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Abstract The effect of a K–Al–F-based flux was investi-

gated on the wettability of TiC by an Al–7 wt%Si alloy in

the interval of temperatures between 660 and 900 �C in Ar

and in atmospheric air. Null spreading was observed without

flux whereas perfect wetting was enabled by the flux in both

atmospheres. The liquid flux, which provides a locally

protective atmosphere by spreading on the surfaces of the

substrate and eventually on the Al alloy, dissolves the alu-

minium oxide covering the molten alloy enabling thus direct

contact between the liquid alloy and the TiC substrate. The

low tensions for the solid/flux and liquid metal/flux inter-

faces facilitate spontaneous spreading and instantaneous

wetting. Meanwhile, the flux is displaced to the lateral

periphery of the substrate and to the surface of the liquid.

Under the resolution of the scanning electron microscope,

microstructural examination of the interfaces did not reveal

reaction products. Rapid infiltration of the alloy into TiC/

flux compacts, at low temperatures, correlated well with the

flux-assisted spreading kinetics observed.

Introduction

The processing route for manufacturing metal matrix

composites reinforced with ceramic particles is dictated by

the wettability of a given metal–ceramic system. Because

this property describes the extent of intimate contact

between a liquid and a solid, it is necessary to have a

parameter to estimate it. The contact angle, h, of a liquid on

the solid surface is the parameter used to measure the

degree of wetting by the sessile drop method. The lower

the contact angle, the larger the affinity of the metal–

ceramic system [1–3]. Although the sessile drop test is an

oversimplification of true and complex phenomena occur-

ring during fabrication of composites either by infiltration

of porous ceramic bodies or incorporation of ceramic

particles into melts, it is widely accepted and used as an

index to define processing route and its parameters.

Wettability in Al–ceramic systems is governed in the

first instance by the presence of an oxide layer that pre-

vents molten Al from achieving intimate contact with the

ceramic. This barrier is responsible for a non-wetting-to-

wetting transition at temperatures above 900 �C. Attempts

have been made to suppress the effect of the oxide in

molten Al by forming the droplet in situ on the substrates

by dispensing the droplet through a capillary [4–7]. The

non-wetting-to-wetting transition in the Al/SiC system was

found to occur at *750 �C by ruling out this barrier, in

comparison to 950 �C for a droplet covered by a film of

oxide [4]. Another method to overcome the barrier effects

of oxide films has been devised by using fluxes [8–10].

Fluoride salts, known as fluxing agents, have the capability

to dissolve aluminium oxide. Rocher and co-workers [8, 9]

observed spontaneous wetting of SiC and C fibre preforms

by Al between 650 and 900 �C.

TiC is an attractive ceramic that has been successfully

used to reinforce aluminium matrices by virtue of their

good wettability [10–14]. According to the contact angle

data available in the literature and the time and temperature

dependence observed in the Al–TiC couple, it appears to
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act as a reactive system in which spreading is driven by the

formation of an Al4C3 layer at the interface [11–16]. It has

been suggested, however, that spontaneous and instanta-

neous wetting at low temperature may exist in this system

if the oxide layer is removed [10]. The objective of this

study is to unveil the wettability of molten Al–7 wt%Si

with TiC by removing the oxide skin with a K–Al–F-based

flux and to achieve a deeper understanding of the flux-

assisted infiltration of molten Al–7 wt%Si into TiC beds.

Experimental

Materials

A K–Al–F-based flux (a mixture of KAlF4 and KAlF6 close

to the eutectic composition in the KF–AlF3 system) and an

Al–7 wt%Si alloy were used to conduct wetting experi-

ments. The alloy was made by melting pure Al and adding

99.99% pure Si. Chemical analyses are listed in Table 1.

TiC substrates were prepared from HV 120 grade TiC

powders (H.C. Starck, Germany), with a D50 = 1.5 lm.

