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Abstract The wettability of carbon (graphite and glassy
carbon) by liquid aluminum was studied. A special molten
salt (flux) system was developed under which perfect
wettability (a zero contact angle) of liquid aluminum was
achieved on carbon surfaces. The principal component of
the flux is K,TiFg dissolved in a molten alkali chloride.
K,TiFg is a multifunctional flux component as it performs
the following tasks: (i) dissolves the oxide layer covering
liquid aluminum, (ii) through an exchange reaction with
liquid aluminum it ensures the necessary amount of Ti
dissolved in liquid Al, which is needed to cover the Al/C
interface by TiC. As TiC is a metallic carbide, it is per-
fectly wetted by liquid Al-Ti alloys. In this paper, the
conditions of perfect wettability of carbon by liquid Al
under MCI-K,TiFg molten salts (fluxes) are found as
function of: (i) the basic component of the flux
(MCI = LiCl, or NaCl-KCl or CsCl), (ii) K,TiF¢ content
of the flux, (iii) temperature, (iv) flux:Al weight ratio, (v)
specific surface area of Al, and (vi) specific surface area of
carbon. A simplified theoretical equation is derived to
reproduce the experimental data.
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Introduction

Wettability of solids by liquid metals is a subject of high
importance both for theory and practice [1-13], especially
for producing composite materials [14—16], metallic foams,
and emulsions [1, 2, 9, 11, 17, 18]. Different forms of
carbon (carbon fibers, carbon nanotubes, etc.) are among the
most interesting materials due to their low density and high
strength. They are already used to strengthen different bulk
materials, such as polymers, ceramics, and metallic alloys.
Among the metallic matrices for metal matrix composites
one of the most promising is aluminum and its alloys due to
their low density and good corrosion resistance. Thus, one
of the interesting reinforcement/matrix compositions is the
family of C/Al composites [19-35]. However, the devel-
opment of C-reinforced Al-matrix composites and nano-
composites is seriously limited by the poor wettability
between all forms of carbon and liquid aluminum.

Indeed, the contact angle in the graphite/liquid Al sys-
tem was found between 140° and 160° at 700 °C due to the
oxide layer covering liquid Al [36—41]. One of the ways to
remove the oxide layer is to apply high temperature and
high vacuum at the same time. Indeed, in high vacuum at a
temperature of around 1000 °C the contact angle gradually
reduces into the interval between 50° and 70° [36-43].
Under this condition, an Al4C;3 layer with a thickness of
1-20 pm forms at the Al/C interface and the improved
wettability corresponds rather to the Al/Al4C; couple [36]
and not to the original Al/C couple. However, neither high
temperature nor high vacuum is desirable for materials
processing. Moreover, the interfacial wettable product
(Al4C3) is a forbidden component of Al-matrix composites
due to its corrosion sensitivity.

The formation of Al4C; can be reduced or eliminated
by alloying liquid aluminum with elements forming more
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stable carbides compared to Al. These attempts were suc-
cessful with Si [40, 44] and Ti [40] alloying. However,
perfect wettability (a zero contact angle) has not been
reported in these experiments [40, 41, 44].

Wettability of carbon by liquid Al can be improved by
coating the carbon surface by metals or metal-like ceramics
[45]. Among metals Ni [23, 46], Cu [47], and Ti [39], while
among the metal-like ceramics TiB, [21, 39] was suc-
cessfully applied.

Molten salts (fluxes) are frequently used in processing
Al-alloys, mostly to remove their oxide layers and to
remove the oxide inclusions from aluminum [48, 49].
Wettability of carbon by different Al-alloys was also
studied under protective fluxes [50, 51]. Pure liquid Al
covered by eutectic KAIF,—K;AIF¢ flux was found to have
poor wettability on graphite particles at 800 °C [51]. On
the other hand, it was found that liquid Al alloyed with
5 wt% of Ti, Hf, V, Nb, Ta, and Mg perfectly wets a
graphite surface under the protective NaCl-KCl flux at
temperatures above 900 °C [50].

In some studies on the behavior of Al-Ti and Al-Ti—B
alloys under KF-AIF; and cryolite—alumina melts, perfect
wettability of the graphite crucible by the liquid alloy was
found [52-54]. However, these findings were side-products
(to be eliminated) in those studies, and were not studied
systematically.

The goal of this paper is to report on our systematic
studies to achieve perfect wettability of graphite and glassy
carbon surfaces by liquid Al under a molten salt (flux).

Our concept to achieve perfect wettability of graphite
by liquid Al

First, let us develop a concept to make graphite surfaces
perfectly wettable by pure liquid Al, using a molten salt
flux. From the above literature review, this flux should be
at least bi-functional, as it should:

(i) remove the oxide layer from the surface of liquid Al
and protect liquid Al from further oxidation, and

(i) provide in situ alloying of liquid Al by a component
which will ensure perfect wettability of graphite by
this alloy.

The removal of oxide layer is routinely achieved by
chloro-fluoride fluxes, namely by equimolar NaCl-KCl
with some dissolved fluorides such as KF [48, 49], AlFs,
MgF,, CaF,, NaF, LiF, Na3AlFg [49]. Thus, in this paper
equimolar NaCl-KCl salt will also be used with some
fluoride additives.

Now, let us select the alloying element for Al. As fol-
lows from some observations in the literature, transition
metals being able to produce stable carbides of metallic
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character can improve the wettability of Al on graphite
[50]. Titanium will be selected in this paper as it has been
proven an efficient alloying component to enhance wetta-
bility in many systems [41]. Also, some literature obser-
vations indicate that perfect wettability in the AI-Ti/C
system can be achieved under some molten salts [50, 52—
54].

At the Al-Ti/C interface, the formation of TiC is ther-
modynamically expected [55-60]. Although TiC is not
perfectly wetted by liquid Al in a gas atmosphere [41, 61—
63], it was found perfectly wettable under the AlF;—KF
eutectic [51, 60, 64].

It has been known for some decades that one of the
economical ways to produce Al-Ti and Al-Ti-B alloys is
reacting liquid Al with a K;TiF¢-containing molten salt
[65—-69]. Moreover, the formation of in situ Al/TiC com-
posites were reported by reacting liquid Al with K,TiFg
and graphite particles [70], indicating the possibility to
produce metallic TiC layer on graphite using Al and
K,TiFg¢. Although we have found no experimental infor-
mation on the ability of K,TiFg to remove the oxide layer
from liquid Al, from the tendency reported in [49], one can
suppose that K,TiFg is probably an efficient salt to do this
job.

Based on the above, the molten salt system NaCl-KCl-
K,TiFg has been selected for this study. It has been sup-
posed that this salt will be able to meet both the require-
ments mentioned above. To support this hypothesis and to
help to design the experiments, a series of preliminary
theoretical studies were performed (see Appendices 1-7).

