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Pressureless Sintering of TiB2-Based Ceramics with
Ti–Fe Additives: Sintering Mechanism and Stability
in Liquid Aluminum**
By Hamed Heidari, Houshang Alamdari,* Dominique Dubé and Robert Schulz
The development of a proper processing method for the fabrication TiB2-based wettable cathodes for
aluminum electrolysis has been challenging for more than half a century. In this work, TiB2-based
ceramics were consolidated via pressureless sintering using Ti, Fe, and Ti–Fe additives. The
microstructure, physical and mechanical properties as well as the interaction and the stability of
the material in liquid aluminum were investigated. It was shown that specimens sintered with a Ti–Fe
additive have excellent stability in liquid aluminum as the solid TiB2 skeleton maintained its integrity
and strength after 5 days of exposure in liquid aluminum at 960 8C. Transmission electron microscopy
analysis revealed that the formation of inter-particle bridges of pure TiB2 is responsible for the good
resistance of the material in molten aluminum. A sintering mechanism was proposed for the
consolidation of TiB2 with a Ti–Fe additive. TiB2-based ceramic sintered with a Ti–Fe alloy is
suggested as a potentially reliable material for application as wettable cathode for aluminum
electrolysis.
The idea of using a wettable cathode in Hall–Héroult

aluminum electrolysis cells aiming at reducing the energy

consumption of primary aluminum production was first

proposed in 1950s.[1] Lots of efforts have been made thereafter

to fabricate an operational wettable cathode at reasonable cost

while TiB2 has been always the most promising candidate for

this application.[2,3] In addition to its excellent stability,

pure TiB2 has a good wettability for molten aluminum.[4,5]

Despite these advantages along with high electrical

and thermal conductivity, the use of TiB2-based wettable

cathode for aluminum smelting has not yet been established.
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Québec, QC, Canada G1V 0A6
E-mail: houshang.alamdari@gmn.ulaval.ca

Dr. R. Schulz
Hydro-Quebec Research Institute,
1800 Boul. Lionel Boulet,
Varennes, QC, Canada J3X1S1

[**] This project was supported by the Hydro Québec and the
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This is mainly due to challenges related to the fabrication

process and difficulties of meeting the required properties

of the consolidated parts. Considering the technical and

economical aspects, pressureless sintering could be an

attractive fabrication method to make large near-net-shape

cathode parts at reasonable cost. However, TiB2 has a

very high melting point (3000 8C) and a low inter-diffusion

coefficient which make sintering using pressureless method

quite difficult.[6]

Pressureless sintering of pure TiB2 is typically performed at

temperatures higher than 2000 8C. However, above 1800 8C
the oxide layer at the surface of TiB2 particles promotes the

growth of some TiB2 grains in preferential directions resulting

in exaggerated grain growth, lowering the mechanical

properties and especially the thermal shock resistance of

the consolidated part.[7]

To address this problem, researches have been conducted

toward using transition metals as sintering additives.[8–14]

These additives promote the densification of TiB2 parts at

much lower temperatures via liquid phase sintering and

reduce the risk of abnormal grain growth.[15] Although

TiB2-based specimens consolidated using these additives

are suitable for wear resistant and structural applications,[16]

they require sufficient chemical stability to be used as cathode

in liquid aluminum. Aluminum could penetrate and react

with different phases at the grain boundaries resulting in

swelling and degradation of TiB2 parts.[17]
. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2012, 14, No. 9
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In previous works,[18–20] a near eutectic Ti–Fe sintering

additive has been used with the aim of preventing the

formation of undesirable phases at grain boundaries and

promoting liquid phase sintering. The influence of processing

parameters was studied because they were found to have a

great impact on the final properties after consolidation. Upon

exposure of sintered specimens to molten aluminum, no sign

of expansion, swelling, or cracking was observed. These

characteristics were found particularly interesting for wetta-

ble cathode applications. In this work, specimens were further

characterized before and after exposure to molten aluminum.