TiC compacts, uniaxially pressed, were sintered under

flowing Ar in a tube furnace at 1550 �C for 5 h. The sin-

tered density of the substrates was measured using the

Archimedes method (ASTM 373-00), achieving 88 ± 1%

with approximately 8.9% open porosity. This was the

maximum density that could be achieved with this exper-

imental set up. The sintered discs were ground and polished

to a mirror-like finish with 1-lm diamond paste. Lattice

parameters were determined in both the powder and the

polished substrates using the Nelson–Riley function [17],

using d-spacings obtained by X-ray diffraction (0.01�/s for

2h angles from 20� to 140� with a dwell time of 3 s using

Cu Ka radiation), and the values were determined to be

0.43267 and 0.43265 nm, respectively. This indicated that

the sintering process did not affect the stoichiometry of the

TiC which corresponds to a value close to unity, according

to the variation in the lattice parameter with C/Ti ratio [18].

Wetting experiments

The sessile drop technique was used to conduct wetting

experiments. The experimental set-up employed is essen-

tially that used in reference [14] but without a high vacuum

system. Experiments were performed with TiC substrates

at 900 �C, without using flux, under a gentle flow of Ar

(commercial purity). Experiments using flux were carried

out between 660 and 900 �C under flowing Ar and in

atmospheric air. Approximately 0.3 g of flux was deposited

on the polished surface of the TiC substrates by using a

methanol-based paint. The flux coating was allowed to dry

naturally. Cubic pieces of Al–7 wt%Si weighing

0.8 ± 0.01 g were placed on the as-polished or flux-coated

substrates. The sample holder with the assembly was

positioned in the cold zone of the furnace. The system was

closed and heated to the desired temperature under flowing

Ar or air as required. Once the desired temperature had

stabilised, the sample was gently transferred into the hot

zone using a magnet. The progress of the sessile drop

experiments was followed with a digital camera, either by

taking photographs or video recording at 15 frames per

second. In both cases, a 29 optical zoom was used. After

completion of the experiments, the samples were removed

from the hot zone to arrest any further interaction by

inducing fast cooling.

The solidified drops on the TiC substrates were cut in

half, mounted in conductive bakelite and metalographically

prepared. Throughout the metallographic preparation, the

use of water was avoided to preserve the presence of any

Al4C3 that might be present. Instead, methylated spirit was

used. The interfaces were examined using scanning elec-

tron microscopy (SEM) and energy dispersive X-ray (EDX)

techniques.

Differential scanning calorimetry

In order to follow the sequence of events during the

spreading experiments, differential scanning calorimetric

(DSC) runs were carried out in atmospheric air, using a

Netszch 404 DSC. Samples were placed in BN crucibles

and heated to 800 �C, at a heating rate of 20 �C/min. Al2O3

crucibles could not be used due to its interaction with the

flux. BN crucibles did not show any ‘noise’ in the traces as

a result of interaction with the flux or oxidation. Runs with

the individual materials were conducted to detect the

thermal events that take place in each material during

heating. The combinations involved in the infiltration

process were then evaluated, namely TiC/flux, flux/Al–

7 wt%Si and TiC/flux/Al–7 wt%Si.

In situ observations of the infiltration kinetics

In order to gain insight into the relation between spreading

and infiltration kinetics of molten Al and Al–7 wt%Si into

TiC beds with the aid of a K–Al–F-based flux, the sessile

drop apparatus was adapted and used to follow the evolution

of infiltration using the experimental set-up shown in Fig. 1.

Table 1 Chemical composition of the Al and Al–7 wt%Si alloy used

(wt%)

Ti Fe Si Cu Mn Mg Al

\0.01 0.05 \0.01 \0.01 \0.01 \0.01 Balance

\0.01 0.02 6.9 \0.01 \0.01 \0.01 Balance
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Experiments were performed under flowing Ar between 660

and 800 �C for Al and at 680 and 700 �C for Al–7 wt%Si.