Experimental conditions

The experiments were performed in glassy carbon and
graphite crucibles. It was empirically established that no
significant difference in wettability can be found between
these two types of crucibles (a similar conclusion was
made for the wettability of graphite and glassy carbon by
different molten chlorides [71]). Due to economic consid-
erations, the majority of experiments were performed in
graphite crucibles. These crucibles were cylinders of
17 mm inner diameter and 30 mm height.

The weighed amounts of Al and salt were placed into a
crucible. Aluminum was added in one piece of a cube-like
shape, while the salt was added as powder of 0.1 mm
average particle size. The crucible was placed into a
stainless steel container (with a volume of about 1 L) and
the latter was sealed. The container was filled with argon
gas with the residual oxygen and water total partial pres-
sure estimated to be 1 Pa. The system was heated to the
desired temperature and kept at this temperature during
1 h. Then, the container was taken out of the furnace and
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left to cool down to room temperature. Solidification of the
alloy and the flux took about 10 min. The flux was dis-
solved from the room temperature crucible using water.
After dissolution of the flux, the Al-droplet was removed
from the crucible. Contact angle was found from the
photographs of the solidified droplet. In some cases
(especially in case of perfect wettability), the Al-droplet
could not be removed from the crucible. In these cases, the
crucible was sectioned and the contact angle was found
from the photographs of these sections.

Experimental results and discussion

Qualitative differences between the shapes of solidified
Al-droplets can be seen in Fig. 1. When the flux was a
simple (NaCl-KCl) equimolar solution (see Fig. 1a), the
droplet was clearly nonwetting and its surface was oxi-
dized. When some NaF was added to the salt, it was able to
dissolve the oxide layer from the surface of Al (see the
shiny droplet in Fig. 1b), but it did not improve the wet-
tability much. Perfect wettability was achieved when suf-
ficient amount of K,TiFs was added to the flux: see the
Al-droplet climbing up the wall of the crucible against
gravity in Fig. lc. It should be mentioned that the Al
droplet was able to climb up along the crucible wall only
till the top of the flux layer. It stopped at the top of the flux
layer probably due to different contact angle values in the
carbon/Al/salt and in the carbon/Al/Ar gas systems, or
perhaps due to the oxidation of Al without the protecting
flux by traces of oxygen and/or water in the argon gas.

From Fig. 1c, we can conclude that our main goal is
achieved and our concept to make graphite (or glassy
carbon) perfectly wettable by liquid Al under a flux is
proven. In the following subchapters, the influence of dif-
ferent parameters on wettability is reported.

Effect of K,TiFg content of the flux on wettability

In Fig. 2a, the influence of K,TiFg concentration of the flux
on the contact angle as function of the flux to Al mass ratio
(mg/my;) is shown. For a given K,TiFg content (see the
curve with 10 wt% K,TiF¢), the contact angle is about
130° in the interval of mg/m,; between zero and a certain
concentration-dependent value (around 2 in case of the
10 wt% K,TiFg containing flux). Then, within a limited
interval of mg/myu; the contact angle gradually decreases
from nonwetting (around 130°) to perfectly wetting (0°)
situation. In case of the 10 wt% K,TiF¢-containing flux,
the transition from nonwetting case to the perfectly wetting
case takes place in the interval of mg/mu; values between
2.0 and 3.5. With further increase of the mp/my ratio, the
state of perfect wettability is not changed.

Fig. 1 Photographs of the Al-droplet taken out of glassy carbon
crucibles after experiments performed at 700 °C and mg/ma; = 8.
Flux compositions: (NaCl-KCl) (a), (NaCl-KCI1)-10 wt% NaF (b),
and (NaCl-KC1)-10 wt% K,TiFg (c)

As follows from Fig. 2a, increasing the K,TiFg-content
of the flux shifts the curves toward lower mg/ma; values.
Thus, the higher is the K,TiFs-content of the flux, the less
flux is needed for the given amount of Al to achieve perfect
wettability. This is in perfect qualitative agreement with
Eq. 25 of Appendix 7. To demonstrate it in a more quan-
titative way, Fig. 2b is plotted in coordinates dictated by
Eq. 25b. One can see that the correlation is acceptable
(R* = 0.981), with semi-empirical parameters: A = 0.400,
B =37.2. From Eqgs. 25b—c, using parameters ma; =
3.0 x 1074 kg and Ac = 4.5 x 1074 mz, the values of
semi-empirical parameters of Eq.25 are found as:
Kioss = 2.4 x 1077, ko, = 4.7 x 107>, The latter value has
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Fig. 2 Influence of K,TiFg concentration of the flux (see numbers on
curves in a) on the contact angle of liquid Al on graphite in the
(NaCl-KC1)-K,TiFg system as function of the mass ratio of flux to Al
(ma; = 0.3 g, Ac = 450 mm?2, T = 800 °C) (dot size corresponds to
experimental uncertainty). b The plot in accordance with Eq. 25a of
Appendix 7

the same magnitude as estimated in Appendix 7 (kox =
2.7 x 107%). These parameters are approximately valid for
the (NaCl-KCI) molten salt, at 7 = 800 °C.

Effect of temperature on wettability

In Fig. 3, the effect of temperature on wettability as
function of mg/my; is shown. One can see that at lower
temperatures more salt is needed for the same weight of Al
to ensure perfect wettability. The curves are shifted to
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Fig. 3 Influence of temperature (see values on curves) on the contact
angle of liquid Al on graphite in the (NaCl-KCl)-10 wt% K,TiFg
system as function of the mass ratio of flux to Al (ms =03 g,
Ac = 450 mm?) (dot size corresponds to experimental uncertainty)
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higher mg/ma; values much more when T is decreased from
800 to 700 °C as compared to when T is decreased from
900 to 800 °C. This is in agreement with our theoretical
prediction shown in Fig. 11, with the calculated critical
temperature of TiC formation of around 750 °C. That is
why perfect wettability at 700 °C can be achieved only due
to the overheating effect of the exchange reaction (2) (see
Appendix 1). Thus, an extra amount of K,TiF¢ should have
been reacted for this purpose, explaining the significantly
higher values of mg/ma; required for perfect wettability at
700 °C.

The effect of temperature between 800 and 900 °C
cannot be explained by Fig. 11. This effect is explained by
the T-dependence of parameter ko, of Eq. 25. Indeed, the
definition of kox (= 2740 x %’X)) involves the solubility of
alumina in pure K,TiFg (C*). It is obvious that C*
increases with temperature [76], and thus k,, is expected to
decrease with 7. Thus, in accordance with Eq. 25, the
mg/ma ratio is expected to decrease with temperature, even
if T is above the critical value of 750 °C. However, the
effect of T is smaller above 750 °C compared to its qual-
itative influence below 750 °C.

