 11: The variation of contact angle of Ga on a substrate 
of Nb of roughness 15.5 u inch, with time at <150°C. 

Time, 
minutes 

Contact anile 0, 
degrees 

0 

30 

60 

90 

123.75 

123.25 

123.50 

TAOLt 12: The variat ion of contact angle of Sn on a substrate 

of fib of roughness 1.25 u inch, with time at 500°C. 

Time, 
minutes 

Contact (ingle 6, 
degrees 

0 
30 
60 
90 

153.50 
15.1.00 
153.50 
153.75 
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TABLE 13: The var iat ion of contact angle of In on 3 substrate 

of Zr af roughness 12.75 y inch, with time at 300gC. 

Time, Contact anile 0, 
minutes degrees 

0 138.00 

30 137.50 

60 137.50 

90 130-00 
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TABLE 14: The variation of contact angles of Sn at specific tempera

tures, with substrates of Nb of different roughnesses. 

Surface Contact angle 6, deqrees 
Roughness 
U inch 350°C 450°C 550°C 650°C 

4.25 159,00 153.00 153.00 143.00 

6.25 161.75 157.50 157.50 150.00 

11.88 159.50 156.50 154.00 147.50 

15.50 166.00 163.50 163.50 153.25 

TABLE 15: The variation of contact angles of Sn at specific tempera

tures, with substrates of It of different roughnesses. 

Surface Contact angle o, degrees 
Roughness 
u inch 35Q°C 450°C 550°C 650°C 

5.75 144.50 142.75 112.00 141.50 

6.25 156.50 154.25 14'J.50 142.50 

7.25 155.75 156.50 156.75 150.00 

8.00 164.00 164.00 158.25 153.25 
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TABLE 16: The var ia t ion of contact angle of In at spec i f i c tempera

tu res , wi th substrates of Nb of d i f f e ren t roughnesses. 

Surface Contact angle 9 , degrees 
Roughness 

U inch 200°C 300°C I P ' C 500°C 

7.25 130.25 126.75 122.00 119.75 

0.75 143.00 130.50 130.00 123.QO 

12.50 147.00 148,00 143.25 134,00 

15.25 163.50 164.00 162.50 158.50 

TABLE 17: The va r ia t i on of contact angle of In at spec i f i c tempera

tu res , w i th substrates of Zr of d i f f e r e n t roughnesses. 

Surface Contact angle 0 , degrees 
Roughness 

y inch 200°C 3QQ°C 400°C 500°C 

9.00 116.00 114.50 113,50 113.50 

9.25 136.00 134.00 127.25 119.00 

12.75 142.25 135.50 136.00 135.50 

14.75 156.50 156.00 154.00 150.00 



TABLE 18: The variation of contact angle of Ga at specific tempera

tures, with substrates of fib of different roughnesses. 

Surface Contact angle 0, degrees 
Roughness 

u inch 150°C 250°C 350°C 450°C 

10.00 

12.75 106.00 

15.50 

19.95 166.50 

100.00 97.50 92.00 
105.00 102.00 94.75 
130.00 125.00 124.00 
164.75 164.00 161.75 

TABLE 19: The variation of contact angle of Ga at specific tempera

tures, with substrates of Zr of different roughnesses. 

Surface 
Roughness 

Contact angl le 0, degrees 

u inch 150°C 250°C 350°c 450°C 

6,50 110.00 105.50 105,00 105.00 
12.10 122.00 113.00 112.50 112,00 
13.00 141.50 131,50 132.00 125.00 
13.10 155.00 137.00 131.50 130,00 



M 

APPENDIX B 
A sample set of photographs of the sessile drop of Sn on substrates 
of Ht> of varying roughnesses, at different temperatures. 
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Roughness = '.25 u inch, Temperature = 300°C, 0 = 102,5°. 

Roughness = 4.25 u inch. Temperature = 350°C, 0 = 159.0'. 



Roughness = 4.25 g inch, Temperature = 400°C, 0 = 156.0° 

Roughness = 4.25 u incn, Temperature = 450°C, o = 153.0° 



Roughness = 4,25 u inch, Temperature = 500°C, G = 153.50°. 



