Synthesis Mechanism of an Al-Ti-C Grain Refiner Master
Alloy Prepared by a New Method
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The mechanisms of in-situ synthesis of an Al-Ti-C grain-refiner master alloy, prepared by adding
a powder mixture of potassium titanium fluoride and carbon into an aluminum melt, have been sys-
tematically studied. It was found that vigorous reactions occurred at the initial stage of reaction and
then slowed down. After about 20 minutes, the reactions, which led the formation of blocky titanium
aluminides and submicron titanium carbides in the aluminum matrix, appeared to reach completion.
Potassium titanium fluoride reacted with aluminum and carbon at 724 °C and 736 °C, respectively,
resulting in the formation of titanium aluminides and titanium carbides in the aluminum matrix as
well as in the formation of a low-melting-point slag of binary potassium aluminofluorides. The reac-
tion between potassium titanium fluoride and carbon is believed to be the predominant mechanism

in the synthesis of TiC by this method.

I. INTRODUCTION

THE effectiveness of Al-Ti-C master alloys in the grain
refinement of aluminum and its alloys have been widely
investigated for many years.!'! In recent years, they have
been of increasing importance in aluminum casting because,
unlike conventional Al-Ti-B master alloys,>* they are
believed to introduce a smaller volume fraction of insolu-
ble particles into the melt.

Many attempts™! have been devoted to exploring the tech-
nique of producing Al-Ti-C grain-refiner master alloys. There
are, thus, two methods which may have the potential for pro-
duction on an industrial scale. The first method, called “the
conventional method,” was reported by Banerji and Reif!!%!!!
in the mid-1980s, where Al-Ti-C master alloys were pro-
duced by reaction between carbon and an Al-Ti binary alloy
melt. The synthesis mechanism of TiC in the alloy has been
studied, and two mechanisms, namely, a solid-liquid reaction
mechanism and an oversaturated precipitation mechanism,
were proposed.!'?! The second method, developed recently
to produce Al-Ti-C master alloys, was through the reactions
between a mixture of carbon, titanium-containing fluoride
salt (such as potassium titanium fluoride), and an Al melt.!3!4
Large amounts of TiC could be synthesized by this method
at relatively low reaction temperatures.

The present work focuses on the mechanism in the synthesis
of Al-Ti-C master alloys prepared through the reaction between
aluminum, graphite, and potassium titanium fluoride.

II. EXPERIMENTAL PROCEDURES

Pure aluminum was first melted at 850 °C. A given
amount of powder mixture of graphite and potassium
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titanium fluoride was then added to the melt by light
stirring. The stirring was maintained for 60 minutes. After
stirring, the melt was allowed to stand at 850 °C for 5 min-
utes before casting. To investigate the change in phases
and compositions of the slag and the aluminum melt,
samples were taken via a quartz tube from the slag and
aluminum melt at different reaction times during the prepa-
ration process. The collected metal samples were immedi-
ately quenched in cold water. Phase changes were
monitored using a D/MAX/RD (12 kW, Cu-type) X-ray
diffraction (XRD) machine with Cu K, radiation, operated
at 30 kV and 20 mA. The scanning speed used was 2
deg/min, with a scan pitch of 0.02 deg. Chemical analysis
of Ti was done with an atomic-absorption spectrometer.
The carbon content was determined using an automatic
combustion apparatus, where the sample is combusted in
a stream of oxygen and the carbon of the specimen is con-
verted to CO,. Microstructures and secondary phases in
the master alloys were examined using a JEOL* JSM-6301

*JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

scanning electron microscope.

High-temperature differential thermal analysis (DTA)
was carried out on the fluoride salt, a mixture of fluoride
salt and carbon, a mixture of fluoride salt and aluminum
powder, and a mixture of all the constituents. Based on
the DTA results, the samples were then subjected to pro-
cessing at different temperatures using platinum crucibles
and were further characterized by XRD. The DTA was
carried out at normal atmosphere in the temperature range
of 50 °C to 950 °C, with a heating rate of 10 °C/min. Potas-
sium titanium fluoride, carbon, and aluminum were all in
powder form, of a —300 mesh size (<50 wm) and of 99.0,
98, and 99.7 pct purity, respectively. The weight ratio
between the aluminum, potassium titanium fluoride, and
carbon was kept at 90:30:1 in all the experiments. The
ratio is close to that necessary to produce a nominal Al-
6 wt pct Ti-1 wt pct C master alloy. All powders were
thoroughly mixed to give a homogeneous mixture prior to
the DTA test.
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II. RESULTS AND DISCUSSION

