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Abstract 

The aim of aluminium filtration is to remove inclusions such as 
AI3C4. For inclusions to be removed they have to come in close 
contact with the filter walls composed of A1203 or SiC. It is 
therefore important that the molten aluminium has close contact 
with the filter wall. In addition to wetting properties between 
inclusions (AI4C3) and molten aluminium, the wettability of the 
filter (SiC) by aluminium is determined in sessile drop studies in 
the temperature range 1000-1300°C. Wettability changes with 
time in three successive steps and improves with time. To 
describe wettability at filtration temperatures employed in the 
industry of around 700°C, the results will be extrapolated to this 
temperature in future work. 

Introduction 

In filtration it is important that particles to be removed contact, or 
come very close to the filter walls. Therefore the molten metal 
carrying the inclusions must come into close contact, i.e. wet the 
filter material. In filtration of aluminium, alumina is the most 
common filter material, even though alumina is not wetted very 
well by aluminium [1-3]. Therefore one should investigate the use 
of alternative filter materials with improved wetting. In the 
laboratory, SiC and graphite demonstrate good wetting by molten 
aluminium. Problems with these materials exist, as SiC is easily 
oxidized to Si02 and graphite reacts with Al to give AI4C3. 
Once metal has entered the filter, oxidation is not a problem 
because the solubility of oxygen in aluminium is low, around 
1.43xlO-4at.%at700°C[4]. 
In the molten aluminium/filter environment, the oxygen potential 
is very low. To study wetting of SiC and graphite in such a 
system, a high vacuum laboratory furnace containing only a 
minute amount of oxygen has been chosen. 

1.1 Al-SiC System 

Wettability of aluminium has been reported for single crystal SiC 
[5], reaction bonded SiC [6], and sintered SiC [6, 7] (Figure 1). 
Wettability may change with the preparation process and the 
sintering aids for SiC. Aluminium has a decreasing contact angle 
on SiC with increasing temperature. Reaction bonded SiC has 
better wettability with aluminium than single crystal SiC and 
sintered SiC. For example, Figure 1 shows that at 830 °C, reaction 
bonded SiC, single crystal SiC, and sintered SiC have contact 
angles of 37°, 60°, and 107°, respectively. 
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Figure 1 The equilibrium contact angle vs. temperature for 

aluminium on SiC from literature [5-10] 
SSiC- sintered SiC; RBSiC- reaction bonded SiC; SCSiC- single 

crystal SiC 

In aluminium filtration, filters are primed to allow metal to flow 
through the filter without freezing. The pre-heating temperature is 
probably up to 1000°C and SiC filter materials will oxidize at this 
temperature. The oxidation of SiC is very slow at room 
temperature [11], but SiC will react with air to form a silica-rich 
surface layer at temperatures above 700 °C in air. SiC oxidation is 
controlled by the diffusion of oxygen molecules (or oxygen ions) 
through the thin oxide film [12]. The oxidation behaviour of SiC 
is also influenced by factors such as moisture, SiC particle size, 
and metal impurities [12]. In addition to preheating temperature of 
1000°C, one should also take into account that the ceramic foam 
filters (CFF) are "baked" at temperatures above 1000°C. Thus the 
wettability of oxidized SiC by molten aluminium is important to 
study in aluminium filtration. 
V. Laurent et.al.[8] have shown that silica acts as an oxygen donor 
to extend the life time of the AI2O3 layer on an aluminium drop by 
the reaction 

3Si02+4 Al(l)->2 Al203+3 [Si] ( 1 ) 

The reaction between aluminium and Si02 does not improve the 
wetting of aluminium on SiC, shown as the circle marker in 
Figure 1. The silica layer is changed into alumina and the 
equilibrium contact angle is the same as aluminium on alumina. 
With time in high vacuum, a thin initial layer of silica can be 
removed by reactions (1) and (2) successively. 

4Al(l)+Al203-+3Al20(g) (2) 

Aluminium is then in direct contact with SiC and wetting is 
determined by the Al-SiC system. The role of the silica here is to 
delay the wetting of aluminium on SiC [8]. 

775 



Addition of Mg, Ca, Ti and Pb to aluminium enhances the wetting 
of Al-SiC [10, 13]. For example, the addition of 5 wt% Mg in 
aluminium results in wetting (θ<90°) at 700-960°C [6] since Mg 
reacts with A1203 and consumes the oxide layer on Al. The 
addition of Si will not influence wetting [13]. 

