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bstract

n this study, the wettability and interaction of porous TiB2-based composites with liquid aluminum has been investigated. TiB2 composites were
onsolidated with Ti and Fe additives using pressureless sintering. The composites show good wettability with respect to molten aluminum.
uring liquid infiltration, Ti and Fe additives are dissolved. Intermetallic compounds containing Ti, Fe and Al are formed within the penetration

◦
epth. Since these phases have melting points higher than the experiment’s temperature (960 C), isothermal solidification takes place during the
enetration of molten aluminum. Liquid aluminum does not seem to attack the solid skeleton of the TiB2 specimens and no signs of swelling or
racking were detected.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Molten aluminum reacts with almost all materials except with
ome ceramics such as borides which exhibit very good stability
n liquid Al.1 Due to its intrinsic stability, high electrical con-
uctivity and good wettability with respect to liquid aluminum,
iB2 has been extensively investigated as an alternative for
raphite cathodes in aluminum smelters. It has been mentioned
hat by replacing graphite cathodes by TiB2 electrodes, more
han 10% of the energy required to produce aluminum could be
aved.2–4

However, the fabrication of large and dense TiB2 parts is
uite complicated5,6 due to the poor sinterability of the material.
onsolidation of pure TiB requires very high temperatures. At
2

emperatures higher than 1700 ◦C however, exaggerated grain
rowth occurs leading to materials with poor mechanical and
hermal shock resistances.7,8 In TiB2 ceramics consolidated with

∗ Corresponding author at: Département de génie des mines, de la métallurgie
t des matériaux, Pavillon Adrien-Pouliot 1065, av. de la Médecine, Québec
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urrent methods, liquid Al is able to penetrate the grain bound-
ries and this leads to cracking of components due to the low
oughness of materials.3,9,10 Micro-cracks can result from the
nisotropic thermal expansion of TiB2 or from the formation of
hases with higher molar volumes11 when liquid Al reacts with
rain boundary impurities.

The addition of sintering aids is a way to lower the con-
olidation temperature and hence prevent the exaggerated grain
rowth. The use of iron, chromium and nickel as sintering aids
or TiB2 has been reported.12–14 In a previous work, 7 wt% Ti and
wt% Fe were added to TiB2 particles to promote liquid phase

intering during consolidation.15,16 Sintering of specimens at
650 ◦C for 1 h resulted in a relative density of 91% and a bend-
ng strength of 300 MPa. No attempt was made to achieve higher
ensities because it was expected that the presence of uniformly
istributed small porosities could help to prevent the propagation
f micro-cracks when samples are in contact with molten alu-
inum. However, porosities ease melt penetration since liquid
l wets TiB2 quite well.17,18

In this work, the reaction of porous TiB2 composites contain-

ng 7 wt% Ti and 3 wt% Fe additives with molten aluminum was
nvestigated. Microstructural characterizations were performed
n order to understand the reaction mechanisms between the
omposites and liquid aluminum.

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.053
mailto:houshang.alamdari@gmn.ulaval.ca
dx.doi.org/10.1016/j.jeurceramsoc.2011.10.053
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. Materials and methods

The TiB2 composites were prepared by mixing commercially
ure TiB2 powder (2–10 �m) with 10 wt% of pre-alloyed addi-
ives in powder form (7 wt%Ti and 3 wt%Fe). The additives (a

ixture of Ti and FeTi phases) were then milled with TiB2 for
0 min using a high-energy ball mill. The powder was com-
acted with a uniaxial pressure and sintered for 1 h at 1650 ◦C
nder an Ar–5%H2 atmosphere.15

Sessile drop tests were used to investigate the wettability of
he specimens with liquid aluminum. An Al pellet (0.09 g) was
sed for the experiments. The surface of the Al pellet was pol-
shed prior to the test in order to reduce surface oxides. The
ellet was placed on top of the specimen in a resistance tube
urnace under high vacuum (10−3 Pa). The furnace was heated
p rapidly to 960 ◦C (corresponding to the operating tempera-
ure of aluminum electrolysis cells) and kept at this temperature.

light was fixed at one end of the tube and the image of the
l drop over the specimen was recorded at the other end dur-

ng the experiment. A software was used to evaluate the contact
ngle between the specimen surface and the aluminum drop
rom the recorded images. The reported contact angle is the
verage of left and right side angles. The time t = 0 was set
hen the specimens’ temperature reached 700 ◦C approximately

nd a spherical liquid Al drop formed over the surface of the
ample. After the experiment, the furnace was cooled down
t a rate of about 15 ◦C/min below the melting point of pure
luminum.