Approximately, 8.4 g of TiC/flux mixture in the mass ratio

3:1 was pressed in a 25-mm steel die to produce compacts,

with an approximate porosity of 56%, which then were

placed into the graphite crucibles. A piece of Al or Al–

7 wt%Si weighing approximately 4 g was placed on the top

surface of the compacts, which was calculated to be suffi-

cient metal to fill the pores upon infiltration. The procedure

followed was essentially that used in the sessile drop

experiments. The progress of the experiments was recorded

by taking photos with a digital camera. The infiltrated

composites were removed from the crucibles, sand blast

cleaned to remove the flux from the surface and metallo-

graphically prepared as described before.

Results

Wetting and spreading

A high contact angle was observed for the sessile drop

experiment conducted without flux at 900 �C with no sig-

nificant change after holding for 90 min. The presence of

flux on the surface of the TiC substrates had a dramatic

effect on spreading and wetting in both atmospheres.

Melting of both the flux and the Al–7 wt%Si alloy, and full

spreading of the molten alloy to a perfect wetting condi-

tion, took place in less than 2 min at 900 �C.

During the sessile drop experiments, a number of events

were observed. Figure 2 shows the progress of the first

stage of an experiment performed at 660 �C in air. The

same behaviour was observed, during this stage, in all the

experiments. The first photograph, 20 s after the assembly

was positioned in the hot zone, shows the solid cube of

metal resting on the also still solid flux. After approxi-

mately 3 min and 42 s, the flux starts to melt, 10 s later

turns into fully liquid. The flux, upon melting, forms a

liquid coating on the substrate and spreads on the still solid

aluminium alloy. The liquid flux wets the alloy and the

substrate, thus forming a ‘bridge’ between them along the

basal periphery of the alloy, as indicated by the arrow in

Fig. 2 (03:52). Both in Ar and in air, the flux was seen to

interact with the surface of the metal, forming a darker

layer along the basal periphery of the alloy, which even-

tually ascended its surface (photographs from 03:52 to

05:10), resulting in a shiny appearance to the metal (see

photographs from 04:40 to 05:10). This process was seen to

be stronger in air. When reaching approximately the mid-

height of the alloy, as indicated by the arrow in Fig. 2 at

05:10 and after the piece of alloy had melted, the spreading

process began for the high temperature experiments, whilst

for those conducted at 750 �C and below, increasing

periods of time elapsed before spreading took place.

Figure 3 shows the spreading at 660 �C in air. The

spreading process is steady and smooth and this was

characteristic over the whole interval of temperatures

evaluated and independent of the atmosphere. In all the

sessile drop experiments, the spreading process took place

before the molten alloy adopted the typical spherical shape

of a drop, as shown in Fig. 3. This fact, along with the

presence of the flux forming a meniscus at the triple line,

did not allow any measurement of the contact angle.

Al
Compact

BN paint 

Graphite 
crucible

10 mm

Fig. 1 Experimental set-up to follow the infiltration process

03:42 03:52
Liquid
flux 

04:40 05:00 05:10

10 mm 

00:20 (min:s) 
Flux 

TiC substrate 

Al-7wt.%Si 

Fig. 2 Typical melting and

spreading of the flux:

experiment in air at 660 �C
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Spreading kinetics

Owing to the steady spreading behaviour exhibited by the

Al–7 wt%Si alloy over the entire temperature interval, it

was possible to follow the spreading kinetics, as shown in

Fig. 4, by measuring the height of the liquid during the

spreading process as illustrated by two photographs in

Fig. 3. Measurements were performed with software facil-

ities after proper calibration was made. The spreading curves

for height versus time are characterised by a slow parabolic

initial stage which then turns into a linear stage where

spreading is more rapid. From these plots, it is observed that

the spreading rate is slightly faster in Ar than in air and that

there is a temperature dependency on the spreading rate as it

increases by at least three orders of magnitude from 660 to

900 �C.

A greater angularity to the shape of the aluminium alloy

droplet was retained in the experiments performed in air.