A. Examination of the Preparation Process

To investigate the preparation process, an Al-Ti-C mas-
ter alloy with a typical nominal composition of 6 wt pct Ti
and 1 wt pct C was prepared at 850 °C. A powder mixture
of potassium titanium fluoride and carbon was quickly
melted, forming a liquid-like slag after they were added to
the aluminum melt, with the help of light stirring. It was
observed that the color of the solidified slag changed with
holding time, changing from black at the initial stage to gray
and, finally, to white.

Figure 1 shows the change in the amount of Ti and C in
the slag and metal melt as a function of reaction time. It was
found that the contents of Ti and C in the metal melt sharply
increased during the first 10 minutes of reaction. The increase
then slowed down until constant values of about 5.53 wt pct
Ti and 0.48 wt pct C were reached after 20 minutes of reac-
tion. The Ti and C contents in the slag changed inversely
with those in the metal melt and almost disappeared after
20 minutes of reaction, indicating that Ti and C had been
displaced from the slag to the melt.

The XRD analysis shown in Figure 2 shows the struc-
tural changes in the slag after the powder mixture of potas-
sium titanium fluoride and carbon had been added to the
metal melt. After 2 minutes of reaction, in addition to peaks
of potassium titanium fluoride and carbon, peaks from
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Fig. 1—Contents of Ti and C in metal melt and slag as a function of reac-
tion time.
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titanium carbide, potassium aluminofluorides (KAIF, and
K3AlFg), and potassium titanium oxyfluorides (K;TiOF5 and
K,TiO,F,) were detected (Figure 2(a)). When the reaction
time was increased to 10 minutes, the intensity of the potas-
sium titanium fluoride and carbon peaks was lowered, but
that of the TiC, KAIF,, and K;AlF¢ peaks increased. The dif-
fraction from K;TiOFs and K,TiO,F, showed no noticeable
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Fig. 2—XRD diffraction patterns of slag at different reaction times: (@) 2 min,
(b) 10 min, and (c) 60 min.
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Fig. 3—XRD diffraction pattern of Al-Ti-C master alloy.

Fig. 4—SEM examination of the master alloy: (a) typical microstructure,
(b) SEI of segregated particles, and (c) through (e) selected region and its
X-ray mapping of Ti and C.

change (Figure 2(b)). After 60 minutes of reaction followed
by 5 minutes holding time, only KAIF,, K3AlF, K;TiOFs,
and K,TiO,F, were left in the slag (Figure 2(c)). For the
aluminum matrix, shown in Figure 3, however, only two
secondary phases were detected, namely, Al;Ti and TiC.

A typical microstructure of the master alloy revealed
blocky-type particles located in the grains and particulates
that were segregated normally along the grain boundaries
(Figure 4(a)). The latter consisted of fine particles usually
in the submicron size (Figure 4(b)). Figures 4(c) through (e)
are the secondary electron images of a selected region from
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Fig. 5—DTA result of potassium titanium fluoride.

the typical microstructure (Figure 4(a)) and its X-ray map-
pings of Ti and C, respectively. Enrichment of Ti in the
blocky particles and enrichment of both Ti and C in the
segregated particulates, together with the results from XRD
shown in Figure 3, confirmed that the blocky particles were
ALLT; and the submicron-sized particulates were TiC.

B. Thermal Analysis of Potassium Titanium Fluoride

The DTA study of potassium titanium fluoride in Figure 5
shows three endothermic peaks located at 384 °C, 580 °C,
and 903 °C. To understand the changes occurring in the salt
at these endothermic peaks, the salt was heat treated in the
normal atmosphere at three different temperatures of 400 °C,
600 °C, and 920 °C for 30 minutes.

Compared with the pattern of the original salt (Figure 6(a)),
the XRD showed no change in the salt when it was heat
treated at 400 °C (Figure 6(b)). Heat treatment at the higher
temperature of 600 °C led to the formation of the oxyfluo-
rides of K5TiOFs and K,TiO,F,, as shown in Figure 6(c).
This suggests that the endothermic peak at 580 °C is asso-
ciated with the oxidation of potassium titanium fluoride.
When heat treated at 920 °C, the powder salt melted, but no
new phase was formed (Figure 6(d)). This confirms that
the endothermic peak at 903 °C is due to the melting of
potassium titanium fluoride.