The surface of some TiB2 samples was polished before
he tests in order to remove surface contamination, especially
xides. Polishing was carried out using a diamond abrasive
6 �m) followed by cleaning with isopropanol in an ultrasonic
ath. Therefore, experiments were performed on polished sur-
aces (identified as S1-P, P: Polished) as well as on as-sintered
urfaces (identified as S2-AS, AS: As Sintered).

For one specimen, the sessile test was performed using a
igger Al pellet (0.18 g). In this case, the early stage of the
iquid infiltration process was investigated by interrupting the
xperiment after t = 100 min. The sample was identified as S3-
P (PP: Partially Penetrated). In a last experiment, a polished
pecimen was subjected to a complete sessile drop test then,
nother aluminum piece was placed on the same surface and a
econd sessile drop experiment was conducted (S4-2D, 2D: 2nd
rop).
Reactions between liquid aluminum and ceramics were inves-

igated by examining the cross-sections of the specimens. The
amples were mounted in epoxy resin, cut using a diamond
aw and polished down to 0.1 �m. The final polishing was per-
ormed using a 0.05 �m alumina suspension. The microstructure
f specimens was investigated using a scanning electron micro-
cope (SEM) equipped with an energy dispersive X-ray detector
EDX). Electron probe microanalysis (EPMA) was performed
or elemental mapping of aluminum, titanium, iron and oxy-

en. Focused ion beam (FIB) was used to prepare samples
or transmission electron microscopy (TEM) characterization.
hase identification was carried out based on selected area elec-

ron diffraction (SAED) pattern analysis.

a
p
s
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. Results and discussion

.1. Sessile drop tests

Fig. 1 shows images of a molten aluminum drop on the surface
f a polished specimen (S1-P) during a sessile drop test after
ifferent time intervals. The measured average contact angles
average between the right and left contact angle) is shown below
ach figure. During the experiment, the Al drop spreads over
he surface and penetrates inside the specimen. After 9 min, the
pecimen temperature was about 870 ◦C and there was no visible
etting. After 22 min, the temperature reached 940 ◦C, wetting
ccurred and the contact angle was about 85 ◦. The measured
ontact angles after 30 and 50 min were 29 and 6 ◦, respectively.

Fig. 2 shows the average contact angle as a function of the
lapsed time for the polished (S1-P) and the as-sintered spec-
men (S2-AS). Two steps can be distinguished in the case of
he S2-AS sample. During the first step (incubation period), the
ontact angle decreases very slowly probably because of surface
xides and reaches 120◦ after about 140 min. In a second step,
he drop starts spreading over the surface rapidly and penetrates
he specimen. The contact angle decreases at a much higher rate
nd reaches 5◦ after 180 min.

For the S2-AS specimen, the shape of the curve in the sec-
nd step is similar to that of the polished specimen for the same
ange of wetting angles. This suggests that the polishing elimi-
ates surface oxides and impurities and reduces significantly the
ncubation period.

.2. Early stage of interaction

To study step one and the early stage of the interaction
etween liquid aluminum and the as-sintered specimen, an
xperiment was carried out in which the test was interrupted
fter 100 min (specimen S3-PP). Fig. 3 shows the backscat-
ered electron (BSE) micrograph from the cross section of the
pecimen-aluminum interface revealing the penetration of Al
nside the specimen.

