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Abstract--An improved sessile drop technique which prevented the oxidation of aluminum was used to 
measure the changes in contact angle between boron nitride and molten aluminum in a purified He-3% H 2 
between 1173 and 1373 K. The contact angle progressed through the four wetting phases similar to other 
ceramics when the results were plotted on a logarithmic time scale. However, at and above 1273 K the 
equilibrium contact angle was 0 ° which is much less than those of typical ceramics. Using the value in 
phase II, the original contact angle between boron nitride and aluminum (contact angle between 
non-reacted boron nitride and aluminum) was estimated to be 133 ° at 1373 K. The wetting progressed 
by producing another non-wetting material, AIN, in this non-wetting system. The detailed mechanism of 
the solid/liquid/vapor interfacial advance during wetting in such a system was also explained using Cassie's 
equation. 

R6sum~-Une technique am61ior6e de la goutte posbe 6vitant l'oxydation de l'aluminium a 6t6 employ6e 
pour mesurer les variations de l'angle de contact entre du nitrure de bore et de l'aluminium en fusion sous 
une atmosph6re purifi6e d 'He-3% H2, entre 1173 et 1373 K. L'angle de contract 6volue fi travers les 
quatre phases de mouillage comparables ~t celles des autre c6ramiques lorsqu'on reporte les r6sultats sur 
un diagramme fi &helle logarithmique. Cependant, ~t et au-dessus de 1273 K, l'angle de contact d'6quillibre 
6tait 6gal fi 0 degr6, c'est fi dire tr6s inf6rieur fi celui de c6ramiques typiques. En utilisant la valeur en phase 
lI, l'angle de contact original entre le nitrure de bore et l'aluminium (angle de contact entre le nitrure de 
bore non-transform6 et l'aluminium) a 6t6 estim6 fi 133" 5. 1373 K. Dans ce syst6me non-mouillable, la 
mouillabilit6 bvolue en produisant un autre mat6riau non-mouillant A1N. Le m6canisme d+taill6 de la 
progression de l'interface solide/liquide/gaz durant le processus de mouillage dans un tel syst6me a 
6galement 6t6 expliqu6 en utilisant l'6quation de Cassie. 

Zusammenfassun~Zum Messen der Anderungen im Kontaktwinkel zwischen Boronnitrid und 
geschmolzenem Aluminium in verfeinertem He-3% H 2 zwischen 1173 und 1373 K wurde eine verbesserte 
statische Tropfmethode verwendet, welche die Oxydation des Aluminiums verhfitet. Der Kontaktwinkel 
findert sich fihnlich wie bei anderen Keramikmaterialien fiber die vier Benetzungsphasen hinweg, wenn 
die Ergebnisse mit einer logarithmischen Zeitskala aufgezeichnet werden. Ab 1273 K wird der Gleich- 
gewichtskontaktwinkel jedoch zu 0 Grad und damit viel kleiner als ffir typische Keramikmaterialien. Unter 
Verwendung des Wertes in Phase II wird der Originalkontaktwinkel zwischen Boronnitrid und Aluminium 
(der Kontaktwinkel zwischen nichtreagiertem Boronnitrid und Aluminium) bei 1373 K auf 133 ~ gesch/itzt. 
Die Benetzung schritt durch Erzeugung eines anderen, nicht benetzenden Materials, AIN, in dieses nicht- 
benetzende System fort. Der detaillierte Mechanismus des Fortschritts der Fest-/Flfissig/Gasgrenzfl~iche 
wfihrend der Benetzung in einem solchen System wird auch durch Verwendung der Cassie-Gleichung 
erklfirt. 

1. INTRODUCTION 

The wett ing of  ceramic surfaces by mol ten  metals is 
one of  the mos t  impor t an t  p h e n o m e n a  to consider  
when designing a metal  mat r ix  composi te  material .  
The addi t ion  of  ceramic particles into a mol ten  metal  
has the benefit  of  enabl ing us to manufac tu re  an  
a lmost  perfectly shaped composi te  mater ia l  easily. 
However,  the success of  this me thod  depends on  the 
wetting, which is usually problematic .  As the contac t  
angle between the ceramic particles and  the mol ten  
metal  decreases, the external  force required for insert- 
ing particles into a melt  becomes smaller. W h e n  the 
contac t  angle is O,  particles can be inserted into a 
melt  wi thout  external  forces. However,  the contac t  

angles for typical ceramics are usually greater  than  
90 ° . 