The effect of additives on final microstructure, physical and

mechanical properties as well as stability of specimens in

molten aluminum for prolonged exposure time have been

investigated. Other specimens were consolidated using Fe

only or Ti only as additives and their mechanical properties

and stability in liquid aluminum were compared to

those obtained for the specimens consolidated with Ti–Fe.

The inter-particle bridges in the specimen with the Ti–Fe

additive were studied using transmission electron microscopy

(TEM) to understand the reasons of its good chemical stability

with respect to molten aluminum.

1. Materials and Methods

Commercial TiB2 powder (99.7% pure), titanium (Ti

>99.8% pure metal basis), and iron (Fe >99.9% pure metal

basis) were used as starting materials (Atlantic Equip. Eng.

Inc.). The particle size of TiB2 powder was ranging between 2

and 10mm with a mean size of 6mm. For Ti powder, the

particle size was <20mm and for Fe powder, the particle size

was between 1 and 9mm. Specimens were consolidated with

three different sintering additives: Ti, Fe, and pre-alloyed

Ti–Fe. To prepare the pre-alloyed Ti–Fe additive, Ti and Fe

powders were mixed in a 70–30 weight ratio, respectively,

compacted in the form of rectangular bars and sintered at

1150 8C for 1 h. The resulting pellets were subsequently

crushed and milled for 1 h using high-energy ball milling

(more details have been provided elsewhere[18]).

The powder mixtures were then prepared by milling TiB2

powder with 10 wt% of additives in a high-energy ball mill

(SPEX 8000) for 30 min using hardened steel vial and balls

with a ball to powder weight ratio of 4:1. The milled mixtures

were then compacted in a uniaxial die under 150 MPa

pressure and sintered in a tube furnace at 1650 8C under a

reducing Ar-5%H2 atmosphere for 1 h.

The bulk density of the sintered specimens was determined

with Archimedes method using isopropanol as the immersion

medium. Theoretical density was calculated using the

rule-of-mixtures assuming the nominal compositions of the

starting powder mixtures. Relative densities were calculated

by dividing the measured bulk density by the calculated

theoretical density.

The three-point bending test was performed at room

temperature following the ASTM C1161 standard with a

25.4 mm span and a displacement rate of about 0.01 mm s�1.[21]
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The dimensions of the specimens used for bending strength

measurements were 38 mm� 13 mm� 4 mm and the reported

results are the average of measurements on at least five

representative specimens.

The interactions between the sintered specimens and

molten aluminum were first studied using the sessile drop

test. A pure aluminum pellet (0.1 g) was placed on top of the

specimen in an electrical tube furnace under a high vacuum

(10�3 Pa). The furnace was rapidly heated up to 960 8C
(corresponding to the operation temperature of aluminum

electrolysis cells) and maintained at this temperature for 1 h.

Prior to the drop test, the surface of specimens was

polished using 6mm diamond abrasive followed by cleaning

with isopropanol in an ultrasonic bath. After the tests, the

microstructures of specimens were then examined. The

dynamic wetting behavior of TiB2-based specimens by molten

aluminum has already been reported.[19,20]

To evaluate the chemical stability of the specimens in

liquid Al, they were covered with an aluminum foil and then

inserted into molten aluminum at 960 8C under a protective

flow of argon. Three different immersion times were used: 1,

24 h, and 5 days. Specimens were removed after the tests and

their microstructure were examined.

For some immersed specimens, the infiltrated aluminum

was removed by soaking them in a 0.3 N sodium hydroxide

solution for 48 h at room temperature. Once the infiltrated

aluminum was removed, a porous structure, mainly com-

posed of a TiB2 solid skeleton, was obtained and characterized

using scanning electron microscope (SEM).

Microstructural studies and chemical analysis were carried

out using optical microscope and SEM equipped with energy

dispersive X-ray spectroscopy (EDX; PGT Avalon). Electron

probe microanalysis (EPMA; SX-100 CAMECA microprobe)

equipped with the wavelength dispersive X-ray spectroscopy

(WDS) spectrometers was utilized to perform detailed multi-

element compositional mappings. Specimens were cross

sectioned with a diamond saw, vacuum-mounted in epoxy

resin, and polished down to 0.1mm surface finish with

successively finer diamond abrasives. The final polishing was

performed using a 0.05mm alumina suspension. Focused ion

beam (FIB; Hitachi FB2000A) was used to cut out 100 nm thick

samples for examination in TEM (Jeol JEM-2100F). Phase

identification was carried out based on selected area electron

diffraction (SAED) pattern analysis.