This fact, however, did not present any significant delay in

the spreading process, as observed in Fig. 5, in which the plot

shown summarises the temperature dependency observed in

the flux-assisted spreading of molten Al–7 wt%Si on TiC in

both Ar and air atmospheres. The data obtained in this study

are also compared with that for pure Al [19]. The spreading

time was estimated from the point at which the droplet was

molten but still standing, until the moment at which the liquid

formed a convex shape on the substrate as observed in the last

photograph in Fig. 3. The spreading time versus temperature

curves show that the Al–7 wt%Si alloy spreads faster than

pure Al and that the surrounding atmosphere does not play a

significant role in the spreading time for a given temperature.

During the experiments in air at low temperatures, an inter-

mittent flame was observed in the meniscus formed between

the liquid flux, the molten Al–7 wt%Si and the TiC substrate

indicating combustion. Figure 6 shows the typical appear-

ance of the assemblies after the wetting experiments. It can

be observed that the flux is displaced from the Al–7 wt%/TiC

interface to coat the surface of the aluminium. Removal of

the flux reveals that the molten alloy spreads across the entire

top surface of the substrate.

Al-7wt.%Si 

TiC substrate 

Liquid 
flux 

00 s 14 s 

19 s 

10 mm 

27 s

09 s

 h

24 s

 h

Fig. 3 Flux-assisted spreading

of molten Al–7 wt%Si on TiC

in air at 660 �C
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Interfacial characteristics

Figure 7 shows the microstructural features of the interfaces

obtained after the wetting tests. At low and high magnifica-

tions, interfaces free of any visible reaction products were

observed in both atmospheres and at all temperatures under

the resolution of the SEM. Some degree of infiltration was

found in the substrates as a result of the percentage of open

porosity. Figure 8 shows an elemental X-ray dot map of an

Al–7 wt%Si/TiC interface produced at 900 �C. It can be

observed that eutectic silicon is segregated along the interface.

TiC substrates

Al-7wt.%SiFlux 

10 mm

Fig. 6 Typical appearance of the substrate/droplet before (left) and

after (right) removal of the flux

Fig. 7 Interfacial

characteristics: at a low and

b high temperature

Fig. 8 Elemental X-ray dot map of the Al–7 wt%Si/TiC interface produced at 900 �C
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Differential scanning calorimetry

Figure 9 shows the DSC traces for the single components

(TiC, flux and the Al–7 wt%Si alloy) and for binary and

ternary combinations of these phases when heating under

atmospheric air. According to Fig. 9a, melting of the Al–

7 wt%Si alloy exhibits two overlapping endothermic

events, melting of the eutectic at 577 �C and melting of

primary aluminium at approximately 603 �C. The Al–Si

alloy is fully molten at 613 �C. Although an endotherm can

be observed in the trace for the flux at low temperature,

followed by two minor events, these events correspond to

the release of moisture from the flux and a number of solid-

state phase transformations. Melting of the flux occurs at

approximately 545 �C. Exothermic oxidation of TiC occurs

in air in a number of stages, starting at approximately

430 �C.

Figure 9b shows the thermal events for the different

binary combinations of TiC, flux and the Al–7 wt%Si alloy.

Flux was present in all the samples, and it was observed to

melt at the same temperature in all the cases, at 545 �C. This

melting event is overlapping with the Al–Si melting, and

after melting of the alloy is completed, there is an exother-

mic event followed by the trace returning to the baseline.

The TiC/flux couples exhibit two consecutive exothermic

events, starting at approximately 430 �C, followed by

endothermic melting of the flux. For the 1:1 mass ratio, after

flux melting, the trace returns to the baseline, whereas for the

2:1 mass ratio, an exothermic event is observed.

Figure 9c shows the thermograms for the ternary mix-

tures. In all the samples, TiC and flux are present;

accordingly, there are two consecutive exothermic events

followed by endothermic melting of the flux and the alloy.