When the liquid composition reaches the peritectic point at 650°C, 
the following ternary quasi-peritectic reaction [9] occurs 
isothermally (See Figure 20). 

3SiC+4Al(l) -> Al4C3+3[Si] (3) 

Thus the addition of Si to aluminium prevents the formation of 
AI4C3 and does not affect wettability [9, 14]. The free Si in 
reaction bonded SiC also prevents the formation of A14C3 [15] and 
is reported to be effective in promoting wetting by liquid 
aluminium in the temperature range of 700-1040°C [6]. This may 
be due to the additional Si-Al bond on the Al-SiC interface and 
the aluminium penetration into the SiC along the intergranular 
free silicon resulting from the reaction bonding process in the 
extensive reaction zone [16]. 

1.2 Al-Graphite System 

Carbon filters have been industrialized as petrol coke filter-DUFI 
during 1970-1985, known for removing hydrogen, alkaline 
metals, and non-metallic inclusions in plants operated by 
ALUSUISEE Group and elsewhere [17]. However AI4C3 has a 
negative effect on the possible use of the graphite as a filter. The 
AI4C3 crystals formed as a reaction product are brittle and highly 
sensitive to moisture and promote accelerated fatigue crack 
growth rates due to their hydrophilic nature [18]. 
The wetting behaviour of the Al-graphite (or AI-AI4C3) system 
will be investigated from the view point of inclusion-metal 
wettability in filtration. 
During the last few decades, several studies had been devoted to 
the wetting behaviour of the Al-graphite system. As a reactive 
wetting system, it is agreed that 1) the final or steady contact 
angle is equal or close to the equilibrium contact angle of the 
liquid on the reaction product, A14C3 [19]; According to Tomsia et 
al. [6] in [19], the wetting behaviour of the reaction product is 
governed by the formation of adsorption layers at the interface, 
rather than by the subsequent nucleation and growth of the 
reaction product; 2) wettability would not be improved by the 
chemical reaction itself. The interatomic force is not correlated to 
the Gibbs free energy as an exchange of atoms is involved in a 
chemical reaction [20]. In the Al-graphite system, the final contact 
angle, θ2 on the reaction product AI4C3 is much lower than the 
initial contact angle, θ0 on the original substrate graphite. 

Experimental Procedure 

The study of the wettability of Al-graphite and Al-SiC by the 
sessile drop technique gives rise to two main points. The first 
point is that liquid aluminium reacts with substrates forming 
AI4C3 at and close to the interface, after which the wetting of Al-
substrate transforms to the wetting of an AI-AI4C3 system. The 
second point is that liquid aluminium is covered by an oxide layer 
which inhibits wetting. 
Contact angles of liquid aluminium on the substrate were 
measured using the sessile drop method. The experimental 
apparatus is schematically shown in [21]. The apparatus 
essentially consists of a horizontal graphite heater surrounded by 

graphite radiation shields, located in a water-cooled vacuum 
chamber. The chamber was fitted with windows to allow a digital 
video camera (Sony XCD-SX910CR) to record the shape of the 
droplet. The contact angles and linear dimensions of the images 
were measured directly from the image of the drop using the 
Video Drop Shape Analysis software. 

The experiments were carried out using 99.999% pure aluminium 
and substrates produced from 98.9% single crystal SiC 
(Washington Mills, Norway) and ISO-88 Graphite substrates. The 
average roughness of SiC and graphite was 51.25nm and 
179.76nm, respectively. The aluminium rod with a diameter of 
2mm was cut into small pieces around 2 mm in length, then 
polished by 500 mesh SiC paper and cleaned with ethanol in order 
to prevent further oxidation. The SiC single crystal was cut and 
ground with 1200 mesh diamond paper to get a flat surface, then 
dried in a closed furnace at 100°C until the experiment was 
performed in order to minimize the oxidation of the SiC surface. 
When the wetting furnace attained the high vacuum of 10"5 mbar, 
the sample was quickly heated to 950°C in about 80s, then heated 
to 1000, 1100, 1200, and 1300°C at the rate of 50°C/min, as 
shown in Figure 2. Although the furnace temperature overshoots 
to 1100°C at the first 80s, it does not affect the wettability at a 
lower temperature such as 1000°C, since the oxide skin holds the 
liquid metal at the beginning. In all of the experiments, the contact 
angle and dimensions of the drop were recorded during the 
isothermal period at 1000, 1100, 1200, and 1300°C. For the 
dimension reading, time=0 was taken to be the beginning of the 
isothermal period. 