A scratch test was used to compare the bonding strength

of particles at the surface of specimens before and after

immersion in molten aluminum. The scratch test was

conducted at room temperature by using a microtribometer

test system (UMT-2; CETR). The specimen surface was

polished down to 6mm diamond abrasive paper prior to

the test. The specimen was fixed to the lower holder which

was automatically driven along a single horizontal axis while

a conical diamond indenter mounted in a upper holder was

sliding over the surface of the specimen applying a vertical

force. The cone angle of the diamond indenter was 758 and its

diameter tip was 400mm. The vertical component of the force
ag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 803
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(Fz) was increased gradually from 2 to 50 N over the 10 mm

sliding distance. The horizontal component of the force (Fx),

applied to the specimen through the diamond indenter, was

measured in a real time with a dynamometer. A hot-pressed

TiB2 specimen obtained from a commercial supplier

(Ceradyne Inc., Costa Mesa, CA, USA) was used to compare

the results of scratch tests. Its reported relative density and

flexural strength were 98% and 265 MPa, respectively.

2. Results and Discussion

2.1. Influence of Additives on Physical and Metallurgical
Properties

Specimens with three different sintering additives were

consolidated: Ti, Fe, and a pre-alloyed Ti–Fe powder. The

starting compositions of specimens as well as their as-sintered

properties are reported in Table 1.

The back-scattered electron (BSE) micrographs from the

polished cross-section of specimens are shown in Figure 1.

Figure 1a shows the microstructure of the 10T specimen. Some

discontinuities and the lack of integrity can be observed in

the microstructure of this specimen. Arrows indicate the

presence of partially fused Ti-rich phase between TiB2 particles.

The relative density of this specimen, as reported in Table 1,

is about 77%. Its bending strength was low with widely

dispersed measurements. Usually, in pressureless sintering of

ceramics, densification is achieved by formation of a liquid

phase at the early stage of sintering. This liquid phase enters

inter-particle spacings and applies a capillary force to the walls

resulting in re-arrangement and densification.[22,23] Since the

sintering temperature of 1650 8C used in this study was slightly

below the melting point of titanium (1660 8C), no liquid phase is

expected to promote the re-arrangement of particles. However,

even a trace concentration of iron contamination coming from

the milling process can drastically reduce the melting point of

the Ti resulting in its partial fusion as shown by the arrows in

Figure 1a. The low relative density and bending strength of the

sample with Ti additive is due to the low sintering temperature

and its microstructure represents almost the original size and

form of the starting TiB2 powder. The shape of particles is

angular and a lot of fine particles are present.

Figure 1b shows the microstructure of the 70%Ti–30%Fe

(7T3F) specimen in which a relatively dense structure of TiB2
Table 1. The starting composition of sintered specimens, their relative density, and
3-point bending strength.

Specimen Composition
[wt%][a]

Relative
density
[%][b]

Bending
strength
[MPa]

TiB2 Ti Fe

10T 90 10 0 77 –

10F 90 0 10 90 520� 41

7T3F[18] 90 7 3 91 300� 32

[a] Unless otherwise indicated, percentages in this text are wt%.

[b] The uncertainty on relative density was estimated to be less than 1%.

Fig. 1. BSE micrographs from the microstructure of as-sintered specimens: (a) 10T,
(b) 7T3F, (c) 10F. Arrows in (a) indicate the presence of metallic titanium between
TiB2 particles.
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grains with a fine distribution of additives and pores is

observed. This specimen was sintered using a pre-alloyed

Ti–Fe additive with a near eutectic composition of 7T3F.