Effect of NaF-content of the flux on wettability

In Fig. 4, the effect of NaF-content of the flux on wetta-
bility is shown as function of mg/m,,. In these experiments,
10 wt% NaF was added to the “standard” flux of NaCl-
KCI-10 wt% K,TiFs. As follows from Fig. 4, the addition
of NaF lowered the critical mg/m4; value needed for perfect
wettability. As follows from Fig. 1b, NaF itself does not
ensure improved wettability. However, it is able to dissolve
the oxide layer from the surface of the Al droplet, and in
this way decreases the amount of Ti needed to achieve
perfect wettability. In terms of Eq. 25, the role of NaF is
equivalent to making coefficient k., equal to zero, i.e., no
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Fig. 4 Influence of NaF-content of the flux (see values on curves) on
the contact angle of liquid Al on graphite in the (NaCl-KCI)-10 wt%
K,TiFg system as function of the mass ratio of flux to Al
(mpa; =03 g, Ac = 450 mm?, T = 800 °C) (dot size corresponds
to experimental uncertainty)
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Fig. 5 Influence of the choice of alkali chlorides MCI (see on curves)
on the contact angle of liquid Al on graphite in the MCI-10 wt%
K,TiFg system as function of the mass ratio of flux to Al
(ma = 0.3 g, Ac = 450 mm?2, T = 800 °C) (dot size corresponds
to experimental uncertainty)

Ti is needed to dissolve the oxide layer in the presence of
NaF. As 10 wt% NaF fully dissolves the oxide layer, fur-
ther increase in NaF concentration has no additional effect
on wettability.

Effect of the choice of alkali chlorides on wettability

In addition to equimolar (NaCl-KCl) flux, there are other
possible alkali chlorides which can in principle provide a
similar function. In Fig. 5, the wettability of C by Al is
compared depending on the choice of the alkali chloride.
One can see that the wettability improved by replacing
(NaCl-KCl) by LiCl, while replacing (NaCIl-KClI) by CsCl
made liquid Al much less wetting. This is explained by
different complexing abilities of alkali chlorides toward
transition metal fluorides. It is known [72] that by
increasing the radius of the alkali metal cation (M) the
complexing ability increases. This means that in the CsCl
environment the activity of K,TiFg is seriously reduced as
compared to (NaCI-KCl) and especially to LiCl. Thus, the
solubility of alumina in the CsCI-K,TiFg salt is obviously
much lower compared to (NaCl-KCl)-K,TiF¢ and espe-
cially to LiCl-K,TiFg salts, and that is why the k., value in
Eq. 25 becomes much higher in the case of CsCI-K,TiF.
This explains why wettability cannot be improved in the
CSCI—KzTiF6 flux.

Effect of the mass of Al droplet on wettability

When the mass of Al-droplet is small (below 1 g), it has a
very high-specific surface area and that is why the amount
of oxide carried with it into the system is significantly
increased. The influence of the mass of the Al sample can
be seen in Fig. 6. One can see that in the transition period
between the nonwetting and perfectly wetting states, the
mass of Al sample has a significant influence on the contact
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Fig. 6 Dependence of the contact angle of liquid Al on graphite on
the mass of the Al droplet in (NaCI-KC1)-10 wt% K,TiF¢ flux at two
different temperatures (see values on curves, Ac = 450 mm?, mass
ratio of flux to Al equals 2, dot size corresponds to experimental
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Fig. 7 The wettability diagram of graphite by liquid Al in the
C/Al/(NaCl-KC1)-K,TiFg system at 800 °C (ma = 0.3 g, Ac =
450 mm?). Points: experimental data (see Fig. 2a), line: calculated by
Eq 25a with parameters: A = 0.400, B = 37.2 found from Fig. 2b
(dot size corresponds to experimental uncertainty)

angle when it is below 1 g. This is in full accordance with
Eq. 25.

The wettability diagram

As a summary to this chapter, a “wettability diagram” is
shown in Fig. 7 for the (NaCl-KCI)-K,TiFg system and
parameters 7 = 800 °C, ma =03 g, A, =450 mm?>.
Figure 7 follows from Fig. 2a and b. One can see that
Fig. 7 is in a good agreement with Eq. 25 and the model
developed in Appendix 7.

Conclusions

(i) A new concept has been presented to make graphite
(and glassy carbon) surfaces perfectly wettable by
liquid aluminum. This implies covering liquid Al by
a NaCl-KCIl-K,TiFg molten flux, preferably above
750 °C. The key component of the flux, K,TiFg,
dissolves the oxide layer from the surface of liquid
Al and provides the Ti-source to alloy Al by an
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exchange reaction with it. The titanium being dis-
solved in Al interacts with carbon to form TiC above
750 °C and a Ti-content of 0.40 wt%. Liquid Al-Ti
alloy perfectly wets this metallic carbide.

(ii) Perfect wettability of glassy carbon and graphite was
experimentally achieved by liquid Al under different
MCI-K,TiFg molten flux systems as function of
K,TiFs-content of the flux, temperature, alkali
chloride (MCI), the weight of Al sample and the
NaF-content of the flux. The wettability was found to
improve with increasing the flux-to-Al ratio, the
K,TiFg content of the flux, temperature, NaF content
of the flux, weight of Al and by replacing the
“standard” flux MC] = (NaCl-KCl) by MCI = LiCl.

(iii)) The model based on mass balance equations was
developed to connect the necessary flux-to-Al mass
ratio for perfect wettability with K,TiFg content of
the melt, mass of Al and surface area of carbon to be
wetted (see Eq. 25 with two semi-empirical param-
eters). These parameters were found by fitting the
experimental data to Eq. 25.

