
J O U R N A L O F M A T E R I A L S S C I E N C E 3 7 (2 0 0 2 ) 3509 – 3514

Wettability of TiC by commercial aluminum alloys
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The effect of alloying elements on the wettability of TiC by commercial aluminum alloys
(1010, 2024, 6061 and 7075) was investigated at 900◦C using a sessile drop technique.
Wetting increased in the order 6061 < 7075 < 2024 < 1010 for both, static argon or vacuum
atmospheres. Alloys 1010 and 2024 wet TiC under both atmospheres, leading to contact
angles in the order of 60◦ and less, while 7075 only wets under vacuum, with the poorest
wettability being exhibited by 6061. Evaporation of Zn and Mg under vacuum conditions
contributed to the rupture of the oxide film covering the aluminum drop and thereby
improving wetting and spreading. Continuous and isolate Al4C3 was detected in all the
cases. CuAl2 precipitation at the interface slightly decreased Al4C3 formation and increased
the adhesion of 2024 to TiC. C© 2002 Kluwer Academic Publishers

1. Introduction
The wetting of molten metals on ceramic surfaces
is of crucial importance in liquid state processing
of metal-ceramic composites. Though, in general,
ceramics are not readily wetted by liquid metals at
the usual melt temperatures. Consequently, wettability-
enhancing procedures are applied to assist wettability,
such as the addition of suitable alloying elements in
the melt [1–4]. The composites of the Al/TiC system
exhibit attractive mechanical properties for structural
applications and can be easily fabricated by capillary
melt infiltration [5–8]. It is reported that prior to in-
filtration an incubation period occurs; a phenomenon
partly attributed to the wetting kinetics of the system
[6, 7]. Although numerous studies exist concerning the
wetting of metal-ceramic systems and its role in the
preparation of MMCs [4, 9–11], very little work has
been done on the wettability of TiC by aluminum and
its alloys.

In the 1970’s, Rhee [12] reported that wetting of TiC
substrates by aluminum occurs at temperatures above
750◦C after 30 min holding time. A non-wetting to
wetting transition was found at 1050◦C by Kononenko
et al. [13]. More recently, Muscat et al. [6] observed this
transition above 860◦C; nevertheless, the contact angle
did not stabilize even after long holding time, indicat-
ing a dynamic wetting behavior. Frumin and coworkers
[14] found that by decreasing the value of x of sub-
stoichiometric TiCx compositions, a non-wetting to
wetting transition occurred at 800–1100◦C, along with
the formation of either Al4C3 or TiAl3 phases. Such
transition observed is found in many other Al/ceramic
systems and is commonly associated with the eventual

break-up of the oxide film that encapsulates the molten
Al drop and prevents the development of a true solid-
liquid interface, hence delaying wetting [9, 10, 14]. It
is believed that the addition of alloying elements to the
melt can influence the disruption of the alumina film,
allowing a faster direct metal/ceramic contact [9, 15].

In the present work the wetting behavior of TiC by
pure aluminum and three commercial aluminum alloys
was investigated using a sessile-drop technique. Con-
tact angles and spreading of the drops were determined
as a function of temperature and time in order to es-
tablish the effect of the alloying elements on the wet-
ting behavior. Cross sectioned metal/ceramic samples
were examined for possible surface reaction products.
The results drawn from the present investigation will be
valuable in the understanding of the infiltration kinetics
of commercial aluminum alloys in TiC preforms previ-
ously performed by the authors [7].

2. Experimental
2.1. Substrate preparation
TiC substrates were prepared from c.a.s. grade TiC
powder (H. C. Starck, Germany), having a particle size
distribution from 0.3 to 3 µm. The chemical compo-
sition of the powders is shown in Table I. Dense TiC
substrates were obtained by hot pressing 5 g of the
as received material in a 2.5 cm diameter graphite
die. The conditions were 30 min at 1800◦C using a
26 MPa load under ∼20 Pa vacuum. The sintered den-
sity of the substrates was determined by the Archimedes
method (ASTM C 373-88), reaching 96.8%. According
to X-ray diffraction, only TiC peaks were observed in
the sintered substrates, while SEM examination showed
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T ABL E I Specifications of the starting TiC powder