In the Ti–Fe system, an eutectic reaction occurs at 1078 8C
and 67%Ti.[24] Consequently, a liquid phase should form at

sintering temperature enabling the re-arrangement of parti-

cles and densification of specimen. Compared to 10Ti, the

discontinuities and gaps are not present in the microstructure

of this specimen and most small pores between grains
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2012, 14, No. 9
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Fig. 2. BSE micrograph of the cross section of specimens after reaction with aluminum
drop: (a) 10T, (b) 7T3F, (c) 10F. Numbers on images refer to the different zones formed
as a result of aluminum infiltration.
disappeared. Aside from the small rounded pores, some

larger ones with longitudinal form were distributed uniformly

in the microstructure. The size of TiB2 grains in 7T3F specimen

is slightly larger than that of 10T, but the grains are still

angular and the inter-particle distances are smaller. The

relative density and bending strength of this specimen are 91%

and 300 MPa, respectively. The major phases found in the

microstructure after sintering the 7T3F specimen were TiB2,

a-Ti, TiFe, and TiFe2.[19]

As shown in Table 1, specimens sintered with the Fe

additive had a relative density of 90% and a bending strength

of 520 MPa. Their typical microstructure (Figure 1c) reveals a

uniform distribution of iron (the white components) suggest-

ing that Fe is a suitable sintering additive for pressureless

sintering of TiB2. The very fine TiB2 particles and sharp edges

of grains were eliminated by dissolving in liquid phase

and precipitation on larger grains and surface with greater

curvatures. In consequence the angular grains transformed

into larger and rounded shapes and left some large round-

shape pores in the microstructure. According to Shurin

et al.,[25] in the pseudobinary Fe–TiB2 system, a eutectic

reaction is expected to occur at 1340 8C and 6.3 mol% TiB2.

Jüngling et al.[26] found that this eutectic provides a liquid

phase suitable for sintering of TiB2. Einarsrud et al.[10] reported

that abnormal grain growth could occur by sintering of

TiB2þ 1.5%Fe specimen at 1700 8C which strongly reduces

the mechanical properties. No abnormal grain growth was

observed in our specimens.

In conclusion, the microstructure and physical properties

of both 7T3F and 10F specimens showed a similar degree of

densification and relatively uniform microstructures. How-

ever, the bending strength of the 10F specimens was 520 MPa,

which is considerably higher than that of 7T3F (300 MPa).

2.2. Interaction with a Liquid Aluminum Drop

The interaction of specimens with a liquid aluminum drop

was studied as a first step to characterize their stability in

liquid aluminum. Figure 2 shows the BSE micrograph of 10Ti,

7T3F, and 10Fe specimens after interaction with a sessile

aluminum drop. The 10T specimen had about 23% porosity

after sintering. During the experiment, aluminum infiltrated

the specimen immediately upon melting due to the high level

of porosity and the good wettability of TiB2 surfaces by liquid

aluminum (Figure 2a). Despite the rapid infiltration of molten

aluminum, it dissolved some of the titanium additive on its

way inside the specimen (zone 1). According to Al–Ti binary

phase diagram[27] at 960 8C, when the titanium content of

molten aluminum reaches about 2%, TiAl3 phase starts to

precipitate resulting in the complete depletion of aluminum

and solidification of liquid phase (zone 2). Quantitative EDX

analysis of the phases in the Al-infiltrated area of 10Ti

specimen also confirmed the formation of TiAl3 phase (Phase

A in Figure 3). The aluminum drop did not infiltrate zone 3.

As shown in Figure 2b,[20] complete penetration of

aluminum inside the 7T3F specimen and its reaction with

the Ti–Fe additive resulted in the formation of three new
ADVANCED ENGINEERING MATERIALS 2012, 14, No. 9 � 2012 WILEY-VCH Verl
distinct zones in the microstructure of specimens. Titanium

and iron additives were dissolved as aluminum infiltrated

the specimen (zone 1)[28] and since the quantity of liquid

aluminum is limited in this experiment (0.1 g), Ti and Fe

reached their solubility limits and Al–Fe–Ti phases segregated

(zone 2 and 3). The mechanism of the penetration of liquid Al

and the precipitation of Al–Fe–Ti phases was discussed in a

previous work.[20] Most of the Ti–Fe additive was washed out

from zone 1 (Figure 2b). EDX analysis detected a Al–Ti phase
ag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 805
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Fig. 3. BSE micrograph and EDX spectrum of phase A formed in the Al infiltrated area
(zone 2 in Figure 2a) of 10Ti specimen, A: TiAl3 phase, B: Ti rich phase.