(iv) Finally, it should be recognized that the formation of
a thin TiC-layer at the Al/C interface could not be
proven by us experimentally in the course of this
study. On the other hand, the macroscopic observa-
tions on perfect wettability are in full agreement with
the hypothesis of the formation of this TiC-layer (see
Appendices and available literature). Thus, an exper-
imental proof of the formation of a thin TiC layer
under the given experimental conditions remains an
open challenge for further studies.
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(P. Baumli) and partly by the NAP-NANO and by the CK 80255
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Appendix 1: On the exchange reaction between the flux
and liquid Al

When a NaCl-KCI-K,TiFg salt comes into contact with
liquid Al, the following exchange reaction is expected:

3(K,TiFs) + 4[Al] = (K3AIFs) + 3(KAIF,) 4 3[Ti] (1)

with round brackets indicating that the component is
dissolved in the molten salt, while square brackets indicate
that the given component is dissolved in the liquid metal.
As follows from the binary Al-Ti phase diagram, a very
low amount of Ti dissolved in liquid Al is sufficient to
reach the two-phase region (Al-Ti) + AlsTi [73]. Thus,
Eq. 1 can be re-written in the following form, supposing
that Al;Ti particles are dispersed in the liquid Al-Ti alloy:
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3(K,TiFg) + 13[Al] = (K3AlFs) + 3(KAIF,)
+ 3{ALTi} (2)

The {} brackets indicate that the given pure phase is dis-
persed in the liquid metallic phase. Standard Gibbs ener-
gies of components are collected in Table I in the
T-interval between 1000 and 1200 K. Most data are taken
from [74]. For some components, data are missing from
[74, 75] and other available sources of standard thermo-
dynamic data. In these situations, data were estimated in
this paper. In case of KAIF, for this purpose the known
values for K;AlFg, KF, AlF; [74] and the information for
the KF-AIF; phase diagram [76] were used. In case of
K,TiF¢ for this purpose the measured equilibrium vapor
pressure of TiF, over K,TiFg [77] combined with known
thermodynamic data for KF and TiF, [74, 75] and the
KF-TiF, phase diagram [78] were used.

The standard Gibbs energy change of reaction (2) is
given in Table 2 in the same T-interval between 1000
and 1200 K. One can see that this value is very much
negative (—870.0 & 260 kJ at 1100 K), leading to very
high value of the equilibrium constant of reaction (2): K =
9 x 10°® ... 5 x 107 at T = 1100 K. Such a high value of
the equilibrium constant will guarantee that reaction (2)
will be almost entirely shifted to the right hand side. In
other words, all available Ti in the form of K,TiFg will

Table 1 Standard Gibbs energies of formation of some compounds
in the T-interval between 1000 and 1200 K (A/G° =a + b x T,
A/G® in kJ/mol, T in K)

Component a b AG° at 1100 K Source

AlL K, C, 0 0 0 By definition
Ti, F,

K5AlFg —3488.2 0.7055 —2712.2 + 20 [74]

KAIF, —2152.5 040 —1712.5 £ 40 Estimated

K,TiFg —-30352 0.54 —2441.2 £ 30 Estimated

KF —617.1 0.150 —452.1 £ 5 [74]

CF, (g) —656.2 0.1135 —5314 £+ 10 [74]

Al;Ti —1823 0.0615 —114.7 £ 10 [74]

TiC —184.6 0.0115 —172.0 £ 10 [74]

AlCs —257.7 0.0945 —153.8 £ 10 [74]

Table 2 Standard Gibbs energy changes of some reactions in the
T-interval between 1000 and 1200 K (A,G° =a + b x T, A,G° in
kJ, T in K)

Reaction a b A,G° at 1100 K
2) —1387.0 0.470 —870.0 £ 260
3) +960.2 —0.115 +833.7 £ 60
4) —85.9 0.0315 —513+3

(5) -2.3 —0.050 —57.3 £ 20
(6) +83.6 —0.0815 —6.1 £ 23
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eventually appear in Al as dissolved Ti, or as part of
the precipitated Al;Ti intermetallic phase (see also
Appendix 7).

From Table 2, one can also see that the enthalpy change
of reaction (2) is about —1387 =+ 200 kJ, i.e., reaction (2)
is very much exothermic. According to reaction (2), 6 mol
of KF, 4 mol of AlF;, and 3 mol of Al;Ti participate in
this reaction, with the total heat capacity of about 1160 £
50 J/K [74, 75]. Thus, one can expect that the enthalpy
change of reaction (2) will heat the system maximum by
1,200 £ 200 K. In reality, only a small fraction of this
T-increase will be realized in the crucible due to a larger
heat capacity of the whole system (NaCl-KCl, Al, cruci-
ble) and the natural heat loss. Nevertheless, the several
hundreds of K of temperature increase reported in [65] for
a similar reaction seems to be supported by this simplified
calculation. Thus, one can expect that the real temperature
within the crucible during the experiments will be some-
what higher than the nominal temperature indicated by the
thermocouple positioned at some distance from the cruci-
ble. As a side effect, one might expect the undesired for-
mation of aluminum carbide. However, characterization of
the carbon/Al-Ti interfaces was not part of this project. It
is a question remaining for following studies whether
aluminum carbide is formed at the interface due to the
above described exothermic effect.

Appendix 2: Liquidus temperature of the flux

From the economic and environmental points of view, the
temperature of the process should be kept as low as pos-
sible. Due to the melting point of Al, the process should be
run at least at 700 °C or above. Thus, the selected molten
salt and the molten salt resulting from reaction (2) should
have a liquidus temperature below 700 °C.

The binary equimolar NaCl-KCl system forms an aze-
otropic solution with a liquidus/solidus temperature of
about 665 °C [79]. In this paper, the equimolar NaCl-KCl
solution is denoted as (NaCl-KCl). The liquidus curve in
the quasi-binary (NaCl-KCI)—K,TiF¢ system was con-
structed by us (see Fig. 8) from the reciprocal Na™, K*//
TiF>~, C1™ system reported in [80]. One can see that more
than 90 wt% of K,TiFg can be dissolved in (NaCl-KCI)
without increasing the liquidus temperature above 700 °C.

As it was shown above, K,TiFg reacts with liquid Al
forming K;AlFg and KAIF, according to reaction (2). The
liquidus curve in the quasi-binary (NaCl-KCl)-K;AlF¢
system was constructed by us (see Fig. 9) from the reci-
procal NaCl-KCI-K;AlIF¢—Na3;AlFg system reported in
[81, 82]. One can see that the liquidus temperature rises
above 700 °C when more than 20 wt% of K3AlFg is dis-
solved in (NaCIl-KCl).
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Fig. 8 Liquidus temperature in the quasi-binary (NaCl-KCI)-K,TiFg
system (drawn from the reciprocal Na™, K*//TiFs*>~, Cl~ system of
[80D)
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Fig. 9 Liquidus temperature in the quasi-binary (NaCI-KCIl)-K;AIFg
system (curves are drawn from the reciprocal NaCl-KCI-K;AlF¢—
NazAlFg system. The two versions are taken from two sources
(81, 82])

Unfortunately, no information on the (NaCl-KCl)—
KAIF, or on the (NaCl-KCl)-K;AlFs—KAIF, systems was
found by us in the literature. However, from the binary
KF-AIlF; phase diagram it is quite obvious that when
K3AlFg is replaced by the same weight of KAIF,, the
liquidus temperature will somewhat decrease. Thus, the
liquidus curve in Fig. 9 can be considered as a maximum
liquidus for the same wt% of (KAIF; 4+ K3AlF¢) in the
(NaCl-KCl) system. As mentioned above, a maximum of
20 wt% of (KAIF, + K3AlFg) is allowed in the system to
ensure that the liquidus temperature is kept below 700 °C.
This corresponds to about 21 wt% maximum initial
K,TiFg content in the (NaCl-KCIl) melt, in agreement
with reaction (2).