Time/min 

Figure 2 Example of the registered temperature for the experiment 
holding the sample at 1200 °C 

Results 

3.1 Al-SiC System 

Figure 3 and Figure 4 show the time dependent variations of 
wetting properties for liquid aluminium on SiC at 1000°C. Three 
kinetic steps can be distinguished: the first step, where the contact 
angle decreases rapidly (in 45min) from the initial contact angle 
θ0~120° to θ!~81°; the second step where the contact angle 
continues to decrease to a relatively low value of θ2~65°, but at a 
slower rate; and the third step where the contact angle stabilized at 
θ2 after approximately 150min. The stable base diameter and the 
sessile volume allow the stable contact angle in the third stage to 
be measured. 
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Similar three kinetic steps: (1) rapid decrease, (2) slow decrease 
and (3) stable contact angle at 1100°C are shown in Figure 5 and 
Figure 6. The stable base diameter and the sessile volume 
guarantee the stable contact angle in the third stage. A lower 
stable contact angle is obtained in a shorter time at 1100°C than at 
1000°C (See Table 1). 
Efforts to obtain the Al-SiC contact angle at even higher 
temperatures, for example 1200°C, were made, as shown in Figure 
7 and Figure 8. Unfortunately, the evaporation of aluminium at 
higher temperatures is so high that the aluminium droplet 
disappeared quickly. The experiment was repeated at a later date 

with a larger amount of aluminium and showed good 
reproducibility (See Figure 7 and Figure 8). 
Experimental results of aluminium on SiC are summarized in 
Table 1. 

Table 1 Results of aluminium on SiC 

Tempe-
rature 
1000°C 
1100°C 

Step.l 
θο 

120° 
136° 

Step.2 
Θ, 
81° 
74° 

ti 
45min 
13min 

Step.3 
θ2 

65° 
56° 

t2 
150min 
125min 
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130 
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Figure 3 Contact angle vs. time for aluminium on SiC at 
1000°C 

Figure 4 Sessile volume and base diameter vs. time for 
aluminium on SiC at 1000°C 
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Figure 5 Contact angle vs. time for aluminium on SiC at 
1100°C 

Figure 6 Sessile volume and base diameter vs. time for 
aluminium on SiC at 1100°C 
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Figure 7 Contact angle vs. time for aluminium on SiC at 
1200°C 

3.2 Al- Graphite System 

Figure 9 and Figure 10 give the wettability between aluminium 
and graphite at 1000°C as a function of time. The linear 
decreasing contact angle and the linear increasing base diameter 
indicate that further holding is required to attain the equilibrium 
contact angle. The almost constant sessile volume shown in 
Figure 10 is explained by low evaporation from the aluminium 
droplet because of its oxide layer. 
The wetting properties between aluminium and graphite at 1100°C 
are shown in Figure 11 and Figure 12. The similar three kinetic 
steps can be distinguished: the first step, where the contact angle 
decreases rapidly (in 30min) from the initial contact angle θ0~157° 
to θ ι ^ Ι 0 angle; the second step where the contact angle continues 
to decrease down to Θ2 but with a slower rate; and the third step 
corresponding to a nearly constant angle θ2~ 65° at time 200min. 
The decreasing sessile volume indicates that de-oxidation of the 
oxide layer and evaporation from the aluminium drop take place. 
The stable base diameter and the sessile volume allow the 
measurement of the stable contact angle in the third stage. 

Figure 8 Sessile volume and base diameter vs. time for 
aluminium on SiC at 1200°C 

Measurement of the contact angle, sessile drop volume, and base 
diameter has also been carried out at 1200°C, shown in Figure 13 
and Figure 14. Unfortunately, the evaporation of aluminium is 
high and no stable contact angle was detected. 

Experimental results of aluminium on graphite are summarized in 
Table 2. 