Ti C (total) C (free) O N

79.7% 19.26% 0.1% 0.49% 0.04%

T ABL E I I Specifications of the alloys used

Alloy Si Fe Cu Mn Mg Cr Ni Zn Ti

Al-1010 0.20 0.65 0.005 0.002 0.014 0.012 0.009 0.002 –
Al-2024 0.35 0.36 4.46 1.08 1.86 0.017 – 0.047 –
Al-6061 0.61 0.40 0.25 0.06 0.82 0.18 <0.009 0.07 –
Al-7075 0.25 0.60 2.21 0.26 2.32 0.22 – 5.52 0.03

that the residual porosity was comprised of closed pores
of <1 µm. In principle, the contact angle needs to
be measured on smooth surfaces; therefore, the discs
were polished to a mirror like finish with 1 µm dia-
mond paste. Roughness measurements performed by
atomic force microscopy (AFM) revealed mean rough-
ness values, Ra , from 2.12 to 2.76 nm only. The surface
roughness factor, Rw, defined as the ratio of the true to
apparent surfaces areas, was 0.032%. Therefore, hys-
teresis of the contact angle caused by roughness was
minimized.

2.2. Contact angle measurement
Wetting experiments were carried out using a sessile
drop technique. The experimental equipment consists
of a quartz tube furnace, designed specifically for ses-
sile drop tests (Fig. 1), connected to a high vacuum
system operating at an absolute pressure of 10−4 to
10−5 torr throughout the test. The tests were performed
at 900◦C for all the alloys under vacuum and argon
atmospheres. For vacuum operation, the local O2 par-
tial pressure was reduced by flushing argon and placing
a Ti sponge getter in the vicinity of the hot zone. For
wetting experiments in argon, the system was first evac-
uated and then backfilled with ultra-high purity argon
(99.999% min) to 0.35 kPa.

Table II shows the specification for the aluminum
(1010) and the alloys (2024, 6061 and 7075) used.
Metal samples were cleaned in hydrofluoric acid and
then in acetone prior to testing. Approximately 0.8 g
of metal was placed on the TiC substrates in the fur-
nace before heating. Once the desired temperature was
stabilized, the Al-alloy/TiC assembly was pushed into

Figure 1 Schematics of the sessile drop apparatus.

the tube hot zone. At the time the metal drop was well
shaped, contact-angle changes with time were followed
until a steady state was reached and changes in θ were
not appreciable. The contact angle and spreading radius
were recorded photographically at various time inter-
vals and accuracy measured directly from the image of
the drop section using computational tools. After com-
pletion of the experiment, the samples were immedi-
ately removed from the hot zone inducing fast cool-
ing. The metal-ceramic interfaces were analyzed by
electron probe microanalysis (EPMA) equipped with
wavelength dispersive spectroscopy facilities (WDS)
for quantitative compositional analysis. The SEM was
used either in the secondary electron (SE) or backscat-
tered electron (BE) modes. Both EPMA and SEM were
conducted at an accelerating voltage of 15 keV. Con-
ducting X-ray mapping and line-scan distribution of the
elements present, as well as quantitative microanalysis
for phase identification, made possible direct correla-
tions between structure and composition.

3. Results and discussion
3.1. Wettability of TiC by Al and Al-alloys
The variation of the contact angle of the Al-alloys
used and TiC are shown in Fig. 2. Generally speak-
ing, the wetting increased in the order 6061 < 7075 <

2024 < 1010 for both vacuum and argon atmospheres.
Wetting of pure aluminum on TiC occurred at 900◦C
with a contact angle lower than 60◦ after equilibrium
was reached. These results do not differ significantly
from the values reported by Muscat and Drew [6]. How-
ever, Kononenko [13] and Frumin [14] reported a non
wetting to wetting transition at ∼1050◦C. Because wet-
ting conditions were attained at 900◦C, it is suggested
that the temperature for wetting transition in the Al/TiC
system must be lower than that proposed by Kononenko
[13] and Frumin [14], being probably lower than 900◦C.