In some experiments, NaF is added to (NaCIl-KCl), as a
less expensive substitute of K,TiF¢ at least for the role to
dissolve the oxide layer from the surface of liquid Al. The
quasi-binary liquidus temperature for the (NaCl-KCl)-NaF
system is shown in Fig. 10. It is constructed from ternary
data of [83]. One can see that the liquidus temperature can
be kept below 700 °C if the content of dissolved NaF does
not reach 21 wt%.

Based on the above phase diagram information, the
(NaCI-KCl) + 10 wt% K,TiFg system will be used by us
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Fig. 10 Liquidus temperature in the quasi-binary (NaCl-KCl)-NaF
system (drawn from the ternary NaCIl-KCI-NaF system of [83])

as a “standard” flux. In some experiments, a maximum of
10 wt% of NaF will be added. All these salts will have
their liquidus temperature below 700 °C with and/or
without their exchange reaction with liquid Al.

Appendix 3: Density of the flux

To ensure effective phase separation between liquid Al and
the covering flux, the density of the molten salt system
should be kept significantly below the density of liquid Al.
Density values of some pure salts are collected in Table 3.
One can see that all the possible components of the salts
have somewhat lower densities compared to liquid Al. In
the first approximation one can suppose that the density of
(NaCl-KCl)-based fluxes are linear combinations of the
densities of pure components multiplied by their weight
ratios. This is quite well confirmed by actual measurements
[87, 88].

Then, the density of the (NaCI-KCl) + 10 wt% K,TiF¢
flux at 1100 K will be about 1576 kg/m>, which is lower by

Table 3 Densities of some pure liquid metals and molten salts
(p=a+b-T, pinkgm’, Tin K)

Pure component a b p at 1100 K Source

Al 2707 —0.35 2322 [84]

Ti 4130 —0.23 3877 [84]

NaCl 2139.3  —0.5430 1542 [85]

KCl 21359 —0.5831 1494 [85]

NaF 2655 —0.54 2061 [85]

KF 26464  —0.6515 1930 [85]
NazAlFg 3288 —0.937 2257 [76]
K5AlF, 3222 —1.05 2067 Estimated”
NaAlF, 2572 —0.75 1747 [76]
KAIF, 2520 —0.84 1596 Estimated®
K,TiF¢ 27715 —0.6102 2100 [86]

# Estimated from the values of Na3AlFg and from the comparison of
the NaCl-KCI and NaF-KF couples
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32% compared to the density of liquid Al. According to
reaction (2), the salt (NaCl-KCI) + 3.6 wt% K3AlFg +
5.9 wt% KAIF, will form from the (NaCl-KCl) + 10 wt%
K,TiFg flux. The approximate density of this salt is about
1542 kg/m®. Thus, in the course of reaction (2) the density
of the salt is expected to decrease by about 2%, while the
density of liquid Al is expected to increase slightly, due to
alloying by heavier Ti.

Thus, we can conclude that the “standard” flux (NaCl-
KCI) 4+ 10 wt% K,TiFg system with and/or without its
exchange reaction with liquid Al will have a significantly
lower density compared to liquid Al, i.e., the flux will form
a stable liquid layer on the top of liquid Al.

Appendix 4: Chemical interaction between flux and
graphite

In principle, TiC can be formed due to the chemical
interaction of the K,TiFg of the flux and graphite:

K, TiFg + 2C = TiC + 2KF + CF,4 (3)

As one can see from Table 2, the standard Gibbs energy
change of this reaction is a highly positive value, i.e.,
reaction (3) in reality does not take place." Thus, the
graphite surface cannot be covered by TiC using the molten
salt alone. The spontaneous reducing effect of liquid alu-
minum is needed to reduce Ti from its Ti** form (see
Appendix 1). Only the reduced form of Ti is able to form
the TiC layer on graphite (see below), even if its activity is
lowered due to alloy formation.

Appendix 5: Thermodynamic conditions to precipitate
TiC at the Al-Ti/C interface

The next condition for our successful experiments is to
meet thermodynamic criteria to form TiC at the Al-Ti/C
interface. Without dissolved Ti in liquid Al, the following
chemical interaction is expected to take place:

! From Table 2, the standard Gibbs energy change of reaction (3) is
+833.7 £ 60 kJ at 1100 K, with an equilibrium constant of less than
1073¢. Taking into account possible activities of the other compo-
nents, the equilibrium vapor pressure of CF, will be lower than
107° bar. This reaction takes place at the graphite/molten salt
interface. The vapor pressure of 1073 bar is not sufficient to form a
new CF, bubble. However, CF, can enter the pores of the graphite.
The closed system used in our experiments is about 10~ m® of total
volume. Thus, if the law of ideal gas is supposed with the total
volume occupied by the CF, gas, the maximum number of moles of
CF, will be <1073® mol. Thus, reaction (3) will lead to the formation
of less than 107>® mol of TiC, being much less than a single TiC
molecule.
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4/3A14+ C = 1/3 Al4Cs. (4)

As follows from Table 2, reaction (4) will take place
spontaneously at any reasonable temperature with liquid
Al. When the content of dissolved Ti in liquid Al is
sufficient to form Al;Ti, the following chemical reaction
with graphite can also take place:

ALTi + C = 3Al + TiC (5)

In principle, reactions (3-5) should be analyzed together.
However, due to highly positive Gibbs energy change of
reaction (3), in the first approximation only reactions (4-5)
will be considered here. As follows from Table 2, the
standard Gibbs energy of reaction (5) is less negative at
0 K compared to reaction (4). However, at 7= 1100 K
reaction (5) is accompanied with a more negative standard
Gibbs energy change compared to reaction (4). The
competition between reactions (4-5) is more obvious if
one considers the following exchange reaction, obtained as
the difference between reactions (4) and (5):

1/3 AlLLCs + ALTi = TiC + 13/3 Al (6)

From the Gibbs energy values given in Table 2, one can see
that this reaction is improbable at low temperatures, but
becomes more and more probable at higher temperatures. At
a given critical temperature 7, the Gibbs energy of reaction
(6) becomes zero. From the values given in Table 2, this
takes place at T, = 1026 £+ 100 K = 753 &+ 100 °C. The
uncertainty of this value is quite high. Unfortunately, similar
uncertainties can be found in the literature (see Table 4). As
follows from Table 4, T, is found between 693 and 900 °C
in the literature [55-60].