The wett ing of  ceramics by mol ten  metals  usually 
involves interfacial react ion wett ing [1, 2] (wett ing 
accompanied  by the interfacial  reactions).  The inter- 
facial react ions produce  new compounds  at  the inter- 
face and  change the composi t ion  of  the liquid metals  
and  ceramics. As a result, all of  the solid/liquid, 
l iquid /vapor  and  sol id /vapor  interfacial  free energies 
change [3]. 

The decrease in the contac t  angle of  a luminum 
on b o r o n  nitr ide was considerably larger than  the 
decrease associated with typical ceramics. The unique 
re la t ionship between the wett ing and  the interfacial  
react ions is also impor tan t .  Therefore,  the driving 
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Table 1. Calculated oxygen partial pressure in 
equilibrium using the equation: 

4AI(I) + 302 (g) = 2AI 203 (s) 

Temperature (K) Po2 (Pa) 
1073 4.260 x 10 39 
1173 2.048 x 10 34 
1273 1.810 × 10 3o 
1373 4.257 x 10 27 

force and the mechanism of the interfacial-reaction 
wetting are discussed in this paper. 

2. OXIDATION OF ALUMINUM 

It is well known that a luminum is easily oxidized. 
Once an a luminum oxide film is formed on the 
a luminum surface the oxide film seems to prevent the 
interface from advancing and the contact angle from 
decreasing. In order to measure the contact angle 
correctly, atmospheric conditions under which alumi- 
num does not  oxidize must be achieved. 

4Al(I) + 302(g) = 2A1203(s) (1) 

AG° = -3384270  + 662.88T [4]. (2) 

When it is assumed that the activity of a luminum and 
the activity of A1203 are one due to the fact that 
the solubility of oxygen in a luminum is very slight, 
the oxygen partial pressure in equilibrium (Po2) is 
calculated as shown in Table 1. 

Since the oxygen partial pressure, as shown in 
Table l, cannot  actually be obtained it seems that 
the oxidation of a luminum cannot  be prevented. 
However, at higher temperatures the production of 
a gas (Al20) becomes more important  than at low 
temperatures [5], as shown in the following equation 

4Al(l) + 02 (g) = 2A12 O(g) (3) 

AG° = - 3 4 1 4 1 0 -  98.74T [4]. (4) 

Therefore, the following equation is obtained from 
equations (1)-(4) 

A1203(s) = A12 O(g) + O2(g) (5) 

AG ° = 1521430 - 380.81T. (6) 

Assuming that the partial pressures of  A120 and 02 
are equal, the equilibrium pressure becomes as shown 
in Table 2. Although the oxygen partial pressures in 
equation (5) are much higher than those in equation 
(1), they are also not  actually obtainable. 

Furthermore,  the reaction between Al and A1203 

which produces AI20 is considered as the following 
equation [5] 

4Al(1) + A12 03 (s) = 3Al 20(g) (7) 

AG ° = 1180020 - 479.55T. (8) 

Using these equations, the equilibrium Al20 partial 
pressure is calculated as shown in Table 3. The 
oxygen partial pressures shown in Table 3 are very 
high. However, since the a luminum is usually covered 
by an oxide film, A120 cannot be easily removed. 
Therefore, the reaction shown in equation (7) cannot  
actually occur according to the chemical kinetics. 
However, when a part of  the oxide film is removed, 
Al20 can vaporize easily, and the A1203 starts to 
deoxidize. Accordingly, it is most important  that the 
original oxide film is effectively removed, after this 
operation the correct contact angles can be accurately 
measured. 