The effect of atmosphere on the wetting behavior was
most evident for the 6061 and 7075 alloys, with 6061
exhibiting the slowest spreading kinetics. When testing
these alloys under vacuum conditions, evaporation of
alloying elements was observed; i.e., after few seconds,
a metallic film was deposited in the wall of the quartz
tube, mostly near to the cooler parts of the tube. While
the 6061 alloy showed a very small variation of θ with
time, the contact angle of the 7075 decreased slowly
at a nearly constant rate of ∼0.01◦/s until reaching a
wetting angle close to the equilibrium θ values of 1010
and 2024. The effect of the vapor pressure and the con-
tinuous evaporation of the low boiling point elements
Zn (907◦C) and Mg (1120◦C) decreased to some extent
the drop volume. This shifted the balance between sur-
face and interfacial forces from one to another with the
consequent pulsation of the contact angle at the triple
junction. Hence a fluctuating behavior of the wetting
curves for the 6061 and 7075 alloys in vacuum were
observed (Fig. 2b). The experiments were performed
at least three times, thus while the wetting profiles of
the 1010 and 2024 alloys showed a smooth change in
the curve with a contact angle variation of ±4◦ as a
function of time, the fluctuating curves showed vari-
ations among experiments up to ±10◦. Even that, the
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Figure 2 Wettability of TiC by Al-alloys under argon (a) and vacuum
(b) at 900◦C.

equilibrium contact angle was always approximately
the same.

A different behavior was observed when the 6061 and
7075 alloys, were tested under an argon atmosphere.
After an initial slight decrease of θ , the contact angles
remained nearly constant for 2 h and steady-state val-
ues greater than 118◦ were obtained for both alloys. The
use of argon certainly minimized evaporation of the al-
loying elements from the drop. However, the chemical
composition of the alloys might still be changing with
time, since it has been observed that during the fab-
rication of Al-alloy/TiC composites by melt infiltra-
tion, evaporation of the alloying elements occurs above
900◦C even at atmospheric pressure [7].

The wetting curves of 1010 and 2024 exhibited
a characteristic behavior of non-equilibrium systems,
showing a sharp decrease of θ in the first seconds fol-
lowed by a transition region before a steady-state was
achieved. The main changes in θ took place within the
first 10 min, so that the contact angle of pure aluminum
decreased at a rate of 3.4◦/min compared to 2.7◦/min for
the 2024 alloy in argon. Even though the wetting curves
of pure aluminum were similar irrespective of the atmo-
sphere, a slightly lower constant θ was observed under
vacuum conditions. This is attributed to the more stable
oxide film retained in argon with the consequent delay

Figure 3 Spreading of Al-alloys on TiC; (a) argon and (b) vacuum.

in spreading of the drop. When the liquid alloy is plainly
in contact with the surface of TiC, spreading is driven
solely by chemical reaction at the interface [6], which
reduces the interfacial tension. Thus, the decrease of
the contact angle is proportional to the rate of chemical
reaction, which is slightly influenced by the presence
of the alloying elements.

Because the spreading kinetics of 1010 was faster
than the alloys, the contact angle rapidly approached
the steady state value. The behavior of the drop ra-
dius curves shown in Fig. 3 suggests that the alloying
elements modify the nature of the oxide layer on the
drop, thus evaporation becomes a more complex pro-
cess which results in delayed spreading. Eustathopou-
los [15] suggested that only those alloying elements
affecting the compactness of the oxide layer have a sig-
nificant effect on the contact angle. It is known that Mg
improves wettability because its rapid evaporation un-
der vacuum damages the alumina film protecting the
metal drop. Thus, in the present experiments, the high
Mg content in the 2024 and 7075 alloys could lead to
the improved wetting behavior under vacuum. It is re-
ported that during the wetting of alumina by a 2.5% Mg
containing Al alloy, magnesium volatilized completely
at 700◦C after 3 min following melting, thus improving
wettability [16]. On the other hand, Mg is also highly
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T ABL E I I I Possible phases formed by EDX analysis

Composition (at.%)

Al C Ti Estimated phase

56.5 42.2 1.0 Al4C3

25.7 47.9 26.4 AlTiC2

50.8 39.4 9.6 Al5TiC4

reactive, and the free energy of formation of its oxide is
more negative than that of the oxides of aluminum. This
suggests that Mg reduces the aluminum oxide ruptur-
ing the oxide film sufficiently to facilitate diffusion and
wetting. It is reported that spinel (MgAl2O4) occurs at
low magnesium contents while MgO forms by direct
contact with Al-Mg eutectic [17].