The above findings are super-positioned onto the binary
Al-Ti phase diagram [73] in Fig. 11. According to the
dotted lines of Fig. 11, there are two thermodynamic
conditions to form a stable TiC phase at the AI-Ti/C
interface:

(i) temperature should be above 750 °C,

(i) Ti-content of the remaining melt should be above a
certain 7T-dependent value. The critical Ti-content is
around Cr; o, = 0.40 wt% at 750 °C. This Ti-content

Table 4 The critical (equilibrium) temperature of the nonvariant
reaction (6)

Ter, °C Source Method

<1100 [55] Experiment

754 ... 797 [56] Experiment + calculation
<1000 [57] Experiment

693 [58] Calculation

<1100 [59] Experiment

800 ... 900 [60] Experiment

850
IL +CITIC| .~
800 ! {

» I L+ ALTi+ C/TiC
L+ C/ALC; /
750
700 L+ ALTi + C/ALC;

1 —
650 Al ' iAI+A]_‘Ti’“
0 04 0.8 1,2 1.6

\N'o/u, Ti

(N

-]

Fig. 11 The Al-corner of the binary AI-Ti phase diagram [73] with
superimposed phase transition lines at the Al-Ti/C interface. Bold
lines: equilibrium lines of the Al-Ti equilibrium phase diagram. The
almost vertical dotted line is calculated by Eq. 9. The horizontal
dotted line is drawn to higher Ti-contents from the point of
intersection of the almost vertical dotted line with the liquidus line
(the coordinates of this intersection point: 750 °C and 0.40 wt% Ti)

is the coordinate of the liquidus line at 750 °C. The
critical Ti-content slightly increases with increasing
T. The (almost) vertical dotted line in Fig. 11 was
calculated using the T-dependence of the partial
excess Gibbs energy of Ti in infinitely diluted
solution of liquid Al (G is in kJ/mol, T is in K):

- T
AGryy = —104.6exp < 2325> (7)

Equation 7 was obtained from fitting the liquidus in the
Al-rich corner of the AI-Ti phase diagram [73] (see
Fig. 11), coupled with the Gibbs energy of formation data
of Al5Ti [74] (see Table 1). The mathematical form of
Eq. 7 is in agreement with thermodynamic constraints [89].
Equation 7 is in a reasonable agreement with experimental
heat of mixing data [90]. At temperatures around the lig-
uidus, Equation 7 is also in a reasonable agreement with
previous Calphad assessments [58, 91, 92]. The almost
vertical dotted line in Fig. 11 corresponds to the following
equilibrium:

1/3 Al4C;3 + [Ti] = TiC + 4/3]Al| (8)

In agreement with reaction (8), the equilibrium Ti-content
can be calculated as:

M .
Crier 22100 - MZ
ArGic — 0333 - MGy e, — AGET
e - (9)

This equation is derived by supposing that the solubility of
carbon in the AI-Ti liquid alloy is zero and that activity of
Al in the alloy is close to 1. The critical Ti-content cal-
culated by Eq. 9 increases from 0.40 wt% at 750 °C to
0.42 wt% at 900 °C. Based on Fig. 11, the “standard”
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temperature of 800 °C is selected for our experiments. It is
expected that at this 7 reaction (6) will be shifted to the
right and the Al-Ti/C interface will be covered by TiC,
supposing sufficient amount of Ti is added to the system
through K,TiF.

Appendix 6: The condition of perfect wettability

Now let us consider a liquid (L) metallic droplet on a solid
surface (S) in the environment of a molten flux (F). The
contact angle (®) of the droplet can be written by the
Young equation applied to this case:

cos @ — ISE — IsL (10)

OLF
where osg, 0sp, and oy are interfacial energies in solid/
flux, solid/liquid metal, and liquid metal/flux systems,
respectively. By definition, the adhesion energy in the
solid/flux (Wgg) and in the solid/liquid metal (Wgy ) can be
written as:

(11a)
(11b)

Wsk = 0sG + 0rG — OsF
WsL = 056 + 0L — 0sL,
where gsg, 0LG, and ogg are surface energy of the solid and
surface tension of the liquid metal and molten flux,

respectively. Let us express osg and og. from Egs. 11a-b
and substitute these values into Eq. 10:

(WsL — o16) — (Wsk — 0rG)
OLF

cos® =

(12)

The condition of perfect wettability of S by L under F is
that cos ® = 1. Substituting this into Eq. 12, the critical
Wsr. value ensuring perfect wettability is obtained as:

WsL 2 oiF + o1g + Wsk — 0rG (13)
On the other hand, adhesion energy in the S/L system can

be modeled as a linear combination of adhesion energies
along a heterogeneous solid/liquid interface. In the first

approximation, let us suppose that some fric fraction of the
initial graphite (C) surface is covered by TiC. Then, the
average adhesion energy is written as:

WsL = WL + Bric - (Wric — Wer) (14)

where Wc, and Wrycq are the adhesion energies in
graphite/liquid metal and TiC/liquid metal systems. As
follows from Eq. 14, at fric = 0: Wsp = W, while at
Bric = 1: WsL = Wric/L. Let us substitute Eq. 14 into
Eq. 13 and let us express the critical value of fric .- above
which the contact angle becomes zero:

oLF + o6 + Wsp — org — WeL
ﬂTiC,cr = W W (15)
Tic/L — WeyL

Perfect wettability of graphite by liquid Al under the
molten flux can be achieved only if the value of 1. < 1,as
unity is the physical limit of surface coverage. In other
words, perfect wettability will be achieved if f1; > Pricr-
Now, let us estimate the value of fr; ., using Eq. 15. Let us
perform this analysis supposing that Eq. 2 has been shifted to
the right, and, as aresult, sufficient Ti is dissolved in liquid Al
to ensure the formation of at least some TiC, in accordance
with Fig. 11. Thus, we consider the following composition
of solution phases: L = Al-Ti alloy, F = (NaCI-KCl)-
KAIF,—K3AlFg flux. The calculations will be performed for
the “standard” temperature of 800 °C (see Appendix 5).
Surface tension of different pure molten salts is given in
Table 5. One can see that in the F = (NaCl-KCIl)-KAIF,—
K3AlF¢ flux, the potassium salts are surface active. The
estimated surface tension value is opg = 90 £ 5 mJ/m>.
The contact angle of NajAlFs on a graphite surface is
about 140° [76]. Combining this value with its surface
tension (Table 5), and the Young equation, a value of
solid/liquid interfacial energy of 272 mJ/m? is obtained
(the solid/gas interfacial energy of graphite is taken as
150 mJ/m? [71]). From the contact angle of NaCl on C
(113° [71]), the solid/liquid interfacial energy equals
195 mJ/m?>. Thus, among sodium salts, the chlorides are

Table 5 Surface tension of

some liquid metals and molten Pure component a b c o at 800° C Source
salis (G =a+b-itc-fioin 1175 ~0.19 - 1023 (38, 93-97]
mJ/m~, t in °C) .