3. EXPERIMENTAL PROCEDURE AND APPARATUS 

3.1. Improved sessile drop method apparatus 

The sessile drop method has been widely used to 
estimate the wetting of various materials. In cer- 
amic/metal systems the metal is usually placed on the 
ceramic surface in a solid state before heating. Then, 
the sample is heated to melt the metal on the ceramic 
surface. When this normal sessile drop method is 
applied to the measurement of wetting by aluminum, 
the oxidation of a luminum cannot  be prevented since 
the initial oxide film is not removed, as discussed in 
Section 2. Furthermore,  while the sample is being 
heated, the ceramic sample reacts with the metal, 
therefore the original contact angle cannot  be 
measured. 

In order to achieve the following objectives, an 
improved sessile drop method [1] was devised. 

(1) Initial surface oxide film is removed. 
(2) The time at which the wetting starts is decided. 
(3) Contaminat ion of the ceramic surface by 

evaporated a luminum is minimized. 
(4) An advancing contact angle in phase I and 

phase II [1, 2] (Initial phases: see Section 4) can be 
produced. 

(5) The condit ion under  which a luminum does not  
oxidize throughout the wetting experiments is 
achieved. 

A schematic diagram of the improved sessile drop 
method apparatus is shown in Fig. 1. The system 

Table 2. Calculated oxygen and AI20 partial 
pressure in equilibrium using the equation: 

Al 203 (s) = AI 20(g) + 02 (g) 

Temperature (K) PAi2o (= Po2) (Pa) 
1073 8.283 x 10 23 
1173 1.190 x 10 19 
1273 5.451 x 10 17 
1373 1.023 x 10 -14 

Table 3. Calculated A I 2 0  partial pressure in 
equilibrium using the equation: 

4Al(l) + A1203 (s) = 3AI 20(g) 

Temperature (K) Pgl~o (Pa) 
1073 6.419 x 10 6 
1173 6.908 × 10 -5 
1273 1.641 x l0 -3 
1373 2.460 x 10 2 
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1. Flow Meter 5. Ti Furnace 
2. Molecular Sieve 6. Light 
3. 02Trap 7. Camera 
4. Liquid N2 
Fig. 1. Improved sessile drop method apparatus. 
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consists of a sealed chamber, a purification system for 
the atmospheric gas (He-3% H2) in the chamber, a 
set of vacuum pumps to evacuate the chamber, two 
light sources, and two cameras: a 35 mm camera and 
a video recording camera both with bellows and 
macro lenses. 

The sealed chamber has four windows and 
contains a molten aluminum dropping device and a 
molybdenum cylindrical heater with three concentric 
reflectors located around the dropping device. 

As shown in Fig. 2, the aluminum dropping device 
is a tube of pure alumina (99.9 mass %) with a 
0.5 mm hole at its base. When the temperature of the 
substrate reaches the experimental temperature, an 
aluminum pellet placed outside the furnace is pushed 
along the tube by a steel rod using a magnet and 
dropped into the bottom of the dropping tube. 
Immediately after the aluminum pellet has been 
heated to the experimental temperature, it is, as a 
liquid, slowly forced through the hole at the base 
of the tube by a very gradual decrease in the atmos- 
pheric pressure of the chamber. 

At this time, the initial oxide film is removed 
mechanically by the action of passing through the 
hole and initial wetting begins. Furthermore, the 
contamination of the ceramic surface by evaporated 
aluminum is minimized because the aluminum is in a 
molten state for only a very short period of time. The 
rate of dropping is thus minimized and the gas flow 
due to the difference in pressure between the chamber 
and the tube stops as soon as the drop passes through 
the hole. The slow drop rate maximizes the possibility 
of obtaining an advancing or equilibrium contact 
angle instead of a receding one. 

The gas purification system [1] consists of a mol- 
ecular sieve for trapping H20, an oxygen trap, liquid 
nitrogen cold trap and sponge titanium furnace 
heated to about 1173 K to remove H20 and O 2 from 
the atmospheric gas so that oxidation of the alumi- 

num surface is prevented during each experiment. 
One liquid nitrogen cold trap was placed before the 
titanium furnace and the other was placed after it in 
order to trap the titanium vapor as well as any extra 
H20. 