Evaporation of the alloying elements contained in
6061 and 7075 alloys decreased in argon, increasing
the tenacity of the oxide layer due to their incorporation
into the film [15]. This led to a stable and compacted
layer containing complex oxides which are more sta-
ble under the processing conditions. This film is dif-
ficult to break up even after extended periods of time
hence, delaying wetting. Results on the evaporation of
commercial aluminum alloys have been reported using
thermogravimetric analyses in the processing of Al/TiC
composites by the current authors [7]. In the case of vac-
uum conditions, the sudden and violent evaporation of
Zn (7075) and Mg (2024), assisted the initial disrup-
tion of the surface oxide. Evaporation from the 6061
was more gradual and less excessive, probably because
of the lower Mg content (0.82%) in this alloy. How-
ever because the equilibrium oxygen partial pressure
for aluminum oxidation is exceedingly low, the drop
surface was likely covered by a layer of adsorbed gas
molecules even under vacuum conditions, thus partially
hindering spreading.

3.2. Interface characterization
The dynamic contact angles observed imply that chem-
ical reactions occurred at the alloy/TiC interfaces. By
EDX microanalyses it was estimated the exact stoi-
chiometry of the Al4C3 compound at the interface in
all the specimens in different amounts. This carbide
was mainly present in the pure Al/TiC system, where
it was found both, as a continuous layer or isolated is-
lands, in some regions up to 6–7 µm in thickness. Even
that, because of the reduce volume of the interface, it
was not possible to examine accurately cross-section
samples of the metal-ceramic couples by XRD, so that
no phases other than Al or TiC where identified by this
technique. However, similarly than for Al4C3, EDX re-
sults showed the interfacial formation of other Ti-Al-C
compounds in the 1010/TiC and 7075/TiC couples,
which best fits the formation of AlTiC2 and Al5TiC4,
respectively (Table III). Other forms of Alx Cy carbides,
with Al-C ratios different to the best-known Al4C3
compound, were occasionally detected throughout the
interfaces.

According to the literature, wetting of TiC by
aluminum can lead to either clean Al/TiC interfaces
[12] or the formation of Al4C3 and Al3Ti compounds

Figure 4 Al/TiC interfaces. (a) Al-1010, (b) Al-2024, (c) Al-6061 and
(d) Al-7075.

[14]. While for infiltrated Al/TiC composites, the for-
mation of the complex Ti3AlC compound [7] has been
noted. However, besides the above mentioned com-
pounds and some eutectic and intermetallic phases such
as CuAl2 and MgAl2, no other compound was identified
in the samples.

Fig. 4 shows typical interfaces found in samples
tested under vacuum. The upper gray phase corresponds
to the alloys and the lower and light phase is TiC. All the
samples present interfacial reaction products. The ce-
ramic surface initially flat and smooth appears rougher
because of the dissociation of TiC leading to the for-
mation of Al4C3. The thickness of the reaction layer
varied within the samples and was discontinuous in na-
ture, particularly for the 7075/TiC and 6061/TiC sys-
tems, which exhibited poor wetting in comparison with
1010 and 2024. Intermetallic phases and eutectic zones
were observed close to the interface in the 2024/TiC
and 7075/TiC samples but only very small amounts of
these phases were observed in the case of 6061/TiC.

Examination of drop sections showed that the pre-
cipitation of alloyed phases in the ceramic surface de-
creases the amount of the undesirable Al4C3 at the
metal/ceramic interface. When the chemical reaction
takes place at the solid/liquid interface, TiC dissociates
and Al4C3 forms. According to the elemental X-ray
line-scanning pattern of the 1010/TiC specimen shown
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Figure 5 EPMA line-scanning profiles Al-1010/TiC (a) and Al-2024/TiC (b) interfaces. Distance between steps is 1 µm.

