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Wettability and spreading kinetics of liquid
aluminium on boron nitride
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The wettability and spreading kinetics of liquid Al on CYD-BN were investigated by the
sessile drop method in a vacuum of about 1.1 x 1073 Pa at 1070 to 1430 K. The wettability on
the Al-BN system was different from that of the Al-SiC system reported in the literature. The
wetting angle of AI-BN linearly decreased with an increase of temperature in high temperature
range, and tended towards 15° at 1430 K. Complete wetting could be obtained at about

1470 K. The interface energy between liquid Al and the reaction layer and the surface energy
of CVD-BN were calculated by means of Warren thermodynamics analysis. The surface of
CVD-BN was examined by XRD. The results show that the surface of CVD-BN was chiefly
composed of those low energy planes parallel to (001). According to the relationship of the
spreading kinetics from the experiments, the apparent activation energy of the liquid Al
spreading on the surface of CVD-BN was calculated. The result shows that the activation
energy of interfacial reaction accounts for about 54% of the spread activation energy. The
spread of liquid Al on CVD-BN was affected by the interfacial reaction, diffusion and

liquid movement on the surface.

1. Introduction

High purity chemical vapour deposition (CVD) boron
nitride is one of the ceramic nitrides that have high
chemical stability and high-temperature strength. It is
used as a refractory for melting high pure alloy, crystal
growth and the special nozzle. Since the boron nitride
possesses a high thermal transmittance and a high
insulance, it would be used in the electronics industry
as radiator substrate in large amounts. The composite
production and joining of boron nitride to metal is of
great interest to the researchers.

Research -on the wettability and spreading kinetics
of liquid metal on the surface of ceramic will help to
understand the reaction between metal melt and re-
fractory and the features of the metal-ceramic inter-
face, moreover, to promote the composite production
and the design of metal filler for the metal-ceramic
joints.

Previous studies on the wettability for Al-ceramics
showed that for Al-SiC system and Al-Al, O system,
the wetting of ceramics by liquid Al was controlled by
a liquid phase interface formed by an ordinary dissol-
ving reaction: SiC and Al,O; dissolving into alumi-
nium [1, 2]. Very little research has been done on the
wettability for Al-ceramic system for which no liquid
phase interface exists. At present, there is no sys-
tematic report on the wettability and the spreading
kinetics of liquid Al on the surface of BN.

To understand the law of the wetting and spreading
kinetics of Al-ceramic system where there is no solu-
bility between Al and ceramic, but exists a stable
reaction interface, we carried out this work. The

0022-2461/91 $03.00 + .12 © 1991 Chapman & Hall

spread rate constant was defined by the spread ex-
periments, and the apparent activation energy on the
spreading kinetics process was calculated.

2. Experimental procedure

2.1. Materials and method

The purity of the aluminium employed was 99.999%.
The sample weight was approximately 25 mg. The
chemical vapour deposit boron nitride (over 99.99%
purity), CVD-BN, was used as the solid substrate. The
CVD-BN substrate is a disc of 15 mm diameter and
0.3 mm thickness. The surface of the substrate was
polished with 0.5 pm diamond and 0.05 pm SiC pow-
der, respectively, and both the substrate and the Al
sample were cleaned by ultrasonic agitation in acetone
for 20 min before experiment.

The sessile drop method was used to study the
wettability and spreading kinetics of the CVD-BN
by liquid Al The apparatus and the measurement
methods used for this work are quite similar to those
of our earlier reports [3, 4].

In order to avoid the sample being oxidized, the
experiments were carried out in a vacuum, and a
vacuum sample conveyer was employed to prevent the
gas absorbed in the system contaminating the metal
melt in the experiment process. The Al sample was
placed in the tail of the channelled-Mo of the vacuum
sample conveyer before heating. After the vacuum
reached 1.1x 1072 Pa, high purity argon (over
99.999%) flowed into the furnace for at least 30 min.
The chamber of the furnace was then evacuated. When
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the vacuum reached 1.1 x 1073 Pa again, the experi-
ment was carried out according to the following
procedure.

(1) To eliminate the gas absorbed in the system, the
temperature was held for 30 min at 100 K above the
experiment temperature, during which the highest
temperature of the sample in the vacuum sample
conveyer was about 400 K.

{2) The sample was conveyed onto the CVD-BN
substrate at the specific experiment temperature.

(3) After the sample had melted completely, the
timing began and photographs were taken at various
time intervals.