The wetting was not measured in a vacuum because 
under such a condition the loss of aluminum due to 
vaporization is so great that the contact angle be- 
comes a receding contact angle and therefore affects 
the validity of the experimental results [1]. When the 
wetting by aluminum is measured in an atmosphere, 
the partial pressure of oxygen must be low enough for 
AI20 to move relatively quickly onto the chamber 
wall (where the temperature is low). The movement 

Specimen Steel 

Glass tube 
Magnet 

Connector 

Chamber  

99.9%AI203 Tube 

I 

Mollen Alloy 

_! !_ q~0.Smm 
II 

Fig. 2. Schematic of dropping device. 
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Table 4. Chemical composition of h-BN (mass %) 

BN B 2 03 CaO AI Fe Mg C 

> 99.7 0.06 0.005 < 0.001 < 0.001 < 0.001 0.04 

of 02 onto the aluminum surface must be slow 
enough, as compared to the movement of A12 O, to 
prevent oxidation of the aluminum. Therefore, an 
atmosphere which contains very few oxygen mol- 
ecules is the best condition for measuring the wetting 
by aluminum. We believe such an atmosphere is 
attained in this apparatus. 

3.2. Experimental procedure 

The experiments were conducted using 99.99% A1 
pellets and plates of 99.7% sintered h-BN manufac- 
tured by Shin-Etsu Chemical Co. The A1 pellets 
weighed about 70 mg each and were pre-treated by 
immersion in hydrofluoric acid and then in acetone. 
Since only a few impurities in ceramics can affect the 
wetting [6, 7], the highest possible purity ceramics 
available at present were used. Table 4 gives the 
chemical composition of BN. The plates had dimen- 
sions of 20 x 20 x 5mm. The BN plates were 
polished to a mirror finish using various grades of SiC 
paper and two grades of diamond paste (particle 
diameter 6 and 0.25 #m) before being cleaned in 
acetone within an ultrasonic cleaner. 

After the BN plate was set in a horizontal position 
under the dropping device, the chamber was evacu- 
ated to 1.3 × 10 -3 Pa (approx. 10 -5 torr) and heated 
at 1423 K. This temperature was maintained for 
about 3600s to remove hydroxyl groups mainly 
before the purified He-3% H2 atmospheric gas was 
introduced and the pressure raised to 120kPa 
(1.2 atm). The chamber was then cooled and when the 
BN plate reached the requisite experimental tempera- 
ture (1173, 1273 and 1373K), the A1 pellet was 
inserted into the dropping device. Immediately after 
the A1 pellet was raised to the experimental tempera- 
ture it was, as a liquid, forced through the hole in the 
base of the tube. At this time, if the oxide film could 
not be removed, the results of the drop cycle were 
disregarded and the experiment was repeated. 

When a receding contact angle results from the 
drop, that is, when the interfacial area is larger than 
the equilibrium area, it is difficult for the contact 
angle to reach equilibrium. One of the reasons for this 
difficulty is that the center of gravity of the sessile 
drop is rising. If the interfacial diameter decreases to 
the equilibrium diameter, the 7sv of the ceramic 
surface that was in contact with the molten aluminum 
will be decreased due to its contamination from 
contact with the aluminum. Furthermore, when the 
new products are formed at the solid/liquid interface, 
the surface is rougher and the difference between a 
receding contact angle and the equilibrium contact 
angle is larger. Therefore, only advancing or equi- 
librium contact angles are suitable for measuring 
wetting. 

The improved sessile drop method allowed us to 
obtain a greater percentage of advancing or equi- 
librium contact angles. When a receding contact 
angle resulted in phase I or II [1, 2] (initial phases: 
see Section 4), the value was disregarded and the 
experiment repeated. 