Fig. 4. (a) BSE micrograph from the expanded portion of 10F specimen (zone 1 in
Figure 2c) after reaction with the liquid aluminum drop (A: TiB2, B: Al, C: Fe4Al13

phase, the black areas correspond to mounting resin), (b) EDX spectrum of phase C.
in zone 2, and it was confirmed later by SAED pattern

that TiAl3 starts to precipitate in zone 2 as Ti reached its

solubility limit. By reaching the solubility limit of Fe, Fe4Al13

precipitated in zone 3 until the complete depletion of the

liquid phase. The rest of specimen (zone 4) was not infiltrated

by liquid aluminum. In spite of the penetration of Al inside the

specimens and its reaction with the metallic additives, there

was no sign of deformation or swelling of the specimen due to

the penetration of aluminum.

As shown in Figure 2c, the 10F specimen was not resistant

to liquid aluminum. Aluminum penetrated and reacted with

the phases at grain boundaries which resulted in the

separation of TiB2 particles and the expansion near the

contact area (zone 1). Figure 4 shows the typical micro-

structure in the expanded volume of the 10F specimen. The

TiB2 particles were separated after less than 1 h of exposure,

showing a weak stability of grain boundaries in liquid

aluminum. EDX analysis showed the presence of metallic Al

and Fe–Al phases between TiB2 particles in the expanded

volume. A similar behavior had been reported for the TiB2

specimens consolidated using Ni as sintering additive. Finch

and Tennery[29] reported the disintegration of hot-pressed

TiB2–10%Ni after being exposed to liquid aluminum for 3 h.

Weirauch et al.[30] also observed the expansion of the surface of

TiB2–Ni specimen due to the reaction of grain boundaries with

aluminum drop during wetting tests.

In previous studies about the sintering of TiB2 with Fe

additive,[31,32] the presence of elemental Ti was found at the

triple junctions. In these studies, the only source of Ti in

the specimens was TiB2 grains; therefore, the presence of Ti at

triple points confirms the dissolution of TiB2 phase in liquid

iron during a dissolution–precipitation stage. However, as

reported by Jüngling et al.,[26] during the precipitation process,

Fe2B phase precipitates at the grain boundaries and some Ti
806 http://www.aem-journal.com � 2012 WILEY-VCH Verlag GmbH & C
remains in the liquid phase. Iron borides are not stable in

liquid aluminum[33] and when the 10F specimen comes in

contact with the aluminum drop, the grain boundaries react

with aluminum resulting in the separation of TiB2 particles

and swelling of the specimen.

2.3. Stability in Liquid Aluminum

To investigate the stability of the specimens in liquid

aluminum, they were immersed in liquid aluminum for 24 h.

The 10F and 10T specimens were totally disintegrated in

liquid aluminum, as expected from the results of their

interaction with the aluminum drop in the previous experi-

ment. The 7T3F specimens, however, maintained their

integrity and keep the same shape before and after immersion

in liquid aluminum. SEM and EDX analysis revealed that

aluminum penetrated inside the specimen and dissolved most

of the metallic Ti–Fe additive. As reported in an earlier

work,[19] elemental mapping of the exposed microstructure

did not reveal any Fe within the specimen. Ti was not

detected between TiB2 grains, either. The solid skeleton of TiB2

particles appeared to be stable and grains remained bonded

together.
o. KGaA, Weinheim ADVANCED ENGINEERING MATERIALS 2012, 14, No. 9
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The stability of the 7T3F specimen in liquid aluminum

was also studied during 5 days (120 h) immersion test.

SEM investigation of the microstructure of this specimen

showed that, the solid skeleton of TiB2 grains maintained

its structural integrity. To reveal the structure of the TiB2

solid skeleton after prolonged Al exposure, the infiltrated

aluminum was dissolved in a NaOH solution. Figure 5

shows the solid TiB2 skeleton of this specimen after removing

the infiltrated aluminum. The TiB2 grains are connected to

each other through inter-particle bridges that are stable in

liquid Al.