To clarify the origin of the endothermic peak at 384 °C,
infrared (IR) spectroscopy was carried out on the salt. The
IR spectrum from Figure 7(a) shows the presence of mois-
ture in the original potassium titanium fluoride. It can, there-
fore, be deduced that the original potassium titanium fluoride
may be formulated as K,TiFy - xH,O. After the heat treat-
ment at 400 °C for 30 minutes, the peaks of the IR spectrum
corresponding to H,O disappeared (Figure 7(b)), indicating
that the endothermic peak at 384 °C seen from the DTA was
attributed to the loss of moisture from the salt, namely,

K,TiF, - x H20 — K,TiF, + x 1,0 1 (1

After demoisturization, the K,TiF4 was further oxidized
to form oxyfluorides when heat treated above 580 °C. The
exact oxidation mechanism—whether K,TiF, was oxidized
by oxygen in the air or by water vapor from the surround-
ings—needs to be further confirmed.
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Fig. 6—XRD diffraction patterns of potassium titanium fluoride: (a) origi-
nal and heated for 30 min at (b) 400 °C, (¢) 600 °C, and (d) 920 °C.
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Fig. 7—IR spectra of potassium titanium fluoride: (@) original and () heat
treated at 400 °C for 30 min.

C. Reaction between Potassium Titanium Fluoride
and Aluminum

Figure 8 shows the DTA results of a mixture of potas-
sium titanium fluoride and aluminum powders. Apart from
the endothermic peaks at 384 °C and 580 °C associated,
respectively, with the demoisturizing and oxidization of
potassium titanium fluoride, an endothermic peak at 660 °C
(the melting point of pure aluminum) and an exothermic
one at 724 °C were detected. It is noted that the endother-
mic peak associated with the melting of potassium tita-
nium fluoride at 903 °C has disappeared. To investigate
the origin of the exothermic peak at 724 °C, the mixture
was heat treated at 800 °C for 30 minutes. It was found
that the heat-treated mixture formed two layers. The lower
layer was Al and Al;Ti, as shown in Figure 9(a). The upper
layer was a slag consisting mainly of aluminofluorides
(KAIF, and K;AlFg), as well as small amount of oxyflu-
orides (K;TiOF5 and K,TiO,F,) (Figure 9(b)). The result
suggests that the exothermic peak at 724 °C was caused
by the formation of Al;Ti, an alumi-nothermal reaction
which produces aluminofluorides and titanium aluminide.
This reaction may be written as

3K,TiFs + 13A1 — 3KAIF, + K;AIF, + 3ALTi  [2]
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Fig. 8—DTA result of mixture of potassium titanium fluoride and aluminum.
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Fig. 9—XRD analysis of heat-treated samples of mixture of potassium
titanium fluoride and aluminum at 800 °C for 30 min: (a) upper layer and
(b) lower layer.

During the reaction, the Ti that was reduced from K,TiFg
further reacted with the molten aluminum, resulting in the
formation of titanium aluminide as a second phase existing
in the aluminum matrix. This reaction was accompanied by
the formation of aluminofluorides floating on top of the melt
as slag.
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Fig. 11—DTA result of mixture of potassium titanium fluoride and carbon.

According to the structural theory of slag,!'> both KAIF,
and K;AlFg in their molten state may be regarded as molten
mixtures of KF and AlF;. Therefore, Reaction [2] can be
rewritten as

3K,TiFs + 13A1 — 6KF + 4AIF; + 3ALTi  [3]

From the KF-AIF; phase diagram shown in Figure 10,
it can be seen that the binary salt system of KF-AlF; at a
ratio of 3:2 is located in the range where KAIF, and K;AIF
are the phases present at room temperature. It can also be
seen that this mixture of salt products has a melting point
of about 750 °C, which may seem to explain the formation
of the upper layer of melt slag when the powder mixture of
K,TiF4 and aluminum was held at 800 °C.