The sessile drop was photographed with a 35 mm 
camera at 5 and 10 s and then at 10 s intervals for the 
first 60 s, and thereafter at intervals of 60, 180, 360 
and 600 s until the end of the drop cycle (7.2 ks). 
Right and left hand contact angle 0 were measured on 
projections of the monochrome negatives (magnifi- 
cation 50 x ). When 0 was larger than 100 °, the value 
was calculated using Bashforth and Adam's tables [8]. 
When 0 was less than 100 °, the contact angles were 
measured directly because the contact angle obtained 
using Bashforth and Adam's tables had a large 
margin of error. If the contact angles recorded by the 
two cameras differed by more than a few degrees, 
or if the bulk drop was unsymmetrical then the 
results of the drop cycle were disregarded and the 
experiment was repeated. 

In order to observe the interfacial advancing phenom- 
ena in detail, a video camera was used with a filter 
devised to remove the radiant light from the heater. 

180 
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Fig. 3. C o n t a c t  angle  curves  between AI and  BN. (a) L inea r  
t ime scale; (b) logar i thmic  t ime scale. 
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Table 5. Compar i son  on contact  angle between boron nitride and 
a luminum 

Researcher Atmosphere  1273 K 1373 K 

Naidich  [9] Unknown  - -  < 90'  
Nicholas [10] Vacuum 9 0  3 5  
Chia ramonte  [11] Vacuum 5 0  - -  
Xue  [12] Vacuum 7 2 "  34 h 
This  work H e - 3 %  H 2 0 0 
This  work Vacuum 0 '~ 0 

N280 K, b1380 K 

4. EXPERIMENTAL RESULTS 

Figure 3 shows the contact angle curves for each of 
the three experimental temperatures, as plotted on a 
normal  (linear) and a logarithmic time scale. When 
the contact angle curves were plotted on a logarith- 
mic time scale, as shown in Fig. 3(b), the contact 
angles can be seen to progress through the four phases 
[1, 2] similar to other ceramics, viz: l - -or ig inal  wet- 
ting phase (0-5 s); I I - -quasi-equi l ibr ium phase; I I I - -  
interfacial-reaction-wetting phase; IV---equilibrium 
phase. 

An a luminum drop vibrates for a few seconds after 
contacting the ceramic plate with the contact angle 
decreasing from an initial 180". Since the contact 
angles have large margins of error in phase I, because 
of the vibration of the a luminum drop, this phase is 
not  shown in Fig. 3. 

In phase II the original contact angle (the contact 
angle between non-reacted BN and aluminum) can 
be determined [1, 2]. The original contact angle is 
about  143 °, 135 ° and 132 ° at 1173, 1273 and 1373 K 
respectively. 

Phase III was observed at and above 1173 K, while 
phase IV was observed at and above 1273 K. The 
equilibrium contact angle (phase IV) is f t .  This value 
is much lower than those of typical ceramics. This 
value means that BN is an opt imum material for use 
as an a luminum matrix composite material from the 
standpoint  of wetting. 

2500 ~ i - -  

E 2 0 0 0  . . . . . . . . . . . .  t . . . .  ~ i . . . .  

15oo ; - i . . . . . . . .  

~ooo . . . . . . . .  

500 . . . . . .  , -- + ! 

o . . . .  i , 1 ,  , 
180 150 120 90 60 30 

Contact angle / deg 

Fig. 4. Relationship between contact angle and driving force 
of wetting. 

5. DISCUSSIONS 

5.1. C o m p a r & o n  wi th  o t h e r  researchers"  va lues  

Table 5 shows the contact angles between 
boron nitride and aluminum reported by other re- 
searchers [9-12]. The values shown in this table are 
very different from each other, and the value 0 ° 
observed in this study is much smaller than the 
values of the other studies. However, Meaders 
e t  al. reported that the melting aluminum climbed 
the boron nitride wall [13]. This phenomenon indi- 
cated that the contact angle was 0" during their 
experiments. 

In a system whose equilibrium contact angle is 0 e, 
the balance of the three interracial tensions is 
7sv-TsL =TLvCOS0e as derived from Young's  
equation. When the contact angle is 0 in this system, 
the driving force of wetting (F) which causes the 
system to reach equilibrium is expressed as equation 
(9) 

F = 7sv - 7SL -- 7LV COS 0 

= 7LV (COS 0e -- COS 0). (9) 

Fig. 5. X-ray mappings of BN/AI interface (1373 K, 7200 s). 