In the TiC/flux/Al–7 wt%Si system for a ratio 2:1, after

melting of the alloy, the trace describes a large exothermic

event which is interrupted by another small thermal event;

after this, the trace seems to head back to the baseline. For

the same combination, but for a ratio 1:1, the large exo-

therm, observed for the 2:1 ratio after melting of the flux,

does not take place.

In situ observations of the infiltration kinetics

The fast rate of infiltration prevented any recording of the

events in the majority of the experiments. It was possible,

however, to follow in detail the process at 660 �C for Al in

Ar, as shown in Fig. 10. The photographic sequence shows

the assembly from the point at which it was positioned in

the hot zone of the furnace. Melting of the Al piece took a

long time, as the overheating is only about 10 �C, and after

50 min the Al becomes liquid and gets encapsulated within

a shell of aluminium oxide. Three minutes later, the onset

of a cleaning action was observed, as indicated by the

arrows in Fig. 10.

After complete cleaning of the droplet (photograph at

58 min), the initial arrangement resembles that for the

sessile drop experiments, and simultaneous spreading and

infiltration take place. It can be seen that the viscous Al has

a tendency to spread over the top surface of the compact

and then to decrease its height and almost disappear as the

liquid infiltrates the compact. Infiltration took place at

660 �C approximately 7 min after the point at which the

aluminium oxide started to dissolve, but in about 2 min

from the point at which cleaning was complete.

Observations indicate that the infiltration process occurs

in the same way at higher temperatures but much more

rapidly as the overheating of the melt is increased. This

assumption is confirmed as shown in Fig. 11 in which the

infiltration was observed at 750 �C. In this instance, the

infiltration occurred 8.5 min after the assembly was placed
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in the hot zone. As observed in the sessile drop experiments

for Al [19], the angular block of Al tipped over before

spreading over the top surface of the compact as a result of

the onset of infiltration. The entire infiltration process

occurred in no more than 20 s. Infiltration of the Al–

7 wt%Si alloy, was, generally speaking, seen to be faster

than that for Al with the result it was even more difficult to

capture details of the process. Nevertheless, Fig. 12 shows

the evolution of infiltration of the alloy at 680 �C in Ar and

provides a good description of the process. During heating,

the still solid alloy turned very dark, a sign of the effect of

Si on the oxidation and composition of the oxide film, and

when melted, it adopted the shape of a spherical drop as a

result of its significantly larger mass, in comparison to the

Fig. 10 Detailed evolution of the flux-assisted infiltration of Al into a TiC compact at 660 �C in Ar (TiC/flux mass ratio 3:1)

Fig. 11 Evolution of the flux-assisted infiltration of Al into a TiC compact at 750 �C in Ar (TiC/flux mass ratio 3:1)
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mass used for the sessile drop experiments, its lower

melting point, surface tension and viscosity compared to

pure Al. In this case, the liquid also spreads on the top of

the surface of the compact whilst infiltrating into it. Infil-

tration took less than 30 s.

Figure 13 shows the infiltrated samples after the exper-

iments along with typical microstructures. In Fig. 13a, it

can be clearly appreciated that the flux was expelled from

the compact when it was infiltrated. Metallographic exam-

ination of the infiltrated samples revealed the presence of

flux trapped within the Al matrix, with the Al–7 wt%Si–

TiC sample exhibiting these defects to a larger extent. The

Al–TiC sample was found to be free of any reaction prod-

ucts, whilst the Al–7 wt% sample exhibited the presence of

small blocky and needle-shaped intermetallics, such as

those indicated by the arrows in Fig. 13c, and according to

EDX analysis with the approximate chemical composition

TiAl2.43Si0.38. In the same micrograph, small black features

are also observed, which correspond, however, to micro-

porosity within the matrix, and in this case are associated

with the trapped flux.