D. Reaction between Potassium Titanium Fluoride
and Carbon

The DTA analysis on the powder mixture of potassium
titanium fluoride and carbon showed that, in addition to the
endothermic peaks at 384 °C, 580 °C, and 903 °C, an exother-
mic peak at 736 °C emerged (Figure 11). The powder mixture
remained in powder form after heating at 800 °C for
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Fig. 13—DTA result of mixture of potassium titanium fluoride, aluminum,
and carbon.

30 minutes. The XRD study shown in Figure 12 indicates
that new phases of TiC and KF were detected following the
heat treatment, in addition to the oxyfluorides K;TiOFs and
K,TiO,F,, the unreacted potassium titanium fluoride, and
carbon. It can be concluded from the previous analysis,
together with the principle of conservation of mass in chem-
ical reactions, that an exothermic reaction between potassium
titanium fluoride and carbon occurs at 736 °C, as follows:

K,TiFs + 2C — TiC + 2KF + CE,] [4]

Since TiC has a very high melting temperature and KF
is stable, with a melting temperature of 858 °C,!'”! both of
them remain after the heat treatment. However, CF, is a
vapor at room temperature,!'®! so it cannot be detected since
it leaves the system. Equation [4], therefore, explains the
loss of carbon in the processing of the Al-Ti-C master alloy
via this new synthesis method.!'"!

E. Reaction between Potassium Titanium Fluoride,
Aluminum, and Carbon

The DTA result of the mixture of potassium titanium
fluoride, aluminum, and carbon is shown in Figure 13. No
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new peak could be observed other than the two exothermic
peaks at 724 °C and 736 °C, representing respectively, the
reactions between potassium titanium fluoride and aluminum
and carbon. There are also three endothermic peaks detected
at 384 °C, 580 °C, and 660 °C. This observation suggests
that the potassium titanium fluoride reacted with both alu-
minum and carbon simultaneously, resulting in the forma-
tion of titanium aluminide and titanium carbide, which exist
as secondary phases in the aluminum matrix.

The TiC in Al-Ti-C master alloys prepared at elevated
reaction temperatures by the conventional method is believed
to be synthesized through two mechanisms, as follows:!1?!

Ti + C (s) = TiC (s) [5]
Ti + C = TiC(s) (6]

where Ti and C stand for solute Ti and C, respectively, in
the aluminum melt. Solute C is obtained through the dis-
solving of graphite particles into the aluminum melt:

C(s)=C [7]

Reaction [5] is known as a solid-liquid synthesis mecha-
nism, in which TiC particles are formed through the reac-
tion between carbon particles and solute Ti in the aluminum
melt. The synthesis mechanism expressed by Reaction [6]
is actually a precipitation process of TiC when the solubil-
ity product of solute Ti and solute C in the aluminum melt
surpasses the saturated solubility product of TiC.

It has been reported!'”’ that when AI-Ti-C alloys were
prepared by the conventional method, an elevated reaction
temperature of up to 1300 °C was needed to practically
obtain a meaningful amount of TiC particulates in the alloys.
The rate of synthesis of TiC has been largely decelerated
by the lower reaction temperature. This was confirmed by
the results in Reference 19, where little TiC was formed
in the alloys when prepared at 850 °C by the conventional
method. It is, therefore, reasonable to propose that the reac-
tion between potassium titanium fluoride and carbon is the
predominant mechanism in the synthesis of TiC using the
new method.

IV. CONCLUSIONS

1. During the processing of an Al-Ti-C master alloy via
a new method by adding a powder mixture of potas-
sium titanium fluoride and carbon to an aluminum melt
at around 850 °C, a vigorous reaction between them
was observed at the initial stage. The reaction slowed
down and appeared to reach completion after about
20 minutes.

2. Potassium titanium fluoride reacted with aluminum and
carbon at 724 °C and 736 °C, respectively, resulting in
the formation of titanium aluminides and titanium car-
bides in the aluminum matrix. A low melting point slag
of binary potassium aluminofluorides was also formed
by the reactions

3K,TiF, + 13A1 = 3KAIF, + KsAIF, + 3ALTi
K,TiFs + 2C — TiC + 2KF + CE,!

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Microstructural characterization revealed the in-situ-
formed blocky titanium aluminide and particulate tita-
nium carbide. The size of the titanium aluminide was in
the micron-size range, and the titanium carbide was in
the submicron-size range.

The reaction between potassium titanium fluoride and
carbon was believed to be the predominant mechanism
to synthesize TiC in the new method.
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