To purge the atmosphere as much as possible,
Zr-10RE alloy shot (RE: rare earth, about Ce 50 wt %,
La 25wt%, Nd 16 wt%, Pr 6 wt%) was placed
round the substrate. The oxygen partial pressure
estimated around the sample in the experimental
process was lower than 10715 Pa.

The dimensions required for the calculations of the
wetting angle and spread ratio were taken from the
photographs measured by a projector. The surface
composition of CVD-BN was examined by means of
XRD.

2.2. Definition of spread ratio, a

The sessile drop method is an effective method to
investigate the wetting and spreading between liquid
and solid. Much helpful information can be obtained
from it, such as the surface tension of liquid phase,
wetting angle of liquid-solid and the spread area. In
previous studies on spreading kinetics, the spread area
per unit weight was measured as an object of study.
This treatment would result in differences in the vari-
ous spread area per unit weight in the same system,
because of the different weights taken. For example,
supposing the liquid drop is spheric cap, two drops 1
and 2 possess the same density (p), the volume ratio of
the two droplets is o, ie. V{/V, = o, if the wetting
angle (0) of them with the solid substrates are alike, the
two spread areas per unit weight are given by S
= nR3sin?0/V,;p~! and S, = nR3sin?0/V,p~ ", re-
spectively, here R, and R, are the principal radii of the
two spheric caps, respectively. Then §//S, = o0~ /3,
therefore the volume of the liquid drep is larger and
the spread area per unit weight is smaller.

To let the experimental values of the various vol-
ume drops be comparable with each other and have
no effect on the law of the spreading kinetics, we take
the ratio of the spreading area (S) in the experimental
process to the intrinsic cover area (Sy) of the drop (the
equatorial plane of liquid drop when 8 = 180°) as the
spread ratio (o) of liquid on solid. As above, the two
intrinsic cover areas are given by S,; = TR}, and Sg,
= nR%,, then S,,/S,; = ®*’®. When the two wetting
angles are the same, the spreading areas of 1 and 2 are
given by S, = tR%sin?6 and S, = nR3sin?6, then
o /o, =S,851/80:S07 = 030”3 =1, therefore
the spread ratio a of various weight sample is the same
for the same system and experimental conditions. In
this paper, the kinetic relationship of the spread ratio
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(o) of the AI-BN system with the reaction time was
investigated.

3. Result and discussion

3.1. Wettability

In the present study, a typical example of holding time
dependence of the wetting angle (6) on AI-CVD-BN
system is shown in Fig. 1. The relation curve of 0
against ¢ at 1190 K is composed of three stages: incu-
bation, quasi-steady decrease and trend constant. The
experimental temperature is lower, the first and sec-
ond stages are longer. The wetting angle held constant
at 1070 K, and no second and third stages were ob-
served during the experiment. When the temperature
was 1380 K, the incubation vanished, and 0 decreased
at a large slope during the initial reaction. The wetting
angle scatter in the experiment error after a reaction
time of 3.6 ks.

Fig. 2 shows the isochrones of temperature depend-
ence of the wetting angle between Al and CVD-BN.
There are three temperature ranges of the wetting
angle change on the 1.8 and 3.6 ks isochrones. From
1070 to about 1200 K, the wetting angle decreased at a
slower rate with an increase of the temperature. The
absence of solubility between Al and BN, means that it
could be deduced that the chemical reaction of AI-BN
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existed in this temperature range. The weak chemical
reaction resulted in a small change of wetting angle
due to the low temperature. In this range, the equilib-
rium oxygen partial pressure of Al-Al,O, of about
107*2 to 10732 Pa and the vapour pressure of alumi-
nium are low, therefore the oxide film on the surface of
the liquid aluminium could not be dispelied com-
pletely in the experimental process. A larger wetting
angle of AI/CVD-BN, 0 > 120°, thus resulted in this
temperature range.

In the 1200 to 1250 K temperature range, the wet-
ting angle acceleratively decreased as the temperature
rose, and the transition of “non-wetting (0 > 90°)
to wetting (6 < 90°)” was observed on the 3.6 ks iso-
chrone. It is reasonable to presume that since the high
vapour pressure ( > 10~ ' Pa) of aluminium, the liquid
Al surface vaporization gradually dispelled the retar-
dation of oxide film to the wetting in this system.
When the temperature was higher than 1250 K, the
wetting angle decreased at a large slope with an
increase of temperature. On the 3.6 ks isochrone, the
wetting angle tended toward 15° at 1430 K. From the
tendency of wetting angle change, the equilibrium
wetting angle could reach 0° at 1470 K.