Discussion

Wetting and spreading

For Al and Al-alloys to spread on and wet TiC, the oxide

skin has first to be removed, and it occurs when the partial

pressure of Al2O is low enough, at a given temperature

above 800 �C (for example, 8 9 10-5 Pa at 900 �C), so

that deoxidation of the droplet takes place according to

reaction (1) [4–7, 13, 16]. This condition is only achieved

in high vacuum systems. For this reason, it is evident that

spreading of molten Al or any Al-alloy on TiC substrates is

impossible, in air and even in Ar when oxygen is present as

was observed at 900 �C in Ar in this study.

4Al lð Þ þ Al2O3 sð Þ ¼ 3Al2O gð Þ ð1Þ

The marginal difference in spreading times observed

between atmospheres indicates that the use of a flux makes

the surrounding atmosphere a non-critical issue. When the

Fig. 12 Evolution of the flux-assisted infiltration of Al–7 wt%Si into a TiC compact at 680 �C in Ar (TiC/flux mass ratio 3:1)

(a) 
Al Al-7wt.%Si 

Flux 10 mm

(b) Al 

Pore

(c) Al-7wt.%Si 

Fig. 13 Typical appearance of the infiltrated composites within the

graphite crucible and microstructures of TiC/flux compacts (mass

ratio 3:1) infiltrated at 680 �C in Ar
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flux melts, it spreads over the substrate and the solid Al-

alloy, creating a local atmosphere that prevents oxygen

contamination at the liquid metal/solid interface. Further-

more, the flux dissolves and weakens the oxide skin on Al,

exposing clean and shiny surfaces as this process evolves

and perhaps creating some local heating, through Al–flux–

air interactions, that can give rise to the combustion flame

observed during the sessile drop experiments at 660 �C in

air. Schamm et al. [9] estimated a local temperature rise of

about 150 �C due to the formation of Al3Zr intermetallics

during the spreading of molten Al on C and SiC with the

aid of a K2ZrF6 flux. According to these authors, this

exothermic effect significantly contributes to the degree of

wetting achieved. A similar effect is not likely to take

place in the spreading of Al–7 wt%Si on TiC assisted by a

K–Al–F-based flux, since it contains only minor levels of

Ti (0.062 wt%) and B (0.019 wt%) as impurities.

Dissolution of Al2O3 by cryolite melts, which is not that

dissimilar to the flux used here, is a complex process which

depends on a number of aspects. Whilst the dissolution

process is not that well understood, it is, however, recog-

nised that the process involves the endothermic reaction of

the breaking of strong Al–O bonds by forming oxyfluora-

luminate complexes with the fluoroaluminate species con-

tained in the flux [20–23]. It is beyond the scope of this

study to elucidate further about such mechanisms.

Nevertheless, when the flux dissolves the aluminium

oxide layer, a solid TiC/liquid Al-alloy/liquid flux triple

line is formed. This assumes that the flux underneath the

Al-alloy is withdrawn which is likely to be the case as no

traces of K or F were found at the TiC/solid Al–7 wt%Si

interfaces using the SEM–EDX system. For the liquid flux

to wet the liquid Al-alloy, the interfacial tension cAl/flux has

to be very low, and entrapment of the flux within the Al–

7 wt%Si matrix during flux-assisted infiltration of TiC beds

by Al–7 wt%Si indicates this to be the case [24, 25], and

for the liquid Al-alloy to displace the TiC/flux interface and

therefore spread, cTiC/Al \ cTiC/flux. Because full spreading

to a perfect wetting condition was observed from 660 to

900 �C, in both Ar and air, it is obvious that the latter

condition is met, meaning that cTiC/Al \ cTiC/flux \ cTiC/gas.

Thus, the replacement of the solid/gas and liquid metal/gas

interfacial tensions with solid/flux and liquid metal/flux

interfaces with lower forces, enables spreading and wetting

of liquid Al–7 wt%Si on TiC to take place spontaneously

and instantaneously.

