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High volume fraction TiC-AlB2 reinforced Al composite material has been produced by a casting process
based on the use of KBF4 salt. The reaction between the salt compound led to the release of AlB2 pre-
cipitates in commercial purity Al melt whereas the improved wettability between the TiC particles and the
formed slag caused their spontaneous entry. The resulting double reinforced composite showed no sign of
severe TiC dissolution-reaction.
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1. Introduction

Halide salts have been extensively used for more than two
decades on the production of Al grain refining master alloys. A
variety of commercial Al-Ti-B grain refiners are available and
are generally produced by adding a mixture of KBF4 and
K2TiF6 salts to molten Al above 700 �C (Ref 1-3). The
composition, preparation conditions, and resulting phases in
relation to the final grain refining effect, have been the object of
numerous experimental works and research efforts (Ref 4-10).
Practically, as summarized by Mahallaway et al. (Ref 11), this
inoculation process involves the reaction of the mixture of the
halide salts with molten Al and the formation of Al3Ti, TiB2

particles, and a K-Al-F-based slag, given in simplicity by the
equation:

2KBF4ðsÞ þ 3K2TiF6ðsÞ þ 12AlðlÞ ! 2Al3TiðsÞ þ TiB2ðsÞ

þ 5KAlF4ðlÞ þ K3AlF6ð1Þ: (Eq 1)

The resulting first two precipitates are responsible for the
grain refining phenomena and the last two liquid compounds
consist the floating on the melt slag. It should be noticed that
this equation refers to the production of a standard Al-5Ti-B
grain refining master alloy.

One of the major problems during the production of cast Al
matrix particulate composite materials is the presence of an
oxide layer on the melt surface that inhibits the two phases
(melt-ceramic) to get into real contact and to express their real
wetting characteristics. The use of halide salts process can be a
solution for these problems. The resulting from the halide
process slag, with its composition, experiences a great affinity

for oxide phases (Ref 12, 13). This affinity leads to the
dissolution of the oxide phase, allowing the involved phases to
express their real wetting characteristics, which, in the case of
Al and TiC are very intensive. Under these circumstances, the
particle entry into the melt can be very favorable (Ref 14-18).

The scope of the present experimental effort is to exploit the
advantages of the halide salt characteristics in two ways: (a) by
using KBF4 it is possible through its reaction with molten Al to
release AlB2 precipitates within the melt and (b) by the
‘‘cleaning of oxides’’ character of the formed, after the reaction,
slag, TiC favorable entry within the Al melt would be ensured,
leading to strong and clean particle-melt interfaces. The final
result is the manufacturing of a high volume fraction double-
based reinforcing particle composite material. Such a composite
can be used for the production of various composite materials
of different Al-based matrices and reinforcement content by a
diluting approach (currently under investigation). The combi-
nation of two reinforcing phases of different size can lead to
improved abrasion wear performance.

2. Experimental Procedure

Commercial purity Al (CP Al, 99.7% purity, 500 g) were
melt in an Salamander crucible, in a resistance heating furnace
at nominal temperature of 800 �C. In order to investigate the
potential of the melt-salt reaction to release boride precipitates
within the melt, adequate amount of KBF4 salt (80-100 g) was
only added on the melt surface. For the production of the
composite material, equal mass amounts (180 g corresponding
to, approximately, 17 vol.%) of TiC powder (�325 mesh,
<44 lm) and KBF4 were mixed, spread on the melt surface
and allowed to react. The equal, to the reinforcement, amount
of salts was selected in order to ensure the formation of the
adequate slag for both the TiC particles transfer and the release
of considerable amount of boride precipitates in the melt. Prior
to casting, the slag was removed and slight stirring was
performed in order to homogenize the carbide and boride
particles distribution. The melt was removed from the furnace
and allowed to solidify within the crucible so that some particle
sedimentation occurred. The overall process from the powders
additions to the removal of the furnace did not exceed 5 min
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and the solidification time in the crucible was roughly 1-2 min.
Specimens were received from the bottom area of the crucible
and examined by means of metallography and SEM-EDX
analysis. SEM inspection was carried out using a Zeiss Supra
35VP SEM equipped with a Roentec Quantax (Bruker AXs)
EDS system. Particle content measurements were conducted by
the aid of the �Image J� image analysis software. XRD analysis
was carried out using the Bruker D8 advance x-ray diffrac-
tometer with a Cu-Ka lamp.

3. Results and Discussion

3.1 Effect of KBF4 Addition

Figure 1 presents the XRD spectrum of the sample where
only the addition of KBF4 salt took place. Al and AlB2 are the
two main phases that can be distinguished.

