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Thermodynamics of Interactions in Al-K2TiF6-KBF4 System
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The aim of this paper is to present the thermodynamic calculus of in-situ TiB2 formation in the aluminium
matrix by the aluminothermic reduction of KBF4 and K2TiF6 mixed salts at 750 – 950oC. The in-situ formed
TiB2 particles are very fine and thermodynamically more stable than other formed compounds (Al3Ti, AlB2).
It is found that the silicon addition in aluminium hinder the formation of Al3Ti and AlB2, and almost has no
effect on TiB2.. The XRD and SEM/EDS analysis of in-situ Al/TiB2 composites indicates the formation of only
TiB2 reinforcement particles.
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In the last decades the aluminium matrix composites
reinforced with ceramic particles represent a significant
field in structural composite research. A wide variety of
fabrication techniques have been explored for MMCs (metal
matrix composite). Thus, they have been manufactured
by diverse techniques such as powder metallurgy,
deposition of matrix by atomization and cast methods.

In-situ method for manufacturing these composites,
came into sight in the middle of ‘80, offering a
thermodynamic stability of fine and disperse particles into
the aluminium matrix due to the fact that germination and
growth of reinforcement particles take place exact in the
alloy matrix, ensuring a strong connection at the interface
between particles and matrix.

In-situ fabrication of MMCs is a process, in which
reinforcing phase is formed in the matrix as a result of
precipitation from the melt during its cooling and
solidification. Dispersed phases of in-situ MMCs may
consist of borides, carbides or intermetallic compounds.

In-situ synthesis of metal matrix composites (MMCs)
gives better properties than ex-situ MMCs due to good
particle/matrix interface and finer reinforcement particles
size.

In the last years have been realized an important number
of researches concerning the processing of Al/TiB2
composite materials through in-situ methods. For obtaining
these composites have been attempt some methods that
are based on the exothermic reaction between the
aluminum matrix and salts mixtures (K2TiF6 + KBF4 +
Na3AlF6) [1-8].

However information related to the thermodynamic of
the exothermic reactions is very limited.

The objective of this paper is to present the results of
the application of thermodynamic calculation of in-situ
formation of TiB2 particles in liquid aluminium matrix during
the exothermic process via K2TiF6 and KBF4 salts. The
thermodynamic calculus was realized with HSC Chemistry
6 program.

Experimental part
The in-situ composites with Al-Mg-Si (6063) matrix and

5 - 12 vol.% TiB2 particles were prepared in an electric
furnace with KANTHAL resistance and graphite crucible

by salts mixing process, at 750 – 950oC, in which KBF4 and
K2TiF6 salts were added in proper Ti:B ratio to the liquid
metal. The melt was stirred for 10 – 15 min. and poured
after the slag was cleared.

The samples for microstructure observations and X-ray
diffraction analysis were cut from the composites. The
microstructures of the polished samples were examined
with optical microscope, scanning electron microscope
(SEM) and energy dispersive X-ray microanalysis (EDS).

Thermodynamics of interaction processes of salts with
aluminium melt

KBF4 and  K2TiF6 salts are thermodynamically stable in
working temperatures interval (750 – 950oC), KBF4 being

less stable than  )( fig.1).
On these terms we cannot speak of dissociation of these

salts:
KBF4 → KF + BF3(g)

(1)
K2TiF6 → 2 KF + TiF4(g) (2)

KBF4 suffered a polymorphous transformation by heating
at 289oC passing from rhombic to cubic atomic structure
[4, 11, 14]. Melting temperature of KBF4 is ver y
controversial, some authors indicating 570oC, and others
being unable to identify it. The constitution water of K2TiF6
is lost at 375oC, and the formation of K3TiOF5 takes place at
562oC because of reaction with atmosphere humidity.

Also, the data from literature [1, 3, 8] confirm that in the
presence of liquid aluminium  the loss of constitution water
take place at 375oC, and an exothermic reaction at 728oC
suggest the beginning of precipitation of TiAl3 compound.

In the presence of aluminium, KBF4 can stand the same
polymorphous transformation by heating at 289oC, and  two
exothermal reactions with the formation of AlB12 at 460
and 558oC are taking place [1, 2, 5].

An intensification of reaction at 558oC is found, at heating
the salts mixture (K2TiF6 and KBF4) in the presence of
aluminium [1, 2, 9].

At the simultaneous introduction of those two salts in
liquid aluminium, the interactions are very complex
involving reactions in the melt, diffusion processes through
boundary layer between metallic and salt melt, reactions
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within salt particle and the formation of some gaseous
phases.

In the process proposed in this paper, the TiB2 particles
resulted by aluminothermique reduction of
hexafluorotitanate (K2TiF6) and of tetrafluoroborate (KBF4)
with liquid aluminium:

3 K2TiF6 + 6 KBF4 + 10 Al = 3 TiB2 + 12 KF + 10 AlF3   (3)

Thermodynamic data of reaction (3) calculated by HSC
Chemistry 6 are presented in the table 1 whence it results
that ΔG is very negative in working interval (750 – 950oC),
the reaction having a very high probability of development.

Aluminothermic reduction of the salts can take place
according with reactions (4) and (5):

3 K2TiF6 + 13 Al = 3 Al3Ti + 6 KF + 4 AlF3       (4)

6 KBF4 + 9 Al = 3 AlB2 + 6 KF + 6 AlF3       (5)

The calculated thermodynamic data (table 2 and 3)
indicate the possibility of development of those two
reactions in 750 – 950oC temperature interval, with
negative .

From reactions (4) and (5) results the formation of Al3Ti
and AlB2 compounds.