Figure 6 X-ray mapping of a 2024/TiC interface at 900◦C under argon.

in Fig. 5a, Ti seems to have formed a complex com-
pound with C and Al adjacent to the substrate in addi-
tion to Al4C3. However, no traces of Ti were identified
in the aluminum nor was the presence of Al3Ti or any
other titanium aluminide observed. The line profile of a

2024/TiC sample in Fig. 5b reveals the formation of an
Al-C compound (probably Al4C3), while CuAl2 inter-
metallic is confirmed adjacent to the reaction layer as
a result of solidification. As magnesium does not form
magnesium carbide, no reaction-aided wetting at the
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interface involving magnesium occurred. However, the
precipitation of CuAl2 and Mg2Si was usually observed
at the interface.

Elemental mappings by EDX indicated the pres-
ence of a reaction layer and precipitates adjacent to
the 2024/TiC interface as shown in Fig. 6. These in-
termetallics are mostly CuAl2 and Mg2Si and free Si.
Al4C3 is formed due to the reaction and partial disso-
lution of TiC in liquid Al that takes place during the
wetting process. This mode of interaction and the in-
creasing copper content at the interface can prevent the
formation of Al4C3. Froumin et al. [18] report that in
the presence of TiC, alloying with Cu decreases the
solubility of Ti in molten Al. Hence this reduces the
amount of titanium being transferred into the melt and
thereby lowering wetting of the drop. The work of adhe-
sion of the 1010/TiC and 2024/TiC systems, calculated
from the surface tension data given by Orkasov [19]
and contact angle values corresponding to 1 h holding
time, indicate that adhesion was slightly higher under
vacuum conditions, particularly for the 2024 alloy. The
values obtained were 1190 mJ/m2 and 1224 mJ/m2 for
1010, and 1207 mJ/m2 and 1254 mJ/m2 for 2024 under
argon and vacuum conditions, respectively. This can be
explained on the basis of the drop being less oxidized
but, above all, it indicates the contribution of the cop-
per precipitates near to the interface on the energy of
adhesion.

On the basis of the current findings, alloying ele-
ments do not improve the wetting of Al on TiC through
interfacial chemical reaction. However, it appears that
the precipitation of intermetallic phases delays the for-
mation of Al4C3. The alloy that showed the best wetting
behavior was 2024, where the main alloying elements
are Cu and Mg. It is concluded that multi-component
alloys cause conflicting effects on wetting. Therefore,
the authors are currently investigating experiments in-
volving binary and ternary alloys.

4. Conclusions
1. Wettability of TiC by molten aluminum and its
alloys increased in the order 6061 < 7075 < 2024
< 1010. Good wetting was observed for 1010 and 2024
with steady contact angles close to 60◦. The 7075 alloy
wets TiC only under vacuum, with the 6061 exhibiting
the poorest wettability.

2. Excessive evaporation of the low boiling point Zn
and Mg alloying elements was observed under vacuum
conditions. This contributed to the rupture of the oxide
film covering the aluminum drop and thereby improv-
ing wetting and spreading. The argon atmosphere re-
duced the evaporation and the extent of wetting of 6061
and 7075 alloys. Pure aluminum and 2024 showed min-
imum sensitivity to the atmosphere.

3. Wetting behavior found in Al-alloys/TiC systems
is typical of reactive systems. Interface examination
revealed the formation of Al4C3 in all the cases; the
thickness of the reaction layer varied within the samples

and was discontinuous in nature, particularly for the
7075/TiC and 6061/TiC systems, which exhibited poor
wetting.

4. Copper precipitates close to the interface were
mainly observed in 2024 and 7075 alloys. Generally
speaking, their presence led to a reduction in the for-
mation of Al4C3 and an increase in the adhesion of
2024 to TiC. As magnesium has no tendency to form
carbides, this element took no part in reaction-aided
wetting. However, the formation of some Mg2Si along
with CuAl2 was observed.
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