10E. .m 
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When the contact angle is 0 in a system whose 
equilibrium contact angle is 0 °, the driving force of 
wetting (F) is expressed in equation (10) 

F = TLV(1 -- COS 0). (10) 

As the contact angle becomes smaller, the driving 
force of wetting also decreases as shown in Fig. 4. 
Therefore, if there is a limiting factor, such as an 
oxide film on the aluminum surface, the drop will 
stop spreading, resulting in a halt in the decrease of 
the contact angle. Accordingly, the value of the final 
contact angle probably depends on the extent of the 
limiting factors, such as, the quantity of oxide film on 
the aluminum surface. 

In this experiment the aluminum oxide film was 
removed by passing the aluminum drop through the 
0.5 mm ~ aperture of a Al:O3 tube. Furthermore, the 
partial pressure of oxygen was extremely low because 
the He-3% H2 gas was purified by passing it through 
liquid nitrogen and a titanium furnace, this also 
prevented oxidation during the experiment. In ordi- 
nary sessile drop experiments, the aluminum is placed 
on the substrate before it is heated, therefore the 
initial oxide film on the aluminum surface is not 
completely removed, even when the experiment is 
conducted in an ultra high vacuum. We believe that 
because of this factor the contact angle observed by 
other researchers was larger than that obtained in the 
present study. 

5.2. Solid~liquid interface reaction 

Figure 5 shows a secondary electron image and 
X-ray mappings of a cross section of a 1373 K drop 
cycle sample. With EPMA line analyses of the typical 
cross-section aluminum and nitrogen were detected 
within the reaction zone while boron was not. Boron 
was only detected in the aluminum. Using an X-ray 
diffractometer, the structure of the reaction zone was 
found to be AIN. Therefore, the initial reaction 
equation at the interface is as follows 

BN(s) + Al(i) ~ A1N(s) + B(in AI). (11) 

Since the volume of A1N produced is about 5.6 mm 3 
at 1373 K as shown in Table 6, it is estimated that the 
aluminum must contains 6.2 mass % boron. 

At 1373 K boron dissolves into aluminum to make 
up about 3% of the mass of the aluminum, as shown 
in the A1-B binary phase diagram [14]. Above 1258 K 
the remaining boron becomes ~A1B~2, whereas it 
becomes A1B 2 below 1258 K. The chemical equations 
during the experiments are as follows 

Table 6. Volume of the produced AIN 
Depth of reaction Volume of produced 

Temperature (K) zone (#m) AIN (mm ~) 
1173 15 0.12 
1273 14 5.2 
1373 7 5.6 

BN(s) + AI(1) ~ A1N(s) + B(in A1) 

+~A1BI2(s) (>1258K)  (12) 

BN(s) + AI(1) ~ A1N(s) + B(in A1) 

+ AIB2(s) ( <  1258 K). (13) 

Two kinds of boron compounds were detected in 
the aluminum of a 1373 K drop cycle as shown in 
Fig. 5, a rectangular shaped compound and a round 
shaped compound. ~A1B~2 must have been produced 
at 1373 K during the experiments. Also, AIB2 can be 
produced in the sample during cooling after the 
experiments. It is considered that the round shape, 
which has a stronger peak of boron, is ~A1B~2 and the 
rectangular one, which has a weaker peak of boron, 
is AIB 2. 

~AIB~2 and A1B2 were not detected uniformly 
throughout the interface. Therefore, these com- 
pounds did not affect the wetting very much. Further- 
more, since boron is not a surfactant of aluminum, 
according to the results reported by Lang [15], it does 
not affect the solid/liquid interfacial tension so much, 
either. 

5.3. Driving force for contact angle decrease 

The original contact angle between the boron 
nitride and the aluminum (phase II) is about 132 ° and 
we know that B, ~A1Blz and A1B2 do not affect the 
wetting very much, as mentioned above. Therefore, it 
is considered that the production of A1N at the 
interface causes the contact angle to decrease to 0 °. 