2.4. Scratch Test

A scratch test was performed in order to investigate the

bonding strength between TiB2 particles in the 7T3F specimen

immersed in molten aluminum for 5 days. The scratch test

results are shown in a diagram in Figure 6. An increasing

vertical force was applied from 2 to 50 N over 10 mm length of

sliding distance. The measured horizontal force (Fx) reported

here is the force applied to remove the particles from the

surface and is ascribed as scratch resistance. It is observed
Fig. 5. SEM micrograph of the 7T3F specimen after immersion into molten Al for 5 days
at 960 8C revealing the solid TiB2 skeleton. The metallic phases were dissolved in a
NaOH solution.

Fig. 6. Comparing the scratch resistance (Fx) between specimens (AS: as-sintered,
5 days: 7T3F after 5 days of Al exposure, Ceradyne: hot pressed TiB2 provided from
Ceradyne Inc.; the reported Fx is associated with 7T3F specimen after 5 days of Al
exposure).
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that the as-sintered 7T3F specimen shows higher scratching

resistance compared to the specimen exposed to liquid

aluminum. The higher scratch resistance of as-sintered

specimen is attributed to the presence of Fe–Ti phases which

acts as binder for the TiB2 matrix. The influence of the Fe–Ti

binder on the scratch resistance can be evidenced by

comparing with the scratch resistance of a hot-pressed TiB2

specimen provided by Ceradyne Inc.

As shown in Figure 5, despite the greater porosity of the

specimen exposed to molten aluminum, the strength of

inter-particle bridges is slightly higher than that of the

hot-pressed specimen. These results suggest that the present

sintered TiB2 ceramic possesses acceptable mechanical

strength even after exposure to liquid Al and the inter-particle

bridges have good stability in liquid aluminum.

2.5. TEM Analysis

The nature of inter-particle bridges and grain boundaries of

the exposed 7T3F specimen to liquid aluminum were studied

using TEM. TiB2 exhibits hexagonal symmetry with P6/mmm

space group (a¼ b¼ 0.3028 nm, c¼ 0.3228 nm; a¼ b¼ 908,
g ¼ 1208).[34] The atoms are positioned at Ti(0,0,0),

B(1/3,2/3,1/2), and B(2/3,1/3,1/2) in the unit cell.[35] Each

boron atom has three boron neighbors in a trigonal planar

arrangement, forming a strong covalently bonded hexagonal

network structure.[36] Figure 7a–c shows the area selected for

TEM analysis and the interface between two contiguous

grains identified as G1 and G2. Figure 7d shows the SAED

pattern of G1 grain from [2110] zone axis and Figure 7e shows

the SAED pattern of G2 grain from [0111] zone axis. It

confirms that G1 and G2 are distinct grains. EDX analysis

detected the presence of aluminum in the unattached

interfaces of TiB2 grains. However, no sign of aluminum or

other impurities was observed in bridges developed at

the interface of grains and only Ti and B were detected

by EDX analysis in these areas. The inter-particle bridge

between G1 and G2 grains shown in Figure 7f reveals that

pure TiB2 crystallizes during sintering and binds the two TiB2

particles. Since TiB2 has a good chemical stability in liquid

aluminum, the stability of the specimen is therefore attributed

to the nature of the inter-particle bridges developed during

sintering.

Although both 7T3F and 10Fe specimens were consoli-

dated through the liquid phase sintering mechanism, unlike

7T3F, 10F specimen did not have chemical stability in contact

with liquid aluminum. During sintering of 10F, TiB2 dissolves

partially in liquid iron; however, as reported by Jüngling

et al.,[26] Fe2B phase precipitates at the grain boundaries

instead of TiB2. The lack of stability of Fe2B in liquid

aluminum is responsible for the rapid degradation of 10F

specimen in molten aluminum.[26,37] According to published

thermodynamic data on the Fe–Ti–B system, a quasi-binary

section can be found along the TiB2–(Fe, 2 at.% Ti) line

characterized by a simple eutectic at about 1320 8C.[25,37–39]