Table 2 Results of aluminium on graphite 

Tempe-
rature 
1000°C 
1100°C 

Step.l 
θο 

157° 
157° 

Step.2 
θι 

91° 

ti 
>500min 

30min 

Step.3 | 
θ2 

65° 

t2 

200min 

The initial sessile volumes, 5.6 μΐ at 1000°C, 5.7μ1 at 1100°C, 
4.9ul at 1200°C, and 3.9 μΐ at 1300°C indicate that evaporation 
(from the initial heating to the time=0) is almost the same at 
1000°C and 1100°C, and evaporation is greater at higher 
temperatures. The initial base diameters of 0.86mm at 1100°C, 
2.2mm at 1200°C, and 3.1mm at 1300°C, as well as decreasing 
initial contact angles with temperature indicate that better wetting 
already occurs at the higher temperature before defined time zero. 
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Figure 9 Contact angle vs. time for aluminium on graphite at 
1000°C 

Figure 10 Sessile volume and base diameter vs. time for 
aluminium on graphite at 1000°C 
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Figure 11 Contact angle vs. time for aluminium on graphite at 
1100°C 

Figure 12 Sessile volume and base diameter vs. time for 
aluminium on graphite at 1100°C 

120 

H 80 
G 
2 60 

o 
U 

40 

ί 
l\ 
ja 

\ 

I I I I 
20 40 60 80 100 120 

Time/min 

jD 2 

co º 

20 40 60 80 

Time/min 
100 120 

Figure 13 Contact angle vs. time for aluminium on graphite at 
1200°C 
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Figure 15 Sessile volume vs. time for aluminium on SiC and 
graphite at 1200°C 

Al(l)-Al(g) (4) 

Evaporation in both systems, Al-graphite and Al-SiC, depends 
only on reactions (2) and (4), independent of the interfacial 
reaction and the oxidation of the substrate. The same decreasing 

Figure 14 Sessile volume and base diameter vs. time for 
aluminium on graphite at 1200°C 

rate of the aluminium sessile drop volume on SiC and graphite 
(see Figure 15) supported this assumption. 
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Figure 16 SEM micrograph of a cross section in an Al-SiC 
specimen cooled naturally after 335 min at 1000°C 

On the Al-SiC interface no AI4C3 layer was found on the sample 
cooled in air after 335 min at 1000°C (See Figure 16). However, 
Figure 17 shows the presence of a continuous layer of a reaction 
product, AI4C3 at the Al-graphite interface with a thickness of 
130μιη. The graphite-A14C3 interface is rougher than the graphite 
substrate before the experiments and pores are present around 
some particles. Extra aluminium in the AI4C3 layer and the 
discrete A14C3 particles indicates that the reaction proceeds by 
dissolution of carbon into aluminium. The final contact angle is 
determined by the AI-AI4C3 system. 
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Figure 17 SEM micrograph of a cross section in an Al-graphite 
specimen cooled naturally after 250 min at 1100°C 

contact angle was obtained easily in Al-SiC system with a small 
amount of AI4C3 (See Figure 3 and Figure 9). 

Stev.3- Stable contact ansie 

The AI-AI4C3 system is formed at the end of the second step in 
both systems in which a relatively stable contact angle is detected 
in the third step. Since the liquid droplet and SiC substrate show a 
strong sensitivity to oxygen, it is not surprising to have the scatter 
of θ2, ±4°. Good repeatability of wetting properties was observed 
at the same temperature. 

Discussion 

The three successive steps of wetting kinetics in Figures 3-14 are 
discussed successively. 

Stev.l- De-oxidation of oxide layer 

The sharp decrease of the contact angle from θ0 to Q\ on both Al-
SiC and Al-graphite is similar to the contact angle curve observed 
previously for AI-AI2O3 for the same step in the same wetting 
furnace. This reduction is due to de-oxidation of the oxide layer 
according to reaction (2). This is effective when the outgoing flow 
of oxygen in A120 (g) is higher than the incoming flow of oxygen. 
The PjotaplO3 Pa (105 mbar) in the furnace verifies that PMIO is 
lower than the equilibrium PA12O=3.7xl0"3Pa at 1000°C [22]. Thus 
the wetting behaviour of the first step is controlled by de-
oxidation of the oxide layer on the aluminium drop. 