Figure 6 shows the contact angle between alumi- 
num nitride and aluminum [7] compared with the 
contact angle between boron nitride and aluminum at 
1373 K. This figure shows that aluminum nitride is 
also a non-wetting material. Therefore, in this system 
the production of a new non-wetting compound in 
the non-wetting material causes the contact angle to 
decrease. 

In order to explain this characteristic phenomenon 
a model was formulated, as shown in Fig. 7. The 
contact angle is determined not by the absolute value 
of each of the interfacial tensions, but by the differ- 
ence between the solid/liquid interfacial tension (?SL) 

180 

150 

3 
30 

5 10 100 1000 10000 

Time / s 

Fig. 6. Contact angle curves of AIN/AI and BN/AI at 
1373 K. 
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AIN 

(c) 

s/I interface: s=AIN 
s/v interface: s=BN 

Fig. 7. Driving forces of wetting of BN/Al system. 

and the solid/vapor interfacial tension (Tsv). Also the 
contact angle (0) is determined by the following 
equation 

cos 0 - 7sv -~sL (14) 
]~LV 

where YLV is liquid/vapor interfacial tension. There- 
fore, even when the contact angle is the same in 
several systems, there are many conditions to be 
considered. When the metal is the same (AI in this 
case), that is, when 7Lv is the same, the difference 
(?SV--TSL) is the only factor that determines the 
contact angle. 

The difference ( ? s v -  7SL) is similar in BN/AI and 
AIN/AI systems, since the original contact angles of 
both systems are similar. Accordingly, when it is 
assumed that in the BN/AI system both 7sv and 7sL 
are large and in the AIN/A1 system both interfacial 
energies are small, the decrease in the contact angle 
to 0 '  can be clearly explained as shown in Fig. 7(c). 
When A1N is produced only at the solid/liquid inter- 
face, ?sv (namely ?BN-V) is large and 7sL (namely 7AIN-L) 
is small and as a result there is a driving force for the 
contact angle to decrease. 

Figure 8 shows the interface of a sample cooled 
quickly 2 min after the A1 drop. This figure 
shows that AIN is produced only at the solid/liquid 
interface. This phenomenon does not contradict the 
model shown in Fig. 7. However, the estimation of 
the balance between the solid surface tension and the 

) 

Fig. 8. Appearance of BN/A1 interface (1373 K, 720 s). 

solid/liquid interfacial tension, as shown in Fig. 7, 
cannot be confirmed since both values cannot be 
easily measured and few values have been reported. 
Contrariwise, a calculated surface tension value of 
h-BN (100) was reported by Xue [12] and the critical 
surface tension of AIN was reported by Rhee [16]. 
The calculated surface tension of h-BN (100), which 
should have the lowest surface tension of all h-BN 
surfaces, is 1030 raN/m, whereas the critical surface 
tension of A1N is 664 mN/m. According to Rhee [17], 
the critical surface tension is equal to the surface 
tension of AIN (?sv). Although both values include 
some assumptions, these values affirm the estimations 
of Fig. 7. 

When the molten aluminum is in a condition 
corresponding to (a) in Fig. 9, the stable contact angle 
is about 0". When the aluminum advances to reach 
the condition corresponding to (b), the stable contact 
angle is 132, since the solid of solid/liquid interface 

(a) 

AIN / BN 

v 

(b) 

R-,N\\\NNN\\\\\\\\NNNN\\\\\N\~ 

BN / BN 

Fig. 9. Two types of solid/liquid/vapor interface. 
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The ratio of AIN/BN and BN/BN at the 
solid/liquid/vapor interface depends on the condition 
of the AIN produced. However, the ratio of A1N/BN 
at the solid/liquid/vapor interface can be roughly 
estimated using Cassie's equation [18], but only for 
the solid/liquid/vapor interface. Since the contact 
angle at any given time, is determined by the balance 
at the interfacial forces, Cassie's equation essentially 
should be applied only to the solid/liquid/vapor 
interface, as follows 

cos Ot = x cos OA1N/BN + (1 --X)COS OaN/BN 

= x cos 0 ° + (1 - x)cos 132 ° (15) 

where cos 0t is the cosine of the contact angle at an 
arbitrary time t and x is the ratio of A1N/BN at the 
solid/liquid/vapor interface. Using equation (15), the 
change in the ratio of A1N/BN and BN/BN over time 
is calculated as shown in Fig. 12. This figure shows 
that the ratio of AIN/BN increases as the 
solid/liquid/vapor interface advances. 