Roughness = 4.25 y inch, Temperature = 600°C, 0 = 143.00° 

Roughness = 4.25 u inch, Temperature = 650°C, 0 = 143.00° 
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Roughness = G.25 u inch, Temperature = 250°C, 0 = 167.0° 

Roughness = 6.25 u inch, lemperature = 3Q0°C, 0 = 163.5°. 
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Roughness = 6.25 u inch, Temperature = 350°C, a = 159.5° 

Roughness = 6,25 u inch, Temperature = 100°C, e = 157.0° 
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Roughness = 6.25 y inch, Temperature = 450°C, 0 = 156.5° 

Roughness = 6.25 ti inch, Temperature = 500°C, 0 = 156.5°. 
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Roughness = 6.25 u inch, Temperature = 550°C, 0 = 154.0°. 

Roughness = 6.25 u inch, Temperature = 600°C, 0 = 150.0°. 
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Roughness = 6.25 p inch, Temperature = 650°C, 0 = 147.5°. 



oS/'L9l = 0 'DoOSC = SJnicjDdijdi ' i p u i rt s B ' l l = ssaui|6nou 

„0'99l = 0 ' DoUOE = ojnisaoduioi '<pui rt QQ " 11 = ssauijenoa 
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Roughness = 11.88 u inch, Temperature = 4Q0°C, 0 = 159.0 

Roughness = 11.88 \i inch, Temperature = 450°C, 0 = 157.5°. 
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Roughness = 11.88 p inch, Temperature = 500°C, 0 = 157.25° 

Roughness = 11.03 g inch, Temperature = 550°C, 0 = 157.5°. 
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Roughness = 11.88 u inch, lemperature = 60Q°C, o = 155.5° 

Roughness = 11.88 u inch, Temperature = 650°C, 0 = 150.0" 
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Roughness = 15.50 u inch, Temperature = 250°C, 0 = 171.0" 

Roughness = 15.50 u inch. Temperature = 300°C, 0 = 170.0° 



67 

Roughness = 15,50 u inch, Temperature = 350°C, 0 = 1G6.00. 

Roughness = 15.50 u inch, Temperature = W C , e = 163.5° 
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Roughness = 15.50 u inch, Temperature = 150*0, o = 163.50°. 

Roughness = 15.50 \i inch, Temperature = 500°C, 0 = 163.25° 
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Rouqhness = 15.50 u inch, Temperature - 550°C, G = 163.5" 

Roughness = 15,50 u inch, Temperature = 600°C, 0 = 155.5e 
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Roughness = 15.50 p inch, Temperature = 650°C, 0 = 153.25° 
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APPENDIX C 

Calculation of the mass transported from a sessile drop of Zn by 

evaporation-condensation, to the neck area. 
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Calculation of the mass transported from a sessile drop of Zn to the 

neck region, between the drop and a substrate of Nb by evaporation-

condensation. 

Diameter of the sessile drop, 2r 

Diameter of the neck of the drop, 2x 

Surface tension, y 

Molecular weight of Zn, H 

Density of the drop, d 

Temperature, T 

Vapor pressure over the sphere, p n 

For this system the following equations relate the parameters given 

above with the radius of curvature at the neck, p, the pressure d i f f 

erence between the surface of the sphere and the neck, &p, and the 

f lux transported from the sphere to the neck by evaporation- condensa

t ion , m : 

P ' x 2 /Z r (a) 

fip = yMp0 / dpRT (b) 

m = ip (M/2nRT)»-s (c) 

hence substituting the values given above into Eq.s' (a), (b), and 
(c) ; 

p * 0.75 x 0.75 x I P ' 1 = 0.028125 cms. 
2 

= 2,0 ron 

= 1.5 n 

= 761,0 dyjie/cm 

65.37 qms/mole 

= 6.47 gms/cm 

= 500.0 °C 

= 2.0 torr . 
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AP 
761.0 x 65.37 x 2 x 1 , 3 3 x 1 0 

773 x 6.47 x 0.028125 x 8.314 x 10 

1.1315 x 10* 3 N/m2 

1,131 x 1 0 " 3 x 1 0 3 x 6 5 . 3 7 ° 

10 2 x 10 2 x ( 2 x n x 8.314 x 773 x 10 ) 

7 2 
1.4396 x 10 gins/cm -sec. 

rxi 
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