The stages and mechanism by which TiC oxidises have

been studied [26]. The DSC trace for the TiC agrees well

with these studies. By virtue of the marginal difference

between spreading times in Ar and in air, it is clear that the

flux must play an important role in this regard. Heating in the

sessile drop rig is faster than the heating rate used in the

DSC. Thus, a kinetic effect shifts the onset of oxidation of

the TiC to higher temperatures, but still some oxidation must

occur before melting of the flux arrests further oxidation. In

this context, the K–Al–F-based flux is capable of dissolving

light oxidation products such as oxycarbides, suboxides and

anatase formed on the surface of the TiC substrate, so that

the mechanism of spreading discussed above is enabled.

Spreading kinetics

In comparison with pure Al, the Si-containing Al alloy was

found to spread faster. It is well known that Si decreases

the surface tension and viscosity of Al. Consequently, it

acts as a surfactant in that, by being adsorbed at the liquid

surface and segregating to the Al/TiC interface, it accel-

erates the spreading of Al on TiC, as observed in the sessile

drop experiments. The surface tension and viscosity of

aluminium and some aluminium alloys exhibit a linear

temperature dependency and an Arrhenius-type behaviour

[27, 28], respectively, such as

cT ¼ cm �
dc
dT
ðT � TmÞ ð2Þ

gT ¼ g0 exp
�Ea

RT

� �
ð3Þ

where cT and gT are the surface tension and viscosity,

respectively, at temperature T, cm is the surface tension at

the melting point, Tm, dc/dT is the surface tension coeffi-

cient and g0 is a pre-exponential constant, whereas Ea is the

apparent activation energy for viscous flow. Figure 14

plots the variation in the surface tension and viscosity in

the interval of temperature employed in the sessile drop

experiments, for Al [28, 29], a binary Al–8 wt%Si alloy

[30] and an A356 alloy (6.9 wt%Si, 0.34 wt%Mg) [29]. It

is evident that the presence of silicon in aluminium

decreases both the surface tension and viscosity. The lower

surface tension coefficient, dc/dT, for the alloy indicates

that this alloy is less sensitive to changes in surface tension

with temperature. These observations account for the
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different temperature dependency observed in the spread-

ing time for Al and Al–7 wt%Si and for the shorter

spreading times in the alloy.

Under the effect of a flux as wetting agent and in

agreement with this study, the degree of wetting of molten

Al on C and SiC was weakly temperature dependent [9].

The spreading times for the flux-assisted wetting, less than

1 min, are much shorter compared to 1 h for reactive wet-

ting observed in the Al–TiC system [14] but very similar to

the K2ZrF6 flux-assisted spreading of liquid Al on C and

SiC [8, 9]. A wetting dynamics like that observed in the

sessile drop experiments is not likely to have been slowed

down or enhanced by the residual porosity in the substrates.

Interfacial microstructure

Time- and temperature-dependent spreading and wetting of

molten Al and Al-alloys on TiC have been observed by

many researchers under vacuum and in Ar (under a very

low oxygen partial pressure) at temperatures between 750

and 1100 �C. In all cases, this was accompanied by reac-

tion, either by the formation of an Al4C3 reaction layer at

the interface for stoichiometric TiC, or the precipitation of

TiAl3 within the Al for hypostoichiometric TiC(1-x) [11–

14]. Besides, reduction in the C/Ti ratio enhanced wetting

at lower temperatures and accelerated spreading kinetics

due to the increased metallic character in the TiC(1-x)

bonds [12]. Also, it is known that dissolution of TiC in

molten Al is rather slow [31], whereas the presence of

silicon in aluminium significantly enhances the kinetics of

the reaction [32]. Furthermore, it is established that the

mechanism of dissolution is different at lower temperatures

than at higher, TiC being partially stable in the latter case

[31–34]. In the flux-assisted sessile drop experiments,

molten Al–7 wt%Si was in contact with TiC for less than

1 min during experiments conducted at 900 �C, whereas at

660 �C, the longest contact time between the liquid metal

and the TiC substrates was estimated to be no more than

3 min. The resulting Al–7 wt%Si/TiC interfaces were

found to be, under the limits of resolution of the SEM, free

from any reaction products over the whole interval of

temperatures studied. This fact indicates that a genuine

affinity exists in terms of wettability and adhesion, at low

temperatures, if the Al2O3 is efficiently removed. Thus, if

spreading of Al melts on TiC is driven by a chemical

reaction, it must occur at a nanointerfacial level. Further

characterisation by transmission electron microscopy of the

interfaces would be required to clarify this issue.