Step.2- De-oxidation of silica in the Al-SiC system and the ALC? 
formation in the Al-gravhite system 

There are three possible explanations concerning the second step 
from 0! to θ2 in Al-SiC system: a) the dissolution of SiC into 
aluminium according to reaction (5), b) coverage of the interface 
by AI4C3 according to reaction (3), and c) de-oxidation of silica on 
the interface according to reactions (1) and (2). 

SiC—[SÌIATHCIAI (5) 

The maximum solubility of carbon in liquid aluminium, on the 
order of 30 ppm at temperatures close to 1000°C [23] is too low to 
support the dissolution mechanism in a). 
The kinetics of the reaction (3) is slow and leads to the limited 
formation of discrete particles of AI4C3 at the interface. Thus the 
spreading of de-oxidized aluminium is controlled by de-oxidation 
of SiC with limited amounts of discrete particles of A14C3. This is 
supported by the delayed equilibrium contact angle obtained in 
the Al-oxidized SiC system [8] at 660-900°C. 

4Al(l)+3C(s)-^Al4C3 (6) 

In the second step from time ti to t2 in Al-graphite system, the 
spreading velocity is lower than the previous step and the base 
diameter is a linear function with respect to time. This second step 
does not exist in the non-reactive Α1-Α12θ3 system [24]. The 
interfacial reaction (6) has Gibbs energy of -136kJ/mol to -
102kJ/mol [25] at temperatures of 660 to 1300°C. Figure 17 also 
supports that the second step in Al- graphite system is controlled 
by the formation of A14C3. 
The kinetics of reaction (3) forming A13C4 from SiC is slower 
than that of reaction (6) forming AI3C4 directly, so the stable 
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Figure 18 The time dependent wettability of the graphite-Al 
system 
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Figure 19 The time dependent wettability of the oxidized SiC-Al 
system 

To summarize the discussion, schematics of the wettability for the 
Al-SiC and Al-graphite systems are shown in Figure 18 and 
Figure 19. The contact angle initially changes with time and 
finally approaches an "equilibrium value". Both systems produce 
AI4C3 at the end and the interface reaction product promotes the 
wetting. However, extra silicon in aluminium could prevent the 
AI4C3 formation in Al-SiC system. 

Wetting in Filtration 

AI4C3 inclusions have relatively good wetting with aluminium. 
AI4C3 leads to fatigue cracking in casting and is not easily 
removed by settling because of its density of 2.36 g/cm3. 
The Al-SiC interface properties depend on filtration time. Priming 
before filtration leads to oxidation of the SiC filter. The silica 
changes into alumina by reaction (1). Alumina formed by the 
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reduction of the silica surface likely inhibits nucleation of AI4C3. 
An aluminium alloy with more than 10% silicon would prevent 
the AI4C3 formation according to reaction (3) (See Figure 20). 

600 700 800 

Temperature ( °Q 

900 

Figure 20 The theoretical silicon level required 
to prevent AI4C3 formation [26] 

Conclusions 

The wettability of Al-SiC and Al-graphite with respect to 
time can be divided into three kinetic steps: (i) de-oxidation 
of AI2O3 layer, (ii) de-oxidation of silica for Al-SiC system 
with a small amount of AI4C3 (or AI4C3 formation for Al-
graphite system), and (iii) the stable contact angle. 
The equilibrium contact angles of the Al-SiC and Al-graphite 
system under 10"8 bar vacuum are shown in Table 3. 

Table 3 The equilibrium contact angle 

Tempe-
rature 
[°C] 
1000 
1100 

The Al-SiC system 

[°] 
65 
57 

[min] 
150 
125 

The Al-graphite 
system 

[°] 
<97 
65 

[min] 
>500 
200 

3. Both the SiC filter and AI4C3 inclusions have relatively good 
wetting with aluminium at temperatures greater than 1000°C. 

4. SiC filters are of special interest for the filtration of high Si 
aluminium alloys. 

5. At 700°C initially SiC and graphite are poorly wetted by 
aluminium. Times for wetting to take place may be hours. 
This will be discussed in future work. 

Future Work 

The time dependent wetting properties of Al-graphite and SiC at 
700°C will be extrapolated from the high temperature data. Pilot 
trials will be carried out in industry to investigate the effect of 
wettability on filtration efficiency. 
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