In the relationship of temperature dependence of
wetting angle of Al-SiC system, as shown in Fig. 3
[2, 5], the wetting angle tends to a constant in the high
temperature range. On the 1.8 ks isochrone, the con-
stant wetting angle of Al-SiC is about 38°. In the
present study on the AI-CVD-BN system, however,
the wetting angle decreased rapidly as the temperature
rose in the high temperature range. When the experi-
mental temperature was lower than 1380 K, the wet-
ting angle values of Al-SiC were less than our meas-
urement on AIFCVD-BN. We think that these ob-
served differences are due to the difference in the
interface formed features for both Al-SiC and AI-BN.
For Al-SiC system, a dissolving reaction of SiC dissol-
ving into aluminium can occur at 923 K [6] and the
solubility of Si in liquid Al is large. After the surface
layer of SiC decomposed in liquid Al, the formation at
the liquid interface of Al-Si solution resulted in that
the formation of the stable compact Al,C, layer being
very difficult in this interface. The transition of “non-
wetting-wetting” in Al-SiC system could occur at a
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Figure 3 Isochrones of temperature dependence of the wetting
angle 8 between aluminium and SiC in reaction time 1.8 ks
{a according to Kohler [5], P =2 to 8 x 10~ # Pa, b according to
Laurent [2], P = 10"% to 5x 107° Pa and P, = 10”16 Pa)

lower temperature after the retardation of oxide film
to wetting dispelled. Since the saturation of SiC in the
liquid, the wetting angle of the Al-SiC system tended
to a constant in the high temperature range [2].

For the AI-BN system, there is no solubility be-
tween aluminium and BN, therefore the formation of
the interface is determined by the chemical reaction
with each other. In the study of EPMA and XRD for
the interface of Al-HP-BN and AlI-CVD-BN, we
noted that a stable interfacial reaction layer formed of
AIN and aluminium boride, between liquid aluminium
and boron nitride [7, 8]. The reaction layer retarded
the further reaction between liquid aluminium and
boron nitride, so the temperature of the “non-
wetting-wetting” transition of AI-BN is higher than
that of Al-SiC. In the high temperature range, since
the interfacial reaction and the diffusion of Al in the
interface layer rose with an increase of temperature
and a little AIN dissolved into liquid Al [9], the
wetting angle could decrease rapidly as the temper-
ature rose. The complete wetting state could thus be
obtained at 1470 K.

3.2. Interfacial energy and surface energy
Since a stable interface formed in the AI-BN system
and there existed a layer of AIN on the bottom of
liquid Al drop [7,8], when the system reached
thermodynamic equilibrium, ie. the wetting angle
constant, the surface energy of liquid Al (y,s)), the
surface energy of solid BN (y,n,) and the interfacial
energy of liquid Al-solid AIN (y i amn,) could be
given by Young’s equation as follows

YsBN) = Ysiayaiyy t Yivan €O 0 (1

As soon as the interfacial energy vy, am, is estimated,
the surface energy of BN 7,4y, can be calculated using
Equation 1.

Using Warren thermodynamic analysis [10], the
interfacial energy in binary system can be written as

Yo = Ya t+ Ya (2

where v, is the energy of a solid-liquid interface
between a solid and a liquid with the same composi-
tion. yy is the energy of a solid-liquid interface
between two structurally similar but chemically differ-
ent phases. For the interface of the pseudo-binary
systems of no liquid dissolving into the solid, accord-
ing to Warren’s two atomic layers interface thermo-
dynamic model, v/, and v, are given by

kT /b(V/by*"> &)
Ya = nF/N 4
H, (1 — T/T,)X* + RT[XInX
+ (1 —X)In(1 — X)] — RTInX,
x [X(1 — X)] (5)
X =mX, + ny)/n (6)

where T, is the melting point of solid (K), b the
number of atoms in the solid molecule, V' the molar
volume of the compound solid (m3), n the number of
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Figure 4 The X-ray diffraction pattern from CuK, radiation for the
surface of CVD-BN substrate.

interface atoms, n, + n,, k an empirical constant, be-
tween 5x 1074 and 8 x 10 * [11], H,, the latent heat
of melting of solid, X, the molar fraction of solid
atoms in liquid solution and N Avogadro’s number.