Ti 1964 —025 - 1764 [97]

NaCl 171.5 —0.0719 - 114.0 [98]

KCl 160.4 —0.077 — 98.8 [98]

NaF 267.2 —0.082 — 201.6 [98]

KF 176.2 —0.0108 —0.333 x 107 146.2 [98]

NasAlFq 262.0 —0.128 — 159.6 [98]
* Estimated from the values of K3AlFg 173 —0.059 - 126 Estimated®
NazAlFs and from the NaAlF, 210 —0.1 - 130 [76]
comparison of the NaCl-KCl KAIF, 139 —0.07 - 83 Estimated®

and NaF-KF couples
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interface active at the flux/graphite interface. Let us
suppose that this is also the case for the potassium salts.
Then, KCI will be segregated to the flux/graphite inter-
face with an adhesion energy of Wgp = 120 &+ 5 mJ/m?
[71].

As follows from Table 5, Ti is not surface active in
liquid Al [93]. Thus, the following value is used here:
o1 = 1023 + 30 mJ/m®. This value corresponds to the
nonoxidized surface of aluminum [38, 94-97].

0.195 - f113 .

(AmHri + AnHc) 4+ 0.216 - (Quoti + Qu-c — AtH$;c) +4.16 - T

(using ocg =150 mJ/m? [71] and oy g values from Table 5)
being equal to 1095 mJ/m? for the Al/C and to 1744 mJ/m*
for the Ti/C interface. Thus, Ti in the Al-Ti alloy is not
interface active at the C/L interface (in the absence of
chemical interaction). Therefore, the W4, value is selected
for Wep, = 78 £ 15 mJ/m>.

Now, let us estimate the interfacial energies in the Al/
TiC and Ti/TiC systems using the following equation
[108]:

oTic/M =
(Vric - Vm ’NAV)1/3

(17)

The interfacial energy in the (NaCI-KCIl)/Al system
with different additives was studied in [87, 99-102]. Using
the experimental data and theories given in these papers,
the estimated value for our system is found as:
o g = 600 £ 30 mJ/m>.

The adhesion energy in the nonreactive M/C system (M:
liquid metal, C: covalent element) can be estimated from
the London-van-der-Waals dispersion interaction [103,
104]. Taking into account also the repulsive term using the
Lennard-Jones potential and dividing the resulting inter-
action energy by the average molar interface area, the
adhesion energy is obtained with a negative sign as:

~ 3 oM - dc IM~IC
WC/M: /3" 601 iy
4.f-(Vm-Ve-Nay) (Rm+ Rc)” Im+1c

+20% (16)

with f= 1.0, geometrical factor [97], V; is the molar
volume of component i (m*/mol), Ny, is the Avogadro
number (6.02 x 10** L/mol), o; is the polarizability of
the gaseous atom i (m3), R; is radius of atom i (m), /; is the
first ionization energy of gaseous atom i (J/mol). The
physical constants for carbon: Ve = 5.3 x 107° m*/mol
[105], Rc = 1.85 x 107'° m [105], Ic = 1.08 x 10° J/mol
[105], and oc = 1.76 x 1073 m? [106]. The physical con-
stants for Al (and Ti): Vy = 1.1 x 107> (1.2 x 1075)
m>/mol [84], Ry = 1.43 x 10719 (1.45 x 107'% m [105),
Iy = 5.77 x 10° (6.58 x 10°) J/mol [105], op = 6.8 x
1073 (14.6 x 10_30) m> [106]. Substituting these values
into Eq 16: WC/AI =78 £ 15 mJ/mz, WC/Ti =170 £+ 34
mJ/m®. Using the Young-Dupre equation and Table 5, the
contact angles are obtained as 157° and 154° in the Al/C and
Ti/C systems, respectively. These values fit well into the
data-bank on contact angles of nonreactive covalent/metallic
couples [36, 37, 107]. From the definition of adhesion
energy, the solid/liquid interfacial energies can be calculated

where f;, \ 1S the bulk packing fraction of the solid metal M,
A, H; is melting enthalpy of component i (J/mol), Q;_; is the
interaction energy between components i and j of the liquid
alloy in the approximation of the regular solution
model (J/mol). Values of the general parameters: A, Hy; =
2.09 x 10* J/mol [105], A,,Hc = 1.05 x 10° J/mol [105],
AtHS, = —1.72 x 10° J/mol  [74], Vpe = 1.4 x 107°
m*/mol [109]. The parameter values for M = Al: f, = 0.74,
Va = 1.1 x 1075 m*mol [84], Qa1 = —6.6 x 10* J/mol
(see Eq.7), Qarc = —1.6 x 10* J/mol [58]. Then, the
calculated value from Eq. 17: 1ijc/a; = 1020 £ 200 mJ/m”>.
The parameter values for M = Ti: fi, = 0.74, Vp; = 1.2 x
107 m*mol [84], Quir =0 (by definition), Qpc =
—1.8 x 10’ J/mol [110]. Then, the calculated value from
Eq 17: OTiC/Ti = 534 £ 110 mJ/m2 As oTic/Ti < OTiC/Al
Ti is an interface active component at the Al-Ti/TiC inter-
face. Nevertheless, Ti is not able to decrease the interfacial
energy of the AI-Ti/TiC interface significantly, due to its
low solubility (see Fig. 11) and negative excess Gibbs
energy (see Eq. 7). Thus, the requested value approximately
equals: o = 1000 £ 210 mJ/m?.

The adhesion energy Wric can be calculated from its
definition of Eq 11b: WTiC/L = GTiC/G + O-L/G — O-TiC/L~
The surface energy of TiC is taken from [108]: or1ic/g =
2250 + 250 mJ/m? The surface tension of the liquid alloy
was found above: o1 g = 1023 % 30 mJ/m>. The interfacial
energy was estimated above: gic/a; = 1000 £ 210 mJ/m?.
Then, the following result is obtained for the adhesion
energy: Wricn = 2273 + 490 mJ/m>.

Finally, the critical TiC coverage of the C-surface
ensuring perfect wettability is found from Eq. 15 as:
Pricer = 0.72 £ 0.25. Thus, the possible interval of values
of Pricer is between 0.47 ... 0.97. Hence, one can expect
that liquid Al will perfectly wet carbon under the given
molten flux if about 72% of the carbon surface is covered
by TiC. This theoretical result is in agreement with
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experimental observation of [64] that liquid Al perfectly
wets pure TiC under a fluoride flux.