To investigate if counter-diffusion of elements from the TiB2
pecimen towards liquid Al is taken place, the cross section
f the aluminum drop on top of the substrate was analyzed.
ig. 4(a) shows small white particles found inside the Al matrix.
emi-quantitative EDX analysis revealed that the composition
f these particles corresponds to TiAl3 phase. Particles of TiAl3
re usually found in aluminum either as a needle-like structure
r in the form of chunky equiaxed particles.19 These results
uggest that the Ti additives in TiB2 dissolve and diffuse in the
l droplet during the test and precipitate as small TiAl3 particles
uring solidification.20–23

Chemical mapping was performed in selected areas within
he Al matrix. A Fe map is shown in Fig. 4(b). Contrary to Ti,
hich was mostly found in the form of Ti–Al particles, iron
recipitated at grain boundaries during solidification.
These results indicate that the metallic Ti and Fe additives
re dissolved in the liquid Al during the sessile drop tests and
recipitate in the form of Ti and Fe aluminum phases upon
olidification.
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Fig. 1. Photos from the contact between a liquid Al drop

The interface region between the Al droplet and the S3-PP
pecimen’s surface was also analyzed using EPMA. Fig. 5(a)
nd (b) show the elemental distribution of aluminum and oxy-
en respectively in this region. The mapping of oxygen indicates
20 �m thick oxide-rich layer near the interface. Comparison

f this map with that of Al reveals that oxygen is present in the
orm of aluminum oxide. In the as-prepared specimen, oxygen

s most likely picked-up by the Ti additives during the sintering
rocess. During the sessile drop test, liquid Al reduces the Ti
xides to form aluminum oxide. A similar observation was also

ig. 2. Average contact angle versus time during sessile drop tests for the as-
intered and polished specimens.
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v
s

F
e

a polished specimen’s surface during a sessile drop test.

eported by Pettersen13 when hot pressed TiB2 specimens con-
aining Ti additives were put in contact with liquid aluminum. Ti
eacts with the oxygen present on the surface of TiB2 particles
nd with the oxygen from the atmosphere to form trigonal Ti2O3
redominantly. He also mentioned that the reduction of this tita-
ium oxide with liquid aluminum is thermodynamically feasible
t temperatures around 1000 ◦C. According to our results, tita-
ium oxide is present on the free surface of the particles and in
he porosities. The reaction of titanium oxide with liquid alu-

inum may result in some reaction products with higher molar

olume. However, the presence of about 9% of porosity in the
pecimen provides enough space for these volume changes and

ig. 3. BSE micrograph from the cross section of a specimen with partial pen-
tration of Al (S3-PP).
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ig. 4. Partially penetrated test (S3-PP) (a,b) BSE micrograph and EDX analys
f Fe element within Al drop.

hereby prevents the detachment of TiB2 grains and specimen
welling.

The delay observed before the wetting takes place in the S2-
S case (Fig. 2) can therefore be explained by the presence of a

hin oxide layer on the surface of sintered TiB2. However, this
urface oxide did not prevent full wetting of specimen ultimately.
.3. Later stage of interaction

By examining the cross section of specimens after complete
essile drop test, it was found that the Al penetration resulted in

c
b
c

Fig. 5. Elemental distribution of aluminum and oxygen at the drop-
iAl3 particles formed inside Al drop, (c,d) BSE micrograph and EPMA maps

he formation of four different zones. These zones are identified
s zones 1–4 in Fig. 6. The zone 1 showed a high level of porosity
ith almost no sign of metallic additives. In zone 2 and zone 3,

he pores contain Ti and Fe aluminum phases in addition of Al.
hese zones will be discussed in more details later in this work.
one 4 remained intact. It represents the microstructure of the
pecimen before the sessile drop test.
Fig. 7 shows elemental line scans of Ti, Fe and Al through the
ross section of the S1-P specimen. The approximate boundaries
etween the different zones are indicated by dotted-lines. The
oncentration of aluminum in zone 1 and 2 varies from point

specimen interface after the partially penetrated test (S3-PP).
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Fig. 7. Elemental line scans carried out through the thickness of the specimen
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ig. 6. SEM micrograph of the cross section of a S1-P specimen after the sessile
rop test.

o point depending on pore location and density. Its average
oncentration in zone 2 is considerably higher than that in zone
. It seems that the Al concentration decreases in zone 3 and
alls to zero in zone 4. There is a very low concentration of
e in zone 1. Fe was detected at some points in zone 2 and its
oncentration increases and reaches a maximum in zone 3 before
alling to the bulk Fe additive concentration of 3 wt% in zone 4.
he Ti distribution in Fig. 7 shows only small variations since

he signal comes from both TiB2 particles and the Ti metallic
dditives.