Figure 2 shows the microstructure of the solidified material
region, close to the melt-slag interfacial area. Clearly, extensive
formation of precipitates is observed. What is also important to
mention is the characteristic string-like morphology the pre-
cipitates are associated, which is also a possible indication on
the sequence of their formation during the melt-salt reactions.
Similar morphologies of boride precipitates development have
also been reported in the works of Fjellstedt and Jarfors (Ref 4),
Feng and Froyen (Ref 19), and Mahallaway et al. (Ref 11). In
the absence of any Ti carrying substances, it is reasonable to
assume that the released precipitates are Al boride phases.

Figure 3 shows the distribution of boride particles at higher
magnification. Clearly, gray-colored precipitates can be
observed. The precipitates distribution consists of both isolated
and clustered particles and their morphology varies from rod-
like to plate-like shapes. Similar precipitates morphologies
have been presented in other experimental efforts (Ref 4, 19).
Closer examination of the boride particles shows the existence
of dark spots within the bulk boride phases. Such existence is
also reported in the work of Wang (Ref 20). In this research
effort the dark spots have been recognized as AlB12 phase
whereas the rest of bulk precipitate is of AlB2 stoichiometry.

A thermodynamic analysis is thus helpful to understand the
two different boride phases presence.

According to Wang (Ref 20) there are two possible reactions
that take place between KBF4 and liquid Al:

12KBF4ðsÞ þ 13AlðlÞ ! AlB12ðsÞ þ 12KAlF4ðlÞ ðEq 2Þ

2KBF4ðsÞ þ 3AlðlÞ ! AlB2 þ 2KAlF4ðlÞ ðEq 3Þ

Based on the same research effort (Ref 20), the free energy
changes for these reactions for one mol of KBF4 are:

DGð1Þ ¼ �214:6 kJ=molþ 9T J=mol ðEq 4Þ

DGð2Þ ¼ �267:9 kJ=molþ 16:45 J=mol ðEq 5Þ

For the processing temperature adopted in the present effort
(i.e., 820 �C = 1093 K), Eq 4 and 5 yield DG(1) = �204.8 kJ/
mol and DG(2) = �249.9 kJ/mol, respectively. These values
indicate that among the different boride phases, AlB2 is the

Fig. 1 XRD spectrum showing the presence of AlB2 particles

Fig. 2 Optical micrograph showing the formation of boride phases
close to the melt-slag interfacial area. A characteristic string-/chain-
like morphology of the boride phase development is observed

Fig. 3 Optical micrograph showing the boride phases at higher
magnification. The presence of black spots (AlB12) within the bulk
gray boride phase (AlB2) is observed
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most stable one and the presence of AlB12 should not be
expected, at least at the present processing temperature. The
calculated values (and consequently the phase to be expected to
form) are also in agreement with the prediction of the Al-B
binary phase diagram (Fig. 4). According to this, for B
concentrations below 44.5 wt.%, AlB12 is expected to form
above 975 �C and decompose to molten Al and AlB2 through a
peritectic reaction during cooling below this point. It is very
interesting, hence, to explain the presence of AlB12 phase.
There are two possible reasons for its existence:

(a) according to Murty et al. (Ref 21) the reaction between
KBF4 and molten Al is highly exothermic which means
that close the slag-melt interface the temperature is risen
significantly high, approaching the levels for AlB12

formation.
(b) the formation of a KAlF4 flux layer and the low diffu-

sion rate of B within molten Al, as reported by Prasad
et al. (Ref 22), leads to a building up of B concentration
close to the flux-melt interfaces, at high levels (above
44.5 wt.%) where AlB12 is stable according to the phase
diagram. The formation of the string-like boride mor-
phologies observed in Fig. 1, could actually be an indi-
cation of such B concentration local increase.

Despite the fact, however, that these two observations can
explain the formation of AlB12, they do not explain its
existence at lower temperature. Wang (Ref 20) though,
attributed the preservation of AlB12 phase to kinetic reasons
such as the slow decomposition rate of AlB12 during the
peritectic reaction.