At the working temperature, in the conditions of
exothermic reactions heat evolution, the Al3Ti and AlB2
particles developed from reactions (4) and (5) can rapidly
react resulting in-situ TiB2 reinforced compound in
aluminium matrix:

3 AlB2 + 3 Al3Ti = 3 TiB2 + 12 Al      (6)

The reaction has a negative  in the 750 - 950oC
interval, in accordance with calculated data (table 4).

The compounds (TiAl3, AlB2, TiB2, AlB12) formed in Al-Ti-
B system are presented in ternary diagram (fig. 2) [9-13].

Practically, at the aluminothermic reaction temperature,
TiB2 compound is thermodynamically more stable than
TiAl3, with negative  (fig. 3).

Also, Al3Ti and AlB12 compounds can react at high
temperatures and high maintaining time, in the presence
of liquid Al to form TiB2 and AlB2:

AlB12 + Al3Ti + Al = TiB2 + 5 AlB2      (7)

In accordance with calculated thermodynamic data
(table 5), the reaction (7) is possible, having a high absolute
value of negative free enthalpy.

This last reaction increases the number of reinforced
particles (TiB2) and leads to the dispersion of titanium
boride in aluminium matrix.

Also, the titanium boride can directly result at the
interface between liquid aluminium and flux. The TiB2
particles formed in this way are more easily rejected to
interdrenditic area in the course of composite solidification
process.

For in-situ synthesis of Al/TiB2 composites it is necessary,
at the finish of aluminothermic reaction, to separate out
TiB2 as a precipitated phase.

A practical phase diagram in the aluminium corner at

Fig. 1. Ellingham diagram  = f(T), at the
formation of KBF4 and K2TiF6

Table 1
RESULTS OF THERMODYNAMIC REACTION (3)

ΔΔΔΔΔ G
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1000K (fig. 4) has been done [14]. It shows that when
, TiB2 can be separated out as a distinguished

phase in hatched area (xTi ºi xB are the atomic fractions of

Table 2
THERMODYNAMIC DATA CALCULATED FOR REACTION (4)

Table 3
THERMODYNAMIC DATA CALCULATED FOR REACTION (5)

Fig. 2. The projection of partial surface of solidus in
Al-Ti-B system

Fig. 3. Ellingham diagram  = f(T), at the formation of TiAl3, AlB2,
TiB2 and AlB12 compounds

Table 4
THERMODYNAMIC DATA CALCULATED

FOR REACTION (6)

Table 5
THERMODYNAMIC DATA CALCULATED FOR

REACTION (7)

titanium and boron in the system Al – Ti - B).
When the alloying component (Si or Mg) in the

aluminium matrix is added, the influence of alloying

ΔΔΔΔΔ G
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Fig. 8. SEM micrograph of Al/TiB2 composite

Fig. 4. Phase diagram for the system Al-Ti-B (Al corner) using
logarithmic scales

Fig. 5.X-ray diffraction patterns of Al/TiB2 composite

Fig. 6. SEM micrograph of Al/TiB2 composite

element addition on the precipitation reaction in the melt can come from changes of the components concentration and
activity coefficient, namely Δxi and  Δγi, where Δγi  can be calculated from the Wilson equation and using an extended
Miedema model.

In a quaternary system the Wilson equation can be rewritten as:

In this relation Ah/i, ..., Ak/j are Wilson adjustable
parameters.

According to the calculated activities of different
components in the aluminium melt, it was concluded that
the excess free energy for the formation of TiB2, Al3Ti, and
AlB2 can be affected by different alloying element additions
[4]. The results show that the addition of Mg, Cu, Zr, Ni, Fe,
V, and La with low content can promote the formation of
Al3Ti and TiB2.

Aluminium matrix alloy with Si and Mg addition (6xxx
alloys) in our experiment can hinder the formation of Al3Ti
and AlB2 and almost has no effect on TiB2 [4].

Figure 5 shows the XRD patterns of Al/TiB2 composites
for reaction (6), progressing. It indicates that the present
phases in the composite are α-Al, Al3Ti, AlB2 and TiB2. SEM
micrograph of Al/TiB2 composite is presented in figure 6.
The result of the XRD analysis for completely finished

Fig. 7. XRD pattern of 6063/TiB2 in -situ composite
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reaction (3) (fig. 7) indicates that the present phases in the
composite are α-Al and TiB2 particles.

Figure 8 shows the SEM micrograph of Al/TiB2 composite
for reaction (6) finished. It can be observed that TiB2
particles are mostly less than 1 μm in size.

Conclusions
 In the KBF4-K2TiF6-Al system, the TiB2 particles were

formed in-situ in the aluminium matrix in the 750 – 950oC
interval.

The calculated thermodynamic data by HSC Chemistry
6 indicate a negative value of  of the reaction:

 3 K2TiF6 + 6 KBF4 + 10 Al = 3 TiB2 + 12 KF + 10 AlF3

At the working temperature the Al3Ti and AlB2 particles
can react with result of in-situ TiB2 reinforced compound.
Practically, at the aluminothermic reaction temperature,
TiB2 compound is thermodynamically more stable than
Al3Ti.

The reaction between Al3Ti and AlB12 in the presence of
liquid aluminium, increases the number of reinforced TiB2
particles and leads to the dispersion of these particles in
aluminium matrix.

The formation of TiB2, Al3Ti and AlB2 particles can be
affected by different alloying element additions. Aluminium
matrix alloy with Si addition in our experiment can hinder
the formation of Al3Ti and AlB2 and almost has no effect on
TiB2, according to the calculated excess free energy for
the formation of these particles.

The XRD and SEM/EDS analysis of in-situ Al/TiB2
composites, as produced by aluminothermic reduction of
K2TiF6 and KBF4 salts indicates the formation of only TiB2
reinforcement particles.
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