In situ observations of the infiltration kinetics

Typically, capillary infiltration of molten Al into TiC

preforms under Ar at temperatures higher than 860 �C

exhibits parabolic-type profiles, preceded by an incubation

period which is temperature dependent. This event is

associated with the unstable contact angle observed in

wetting experiments [11, 13] which is primarily linked to

the deoxidation of the Al drop according to reaction (1).

In the flux-assisted infiltration process, a temperature-

dependant period of time prior to infiltration was also

observed and, in this instance, it can be related to the time

required for the flux to dissolve the aluminium oxide. As

observed in the sessile drop experiments and reflected in

the parabolic portion and spreading rate of the spreading

curves, this stage occurs more rapidly at higher tempera-

tures. This may in part be due to the shorter period of time

for the Al to melt as a result of higher heating rates, since it

was obvious that there was a more noticeable interaction

between the flux and the Al when the latter becomes liquid.

As commonly occurs in metal/ceramic systems, infiltration

was more rapid at higher temperatures and faster for Al–

7 wt%Si than for Al. Because the spreading behaviour

observed suggests an instantaneous perfect wetting condi-

tion, i.e. h = 0, facilitated by the flux at any temperature, it

is clear that a capillary pressure, i.e. Pc \ 0, will be

developed. The application of a K2ZrF6 coating to SiC

particles has been observed to significantly decrease the

threshold pressure for infiltration of molten Al or Al–

12 wt%Si, but never achieving a negative pressure even

with increasing flux content [35, 36]. An important aspect

to consider is that although a capillary pressure is devel-

oped, it might not be enough to surpass gravity forces if the

size of the porous channels is larger than certain critical

value. The rate of infiltration is thus highly dependent on

the morphology of the porous network of the bed and on

the physical properties of the melts, i.e. surface tension and

viscosity [11].

Conclusions

The effect of a K–Al–F-based flux has been investigated on

the wettability and spreading behaviour of Al–7 wt%Si on

TiC in the interval of temperatures between 660 and

900 �C in Ar and in air. Obtuse contact angles were

observed between molten Al–7 wt%Si on TiC without flux

and under Ar. In contrast, spreading to a perfect wetting

condition was observed in less than 60 s, and before any

drop with a spherical shape was formed when the flux was

present. This occurred over the whole interval of temper-

atures evaluated, under Ar and in Air.

It was observed that as soon as the flux melts, it spreads

over the TiC surface and also on the solid surface of Al-

alloy, forming a concave meniscus between them along the

basal periphery of the Al-alloy. As the temperature of the

assembly increases further, interactions on the surface of
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Al-alloy are enhanced, as a result of dissolution of the

aluminium oxide covering the Al-alloy by the flux. The

liquid flux provides a local atmosphere that prevents any

oxygen contamination by isolating the surfaces from the

surrounding atmosphere. When the alloy melts and the

oxide layer has been weakened and dissolved by the flux,

intimate contact occurs between the liquid and the TiC

substrate. The low tensions for the solid/flux and liquid

metal/flux interfaces facilitate spontaneous spreading and

instantaneous wetting of liquid Al–7 wt% on the TiC

substrates. Meanwhile, the flux is displaced to the lateral

periphery of the substrate and to the surface of the liquid.

Although the spreading process was extremely rapid, it

was found to be temperature dependent, the atmosphere

having a weak effect in spreading kinetics. The Al–

7 wt%Si alloy spreads more rapidly than pure Al due to its

physical properties in molten state. According to the

spreading behaviour observed, flux-assisted infiltration of

Al melts into TiC/flux compacts occurs rapidly at low

temperatures.
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