Fig. 8 shows elemental maps of Ti and Al near the interface
etween zone 1 and 2. The maps seem to indicate that the Ti
oncentration in the pores where Al is present is lower in zone
(darker blue) than in zone 2 suggesting that the Ti additives

ave been washed out from zone 1 during the liquid infiltration.
he simultaneous presence of Ti and Al in the pores of zone 2
uggests the presence of Ti–Al phases in this zone.

Fig. 9 shows the mapping of Fe and Ti near the interface of
ones 2 and 3. The concentration of Fe in zone 3 is much higher

han in zone 2 in agreement with Fig. 7. The Ti concentration in
ores is lower (darker blue) in zone 3 than in zone 2 and in these
ores, Fe is present instead of Ti. The simultaneous presence of

t
1
w

ig. 8. Mapping of aluminum and titanium showing the transition between zone 1
eferred to the web version of this article.)
pecimen interface at the beginning of the test).

e and Al in the pores of zone 3 suggests the presence of Fe–Al
hases in zone 3.

Finally, Fig. 10 shows elemental maps near the transition
etween zones 3 and 4. The Al concentration decreases down to
ero from zone 3 to zone 4 in agreement with the line scan of
ig. 7. The Ti content between the TiB2 grains or in the pores
eems to increase as we move from zone 3 to zone 4 in agreement
ith what as been said previously regarding zone 3.
Fig. 11(a) and (b) shows SEM images of the specimen in zone

and 3 respectively. In zone 2, the phase identified as P1 con-
ains Ti and Al. Studies on the Ti–Al system have shown that at
emperatures between 700 and 1000 ◦C, TiAl3 is formed prior
o any other titanium aluminide phases. It was also reported

hat this intermetallic compound can dissolve 1.2 at.% Fe at
000 ◦C.24 To verify the exact nature of this phase, TEM analysis
as performed. A TEM micrograph of such a phase is shown in

and zone 2. (For interpretation of the references to color in text, the reader is
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Fig. 9. Mapping of iron and titanium revealing the transition between zone 2 and zone 3. (For interpretation of the references to color in text, the reader is referred
to the web version of this article.)

Fig. 10. Mapping of aluminum and titanium between zone 3 and zone 4.

Fig. 11. BSE micrographs of zone 2 and zone 3. Arrows show the presence of TiAl3 (P1) and Fe–Al compound (P2).
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Fig. 12. TiAl3 precipitate in zone 2, (a) Transmission electron

ig. 12(a). EDX analysis and the SAED pattern (Fig. 12(b))
aken from the [0 1 0] zone axis of P1 confirm that this phase is
iAl3. This titanium aluminide phase precipitates from Ti satu-
ated liquid Al in the pores between the TiB2 particles when the
iquid phase enters zone 2.

The phase identified as P2 in zone 3 (see Fig. 11(b)) contains
l and Fe with traces of Ti. The phase P1 is also detected in zone
. Studies have shown that Fe4Al13 and Fe2Al5 phases are more
ikely to precipitate in the Al rich side of the phase diagram.25

lthough the growth rate of Fe2Al5 is higher, the formation of
e4Al13 is dominant in Al-rich interfaces. Therefore, it is highly
robable that the P2 phase is Fe4Al13. The Ti solid solubility

imit in that phase is 6.5 at.%. Ti can partially replace Fe in
ertain crystallographic sites.26,27

TEM analysis was also performed on P2 observed in zone 3
o confirm the nature of the Fe4Al13 phase (see Fig. 13(a) and

a
o
s
i

Fig. 13. Fe4Al13 phase precipitated in zone 3, (a) Transmission electron m
graph, (b) SAED pattern from the [0 1 0] zone axis of TiAl3.

b)). The SAED pattern shown in Fig. 13(b) is characteristic of
he Fe4Al13 structure.