Appendix 7: Mass balance requirements

Now, let us write the mass balance of Ti as follows:
mit = my + muC + m$s + ml, (18)

where the masses of Ti (m;, kg) mentioned in Eq. 18
correspond to the following items:

(i) the mass introduced into the system by the K,TiFg-
content of the flux (in),

(i) the mass dissolved in liquid Al (Al),

(iii) the mass bonded into TiC at the AI-Ti/C interface
(TiC),

(iv) the mass spent to dissolve the oxide layer from the
surface of the Al droplet (ox),

(v) the mass lost due to evaporation, etc. (loss).

Now, let us model shortly each item of Eq. 18. For this,
let us consider the initial mass of the flux (mg, kg), the
initial mass of liquid Al (m4,, kg), the initial surface area of
carbon (Ac, m?). The task is to make the full surface Ac
wettable by liquid Al. The goal of this model is to find
the critical condition of perfect wettability. Thus, all con-
ditions will be taken at minimum values ensuring perfect
wettability.

Let us denote the initial concentration of K,TiFg in the
salt by Cx,rir, (Wt%). Then, the mass of Ti introduced into
the system by the K,TiFs-content of the flux is written as:

m'T"I =2.0x 10_3 * Mg - CKzTiFm (]9)

where 2.0 x 1077 is the ratio of molar masses of Ti to
K,TiFg, divided by 100.

According to Fig. 11, about 0.406 wt% of Ti dissolved in
liquid Al is needed to ensure stability of the TiC at the Al-Ti/
Cinterface at 800 °C. Thus, the following equation describes
the minimum required mass of Ti dissolved in liquid Al:

mpl >4.06 x 107 - my (20)

If intermetallic particles Al;Ti precipitate from liquid Al,
the actual mass of Ti will be higher than that calculated by
Eq. 20.

According to nanothermodynamics, there is a minimum
thickness of phases above which they behave in a “mac-
roscopic” way. Let us take this thickness of the TiC layer
being equal to dticer = 10 nm = 1078 m. Let us suppose
that this is the minimum thickness of the TiC layer, which
is able to provide perfect wettability of C by Al-Ti. Then,
the minimum required volume of TiC is calculated as:
Vric = Ac - OTicer ﬁTic,cr- Multiplying this volume by the
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density of TiC (4280 kg/m> [109]) and by the ratio of
molar masses of Ti to TiC (0.80), the minimum mass of Ti,
required in the TiC-bonded form to ensure perfect wetta-
bility is obtained as:

mh€>2.5x107° - Ac (21)

InEq. 21, fricer = 0.72 and dicor = 10~® mare involved.
In reality, the thickness of the TiC layer might be above
10 nm, or the coverage of the carbon surface can also be
higher than the critical coverage. In both cases, the actual
mass of Ti will be higher than that calculated by Eq. 21.
Comparing Eqs. 20 and 21, it is obvious that the amounts of
Ti dissolved in liquid Al and that bonded in TiC become
equal if 168 m? of carbon is in contact with 1 kg of liquid Al

Let us suppose that Al is used as ingots of side lengths
a*a*b with b =3 * a. Then, taking into account the
density of Al (2700 kg/m3 [105]), the surface area of Al is
calculated as: Ax = 0.035 -m2A/13. Let us suppose that this
surface area is covered by a thin oxide layer of thickness dy.
Then, the total mass of Al,O; introduced into the system in
the form of an oxide layer is calculated as (taking into
account the density of Al,O3 of 3900 kg/m3 [111]):
Mox = 137 - Sy - mi/f. As experiments show [49], chloride
salts such as (NaCI-KCl) do not dissolve alumina. However,
the solubility of alumina increases with increasing the
concentration of fluorides. For simplicity, let us suppose
that the solubility of alumina in the flux (Cy) is propor-
tional to the concentration of K,TiFg in the flux: Cyo =
0.01 - C* - Ck,Tir, (with C* being the solubility of alumina in
pure K, TiFg). By definition, the solubility of alumina in the
flux is expressed as: Cgo) = 100 - mox /mg. From here, the
amount of flux being able to dissolve the oxide can be
written: mg* = 100 - mox/Cso1. Substituting into this equa-
tion, the above equations for m and Cj,, the mass of flux
needed to dissolve the oxide layer is found. From here, the
mass of Ti within this flux can be calculated by an equation
being analogous to Eq. 19: mp = 2740 - ‘)CL . mi/f. For
simplicity we can write:

iy 2 oy - iy’ (22)

The thickness of the fresh oxide layer is about ., =
100 nm. The value of C* depends on temperature and
composition of the salt (for a fixed equimolar (NaCl-KCl)
salt it is constant at given 7). In the first approximation,
C* = 0.1 wt%. Substituting these two approximated values
into the above equation: k., = 2740 - ‘Eﬂ ~27x%x 1073,

The loss of Ti is mainly due to its dissociation with the
consequent evaporation of TiF, and oxidation by the sur-
rounding gas. Under the given conditions, the mass of lost Ti
is proportional to the concentration of K,TiFg in the flux:

loss

mp" = Kioss * CK,TiFs - (23)
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The semi-empirical coefficient k. is a function of tem-
perature, time, and other experimental conditions.
Now, let us substitute Eqs. 19-23 into Eq. 18:

2.0 x 107 - mp - Ci, i, >4.06 x 107 - my
+25%x107° - Ac
+ kox - mi/ﬁ =+ Kioss - CKzTiFf,
(24)

From Eq. 24, the critical mass ratio of the flux to Al to
ensure perfect wettability can be found as:

1 Kox A
LS 2.03 +500 - ~2- 4 0.0125 - =<
mar — Ck,TiF, m A/l' ma
500 - kjos
+ loss (25)
may

One can see that there are parameters with uncertain values
(kox» ki0ss) in Eq. 25. That is why an experimental program
was performed to find the values of these semi-empirical
parameters. The critical condition of perfect wettability of
graphite by liquid Al under NaCl-KCI-K,TiFy flux was
measured and the results were compared to Eq. 25 in the
main text of this paper (see Figs. 2-7).

When all parameters are fixed except the K,TiFg con-
centration, Eq. 25 can be written in terms of the critical
ratio (mg/ma;)., needed for perfect wettability as:

B

(ﬂ> A+ (25a)

Ma1) o Ck, TiFs
500 - Kioss
A =20 Moss (25b)
ma|

kox A

B =2.03 + 500 -~ +0.0125 - =< (25¢)
mA/I Mal

Thus, plotting the experimentally determined values of
(mp/map)e: as function of 1/Cx,tir,, the semi-empirical
parameters A and B can be found by a linear fit in accor-
dance with Eq. 25a. Using Eqgs. 25b and c, the values of
kioss and ko, can be evaluated if mu; and Ac are known.
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