The molar fraction of solid AIN in liquid Al solution
is very small. The estimated value of X is about 1072
at 1380 K [9]. For this system the value of vy, was
estimated using Equations 2 to 6 with the values of
k=65x10"%and X, = 1072 The value of the inter-
facial energy of liquid Al with solid AIN v, is approx-
imately 0.410 I m 2. According to the relationship of
0-t in this experiment, the equilibrium wetting angle
at 1380 K is close to 35°. The surface energy of liquid
Al at 1380 K was taken from [7], ¥},(a;y = 0.760 Jm ™2,
Recalling Equation 1 and combining it with above
parameters, the value of surface energy of CVD-BN is
approximately 1.03 Jm™ 2,

The XRD analysis of the CVD-BN substrate
showed that the surface of it was chiefly composed of
the strong plane (001), as shown in Fig. 4. From a
knowledge of the relationship between crystal planes
and surface energy, we know that the strong plane
possesses a low surface energy. On measurement of
the surface energy of various planes in the graphite
crystal, the surface energy of the strong plane (00 1)
was estimated to be about 0.990 Jm ™2 at 1380 K [12].
Considering that the crystal structure of CVD-BN
is similar to that of graphite and the chemical bond
energy of B-N (385 kJ mol™! [13]) is close to that of
C—C (348 kJ mol ! [13]), we estimate that the surface
energy of the strong plane (00 1) in CVD-BN crystal is
approximately 0.90 to 1.00 Jm ™2

3.3. Spreading kinetics
The results of the spread experiment for liquid alumi-
nium on the CVD-BN substrate are shown in Fig. 5.
There was an incubation at low temperature. Above
1220 K the incubation vanishes and the relationship
between spread ratio o and spread time t is close to the
exponential function. The spread of liquid drop on the
solid decelerated, and the.spread ratio tended to a
constant with an elapsing time.

A plot of In(x ~ o) against In(zr — 1) at various
temperatures, gave approximately straight lines in an
elapsed time 1.2 ks, as shown in Fig. 6. The linear
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Figure 5 Spread time t dependence of spread ratio a for liquid
aluminium on CVD-BN at various temperatures (a 1430 K,
b 1380K. ¢ 1340K, d 1290K, e 1240K, f 1220K, g 1190 K,
h 1140 K).

ranges are the so-called “quasi-steady spread range”
[14]. The spread ratio of the liquid aluminium with

the spread time in this range can be given by
(o — ap)'’® k(t — 1) (N

where o, is the spread ratio at t = 0, ¢ the spread time
(s), T the incubation (s), k the spreading rate constant
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Figure 6 Relationship between In(x — o) and In(zr — 1) for spread
of liquid aluminium on CVD-BN at various temperatures (a
1430 K, b 1380 K, c 1340 K,d 1290 K, e 1240 K, f 1220 K, g 1190 K,
h 1140 K).
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Figure 7 Variation of In of spread rate constant k with inverse of
temperature T for spread of liquid aluminium on CVD-BN.

(s™!) and n the spread index, relating to the inter-
fraction within the liquid phase and between liquid
drop and interface.

Following the example of the treatment method of
chemical reaction kinetics, plots of Ink against 1/7,
where T is the temperature in K, as shown in Fig. 7.
From this figure, the plot of Ink against 1/7T is a
straight line, and follows Arrhenius behaviour. Hence,
the value of the apparent spread activation energy Q
could be calculated from the straight line, about
216 kJ mol ™%,

The liquid metal spreading on the ceramic surface is
chiefly affected by the interfacial chemical reaction,
diffusion, ceramic dissolving into the liquid metal and
the interfraction within liquid phase and between
liquid drop and solid interface [ 15, 16]. Boron nitride
does not dissolve into liquid aluminium, therefore the

spreading process of liquid aluminium on its surface
may be determined by the chemical reaction, diffusion
and the interfraction. According to reaction kinetics
theory, the activation energy for BN decomposing
under the action of Al is about 30% of the energy of
B-N bond (385 kJmol ™! [13]). The reaction activa-
tion energy of the AI-BN system is approximately
116 kJ mol ~* hence only accounts for about 54% of
the spread activation energy calculated by this study.
The surplus 46% could be the activation energy for
aluminium diffusion in the interface and liquid move-
ment on solid.
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