.4. Reaction mechanism

Based on these results, the reaction mechanism between the
iquid Al drop and the specimen could be described as follows.

hen liquid aluminum forms over the polished surface of the
pecimen, it interacts with surface oxides and three other major
icrostructural features: TiB2 particles, pores, and the metallic

dditives. After the reduction of surface oxides by liquid alu-
inum and wetting of the TiB2 particles, the metallic additives
re dissolved and the liquid enters the pores. At the beginning
f the test, the liquid is pure aluminum. As it enters the porous
tructure, the concentration of Ti and Fe in the liquid gradually
ncreases. The liquid has a solubility limit for Fe and Ti above

icrograph, (b) SAED pattern from the [010] zone axis of Fe4Al13.
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ences and Engineering Research Council of Canada (NSERC).
ig. 14. Isothermal section of the Al–Fe–Ti phase diagram at 1000 ◦C.20

hich new phases will precipitate. Based on the binary phase
iagrams of Al–Fe and Al–Ti, the solubility limit of Fe and Ti in
iquid aluminum at 960 ◦C is about 17 and 2 wt%, respectively.
ig. 14 shows the ternary phase diagram of Al–Ti–Fe. In this
ork, the Ti to Fe weight ratio was 7/3 and therefore, the con-

entration of Ti in the liquid should increase more rapidly than
hat of Fe.

Since the Fe and Ti content in the liquid is below the solubil-
ty limit in zone 1, the additives in this zone are simply dissolved
hile the aluminum is penetrating into the specimen. Once the

oncentration of Ti reaches the solubility limit near 2 wt%, TiAl3
hase starts to precipitate forming zone 2. In this zone, the con-
entration of Fe is still below its solubility limit (17 wt%), thus
l continues to dissolve the additives and penetrates inside the

pecimen until the solubility limit of Fe is reached. This marks
he beginning of zone 3 where the Fe4Al13 phase is formed.
t this point, the TiAl3 phase continues to precipitate and this

xplains the presence of both P1 and P2 phases in zone 3. By
he precipitation of Fe4Al13 and TiAl3, the liquid aluminum is
radually consumed. In the final stage of the reaction, the liq-
id aluminum acts as a “transient liquid phase”28 which means
hat after the diffusion of iron and titanium in the remaining
iquid, its transforms gradually to solid phases via isothermal
olidification processes.

The formation of zone 3 where the liquid isothermally solid-
fies by the formation of aluminide phases raises the question on
hether this zone could act as a barrier against further aluminum
enetration. This hypothesis was put to test by performing an
dditional sessile drop test on the specimen formerly subjected
o this test. The cross section micrograph of S4-2D specimen is
hown in Fig. 15. Comparing the cross section of S4-2D with
hat of the S1-P specimen, we see that the penetration of the
econd aluminum drop lead to an increase of the width of zone
, zone 2, and zone 3.

This observation suggests that the second drop follows the
ame reaction mechanism as the first one resulting in the disso-
ution of solid phases and precipitation of new phases until the
olubility limits of Fe and Ti are reached. Zone 3 cannot act as

barrier to the penetration of liquid aluminum.

However, it is important to note that the TiB2 specimens
emained intact despite the penetration of liquid aluminum and

T
Q
(

ig. 15. SEM micrograph of cross section of specimen subjected to two subse-
uent sessile drop tests.

he dissolution of the metallic additives. This could be attributed
o the stability of the grain boundaries (bridges) between the
iB2 particles. The boundaries formed between the TiB2 par-

icles during sintering with Ti–Fe additives are quite stable in
iquid Al. The specimens did not show any swelling or crack
n the microstructure. The expansion of the structure of TiB2
intered using transitional methods has already been reported in
he literature.29 Further investigations concerning the stability
f these TiB2 composites in liquid Al will be presented in an
pcoming publication.

. Conclusion

The interaction of TiB2-base porous ceramics with liquid Al
as investigated. The reactions were occurring faster on pol-

shed surfaces because of the removal of the surface oxide layer.
he penetration of the liquid Al drop resulted in the formation of

hree distinct zones. Only Al was found in the first zone, TiAl3
as found in the second zone and both TiAl3 and Fe4Al13 phases
ere found in the third zone. When penetration of liquid Al into

he material occurs, the metallic additives are dissolved and their
oncentration increases gradually. Once the Ti saturation limit
s achieved, the TiAl3 phase starts to precipitate inside the pores
zone 2). The residual liquid continues to penetrate and dissolve
he additives until the saturation point of Fe is reached leading
o the precipitation of Fe4Al13 (zone 3). Dissolution and precip-
tation will continue up to the complete depletion of the liquid
hase (Isothermal solidification). Liquid aluminum did not seem
o alter the solid TiB2 skeleton of the specimen and no sign of
welling or cracking was detected.
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