Newly produced AIN 

, A I N  / B N  

- -  B N  / B N  

Fig. 10. A model of interface advancing. 

6. SUMMARY 

In order to measure the change in the contact angle 
between hexagonal boron nitride (h-BN) and alumi- 
num over time, an improved sessile drop technique 
was devised to prevent the oxidation of aluminum. 

i. It was confirmed that above a certain tempera- 
ture the contact angle of A1 on BN also progresses 
through the following four phases, similar to other 

also becomes BN. In phase III, the contact angle is 
decreasing in a range between 0 ° and 132 ° and is 
different from the two stable contact angles. There- 
fore, the state of the solid/liquid/vapor interface in 
this phase must be a combination of A1N/BN [con- 
dition (a)] and BN/BN [condition (b)], as shown in 
Fig. 10. Seen from the top, the solid/liquid/vapor 
interface is as shown in Fig. 10(a). If the interface is 
represented without the aluminum it should appear 
as shown in Fig. 10(b). It is considered, as shown in 
Fig. 10(b), that the AIN/BN interface, which has a 
stable contact angle of  0 °, pulls the solid/liquid/vapor 
interface forward, thereby producing BN/BN inter- 
face, which has a stable contact angle of 132 °. When 
new AIN is produced, as shown in Fig. 10(c), the 
solid/liquid/vapor interface also advances and 
changes the shape of the solid/liquid/vapor interface. 
Accordingly, the interface advances with a laterally 
waving motion. 

The advancing lateral movement of the 
leading edge of the solid/liquid/vapor interface was 
observed with a video camera as shown in 
Fig. 11. These photos indicate that the model 
proposed here is suitable for the representation of the 
phenomenon. 

2'20" 

2'21" 

2'22" 

2'23" 

2'24" 

2'25" 

lmm 

Fig. 11. Interface advance with laterally waving motion. 
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Fig. 12. Change in length of solid/liquid/vapor interface 
over time. 
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ceramics, on a logarithmic time scale: I - -or ig inal  
wetting phase; I I - -quasi -equi l ibr ium phase; I I I - -  
interfacial-reaction-wetting phase, IV---equilibrium 
phase. 

2. The original contact  angle between boron ni- 
tride and aluminum was about  143 °, 135 ° and 132 ° at 
1173, 1273 and 1373 K respectively. 

3. At temperatures higher than 1273 K, the equi- 
librium contact  angle between BN and A1 becomes 0 °. 
This contact angle indicates that BN is an appropri-  
ate material for inserting into liquid A1. 

4. The degree of  decrease in the contact  angle 
depends on the initial quanti ty of  oxide film on the 
aluminum. Thermodynamics  considerations have in- 
dicated that the conditions for the reduction are 
easily achieved when the initial oxide film on alumi- 
num surface is partially removed. When the oxidation 
of  the aluminum is prevented, the contact angle 
becomes 0 .  

5. The production of  a luminum nitride, which is a 
non-wetting material, decreases the contact angle. 
Only the production of  a luminum nitride at the 
solid/liquid interface can produce a driving force for 
decreasing the contact angle. 

6. Essentially, Cassie's equation should only be 
applied to the solid/l iquid/vapor interface because an 

increase or decrease in the total free energy is deter- 
mined by the movement  of  the solid/l iquid/vapor 
interface. Only in the case where new products are 
dispersed uniformly can Cassie's equation be applied 
to the whole solid/liquid interface, as Cassie 
suggested. 
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