It has been proposed that below 2 at.% Ti, Fe2B coexists

with TiB2.[14,40] Therefore, in order to avoid the precipitation
ag GmbH & Co. KGaA, Weinheim http://www.aem-journal.com 807
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Fig. 7. TEM micrographs from boundary between two TiB2 grains forming a TiB2 bridge: (a) selected area for FIB, (b and c) interface of G1 and G2 grains, (d) SAED of G1, (e) SAED
of G2, and (f) inter-particle bridge.
of this undesirable boride, higher amounts of Ti must be

added to the starting composition.

During the sintering of 7T3F specimen, the excess amount

of Ti in the liquid phase promotes the precipitation of the TiB2

phase instead of Fe2B. The formation and growth of new TiB2

crystalline planes result in the bonding of TiB2 particles and

the consolidation of specimens. Figure 7f clearly shows that

the inter-particle bridges between G1 and G2 TiB2 grains

formed from the growth of new TiB2 crystalline planes during

sintering. As SAED pattern revealed, the growth of TiB2

mostly occurred epitaxially on (0001) basal planes of G1 grain.

Since TiB2 has hexagonal crystalline structure, the (0001)

planes are closely packed atomic layers and the growth on this

orientation is energetically favorable.[41] Therefore the pre-

sence of Ti not only prevents the formation of secondary

boride phases but also promotes the precipitation of TiB2 as

inter-particle bridges.

The presence of oxygen on the surface of TiB2 particles

increases the surface diffusivity and promotes the abnormal

grain growth. However, it has been suggested that the use of

strong reducing additives could reduce the adverse effect of

oxygen.[7,42] The excess content of Ti in the liquid phase and

the presence of hydrogen in the sintering atmosphere used in

this study likely removed the oxygen from the surface of TiB2

grains and thereby prevented the exaggerated grain growth

during sintering.
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3. Conclusions

Pressureless sintering of TiB2 was performed using Ti, Fe,

and pre-alloyed Ti–Fe additives. Fe or the pre-alloyed Ti–Fe

promotes the sinterability of TiB2 by producing liquid phase

sintering. These specimens showed similar degree of densi-

fication and a uniform microstructure after sintering at

1650 8C for 1 h. Although the use of Fe resulted in higher

mechanical properties, the consolidated specimens did not

resist to liquid aluminum and their interactions with molten

aluminum caused the disaggregation of TiB2 particles and

the swelling of the specimens. The lack of stability of these

specimens is attributed to the formation of Fe2B in the

bonding regions which do not have stability in liquid

aluminum.

In contrast, the specimens sintered with pre-alloyed Ti–Fe

showed excellent stability in liquid aluminum. The solid

skeleton of TiB2 grains maintained its integrity after 5 days

of exposure in aluminum. Scratch tests confirmed that the

strong bonds between grains are comparable to those of

a hot-pressed TiB2 reference specimen. TEM analyses

revealed that the TiB2 grains are bonded to each other with

pure TiB2 phase. The excess concentration of Ti promotes

the precipitation of the TiB2 phase in the inter-particle bridges

and this leads to the stability of the specimens in liquid

aluminum.
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It is concluded that the material developed by pressureless

sintering of TiB2 using a Ti–Fe additive meets the required

properties and chemical stability in liquid aluminum and is

proposed as a reliable material for application as wettable

cathodes in aluminum smelting.
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Ceram. Soc. 2012, 32, 937.

[21] ASTM_Standard, ASTM International, West Consho-

hocken, PA 2002.

[22] R. M. German, in Sintering Theory and Practice, John

Wiley & Sons Ltd., New York 1996, p. 225.

[23] W. D. Kingery, M. D. Narasimhan, J. Appl. Phys. 1959, 30,

307.

[24] H. Okamoto, J. Phase Equilib. 1996, 17, 369.

[25] A. K. Shurin, V. E. Panarin, V. K. Sul’zhenko,

G. Y. Kozyrskii, Met. Sci. Heat Treat. 1977, 19, 696.
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