3.2 Effect of KBF4 and TiC Simultaneous Addition

Figure 5 shows the microstructure of the resulting compos-
ite material from the bottom area of the mold. High volume
fraction of TiC particles can be observed as a result of their
partial sedimentation. Their size varies from medium to fine
and their shape is of angular-blocky type. Their distribution can

be considered as quite homogeneous, without excluding the
presence of some clustering. These clusters are due to the lack
of intensive stirring and the increase of the melt viscosity
because of the presence of high volume fraction of ceramic
particle (Ref 23). Both these reasons are making the Al melt
incapable to immerse between and break up the agglomerates
of the precursor powder material. Extensive mechanical stirring
is a common practice in the production of cast-based Al matrix
composites and its main function is to develop such a level of
shear forces so that the particles are entrapped in the molten
alloy. In the present effort no such extensive mechanical stirring
was adopted. The basic mechanism for incorporation in the
present effort was based on thermodynamic-wetting character-
istics of the involved phases, in an effort to ascertain the
potential of the KBF4 salt to accomplish such a task. Hence,
any other incorporation mechanism, such as mechanical
stirring, would jeopardize the halide salts process incorporation
capabilities.

Fine sized AlB2 precipitates distributed within the compos-
ite, are also observed, showing, however, a more locally
intensive particle clustering. Their clustering can be a result of
both the lack of rigorous stirring and the increase of the melt
viscosity. Their size is finer than that of the TiC particles and
their shape varies from blocky-equiaxed grains to more
elongated morphologies. Their formation can be explained by
the statements presented in the previous paragraph. It should be
noticed that the formation and growth of the AlB2 precipitates
are not associated with the presence of the TiC particles which
suggests that the later did not function as possible for the AlB2

nucleation site.
Figure 6 shows the microstructure of the composite material

under SEM examination at back-scattered (BSC) mode.
Clearly, the distribution of the TiC particles (white particles)
is quite homogeneous with the finer particles to form limited
range clustering. On the other hand, the AlB2 precipitates (dark
phases) tend to form clusters. It is also difficult in some cases to
recognize them due to their compositional similarities with the
matrix material. Morphologically, the AlB2 precipitates are in
agreement with the works of Wang (Ref 20), Murty et al.
(Ref 21), and Mahallaway et al. (Ref 11). Image analysis

Fig. 4 The Al-B binary phase diagram (after Ref 20)

Fig. 5 Optical micrograph of the composite structure. High volume
fraction of TiC particles of different size can be observed. Fine size
AlB2 particles of some clustering are also distinguished. No reaction
products can be observed
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revealed that the presence of AlB2 precipitates varies between 6
and 8 vol.%.

Figure 7 shows a higher magnification of the microstructure
under BSC mode. It is very important to mention that no
reaction products at the vicinity of the TiC particles can be
observed at least for this level of magnification. This suggests
that the reactivity between TiC and Al is limited or, in other
words, TiC exhibits sufficient stability, at least at these specific
conditions. It is, however, important to concentrate further on
the concept of the TiC stability under the adopted conditions.

The most common reaction to approach the reactivity
between molten Al and TiC, is described by Eq 6:

13AlðlÞ þ 3TiCðsÞ ! 3Al3TiðsÞ þ Al4C3ðsÞ ðEq 6Þ

This equation, along with the Al-rich corner of the Al-Ti-C
ternary phase diagram, has been the subject of significant
experimental efforts (Ref 24-27) aiming to estimate the
formation and stability of the involved phases. Contreras
et al. (Ref 28, 29) have calculated the free energy of
equation 6and found values as follows: DG = �2.14 kJ at

750 �C, DG = +9.71 kJ at 800 �C, and DG = +33.62 kJ at
900 �C per mol Al4C3, respectively. These calculations suggest
that the reaction described by Eq 6 is thermodynamically
favorable roughly below 750 �C. Such observations, in turn,
permit the assumption that at higher (over 750 �C) tempera-
tures (including the adopted processing temperature, i.e.,
820 �C), Al4C3 and Al3Ti are not thermodynamically stable
and they can only be formed only during cooling.

These observations, explain the lack of extensive reactivity
shown in Fig. 6. It is reasonable, thus, to postulate that Al4C3

and Al3Ti phases are possible to form during cooling, but at
limited extension, not traceable at this level of magnification,
because of the short overall processing and cooling time.
Prolonged processing times can lead to severe reactivity as
observed elsewhere (Ref 28-30).

4. Conclusions

• Al-TiC-AlB2 composite material was successfully fabri-
cated through the use of a cast-based process adopting
KBF4 salt as both B provider and wetting agent.

• The reaction of KBF4 with liquid Al lead to the formation
of fine AlB2 precipitates within the melt as well as to the
formation of a KAlF4-based slag that dissolves the surface
oxide layer and makes the insertion of the TiC particles
favorable.

• No significant sign of TiC reactivity with aluminum was
observed.

• Particle sedimentation can lead to high volume fraction of
the TiC phase, at the bottom area of the crucible.

• AlB2 precipitation and TiC stability was explained by
thermodynamic approaches.
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