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Summary:

TiC-TiB2 composites have been produced via SHS technique starting from
low cost raw materials like TiO2, B4C, Mg. The influence of the diluent phase
(Mg, TiC) content on combustion temperature has been investigated. The use
of magnesium as the reductant phase allowed acid leaching of the undesired
oxide product (MgO), leaving pure hard materials with fine particle size
suitable to be employed in cutting tools manufacturing through cold pressing
and sintering route. The densification has shown to be strongly dependent on
the wetting additions. The influence of the metal binder and wetting additions
on the sintering process has been investigated. A characterisation of the
obtained materials was performed by the point of view of cutting tools life
(hardness, toughness, strength).
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1. Introduction:

Self-propagating High temperature Synthesis (SHS) is very attractive for
synthesising refractory and wear resistant compounds to be employed as raw
materials for cutting tools (1,2). Up to now, the most widely spread method to
synthesise wear-resistant materials is the furnace synthesis technology.
Reactions in such heterogeneous system are usually accompanied by the
formation of a product layer between the reactants. As the solid state
diffusivity is generally low, this layer with its increasing thickness constitutes a
diffusion barrier thus reducing the conversion rate. Therefore, high
temperatures and long times are usually necessary for carbide and borides
synthesis with conventional methods. As a result, these processing routes
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are regarded as energy intensive ones and have a very high cost. In SHS
process (3), a porous compact containing a mixture of reactants is brought
into contact with an ignition system. This initiates an exothermal reaction,
which continues through a self-sustaining combustion wave propagating
layer-by-layer through the porous mass and into the reaction products. In
solid combustion synthesis, the only heat source required to carry it out
consists of exothermal reactions between the reactants. It is known that the
purity of SHS powders is often higher than for the reactant mixture itself. In
fact, due to the high temperature in the reaction zone, many contaminants,
which may exist in the starting powders, volatilise. Because of the self-
sustenance and simplicity of the needed installation, the process faces with
low energy requirements and is low costly. The objective of this work is the
investigation of the substitution of conventional cermets used for cutting tools
manufacturing with more performing and innovative ones based on TiC-TiB2

mixtures as hard phase. These systems are produced with the SHS process
starting by very low cost raw materials like Mg, TiO2 and B4C. SHS allows to
obtain sub-micrometric sized and pure powders which can be pressureless
consolidated through liquid phase sintering to give cermets which are good
candidates for cutting tools manufacturing (1,2).

2. Experimental methodology:

Combustion synthesis reactions involving a thermite reaction have been used
for the synthesis of various composite materials. Oxide-carbide and oxide-
boride such as AI2O3-TiC and AI2O3-TiB2 have been produced using Al to
reduce the other metal (M) oxide as the first step (4,5,6). Similarly,
magnesium can be used to produce MgO-containing composites.
As an extension of earlier studies in which the SHS synthesis of MgO-TiC
and MgO-TiB2 has been investigated (7,8,9), the present work deals with the
formation of MgO-TiC-TiB2 mixtures through the self-propagating reaction
between low cost reactants like Mg, TiO2 and B4C.
Commercial reactants of C (Aldrich C.C., 99.5%, <2\im), TiO2 (Riedel-de
Haen, 99.8%, <10|im), B4C (H.C. Starck, <10|im), Mg (Aldrich C.C., 99+%,
<300jim) and TiC (H.C. Starck, <3|im) were used to synthesise TiC-TiB2-
MgO according to the reaction:

3TiO2 + B4C + 1.3 TiC + 8 Mg-^ 2.3TiC + 2TiB2 + 6MgO + 2Mg (g) [1]

TiC has been added in the starting mixture as a diluent to control the reaction
temperature, lowering the adiabatic temperature in order to obtain powder



D. Vallauri et al. HM 50 391^

15lh International Plansee Seminar, Eds. G. Kneringer, P. Rodhammer and H. Wildner, Plansee Holding AG, Reutte (2001), Vol. 2

products with a finer average particle size. The powders were stored in air at
110°C until they were used. Cylindrical pellets approximately 32 mm in
diameter by 5 mm in height were obtained by uniaxial pressure. The pressed
compacts had a relative density of about 60%. The ignition of the reaction
was performed through a graphite rod electrically heated under inert
atmosphere. The reacted samples were dry-milled and then analysed by X-
ray diffraction to determine the phase content over the range 29= 10°-90°
using CuKa radiation (^=0.154060-0.154439 nm) and a count time of 1 s per
0.02° step. TiC-TiB2 particles were recovered by acid leaching of the MgO
resulting from the exothermic reaction, using HCI 6.5M at about 90°C. The
powders obtained after 1 hour milling and acid washing were so fine that
centrifuge was ineffective for the recovering. However, the suspension was
found to flocculate at pH 2.5-4.0, therefore allowing filtering. The efficiency in
the MgO phase removal was evaluated through XRD diffraction. The obtained
powder system was mixed after 30 min of ball milling to a secondary carbide
(Mo2C) + metal binder (Ni, Co, Ti or/and Al) mixture acting as sintering aid for
the manufacturing of dense samples through liquid phase sintering. The
addition powders used were Mo2C (H.C. Starck, 160 grade, <2(im), Ni
(Aldrich C.C., 97%, -100mesh), Co (Aldrich C.C., 99.8%, <2^m), Ti (Aldrich
C.C., 99.7%, -100mesh), Al (Aldrich C.C., 98%, <160jxm). The sintering
process was carried out on cylindrical samples obtained by cold pressing at
500 MPa. These were introduced in a tubular furnace and heated under Ar
atmosphere at 1600°C for 2 h.

Microstructural examinations on densified samples were carried out using a
scanning electron microscope equipped with back scattering electron
imaging. The density was determined by water displacement. The hardness
was measured by indenting (five or six indents for each mean value) polished
specimens with a Vickers diamond indenter at loads between 1 and 10 N.

3. Results and discussion:

(1) SHS powder production

At 1 atm pressure of inert gas, the combustion process of TiO2+B4C+Mg was
accompanied by significant amounts of vaporisation. The expulsion of large
quantities of gas caused the sample to expand and break down giving a
powder very easy to mill. X-ray diffraction (XRD) confirmed that the reaction
[1] proceeded to completion. TiC, TiB2 and MgO peaks were present, and no
peaks corresponding to the starting materials were observed. The addition of
33 wt% excess Mg to offset the loss of Mg due to evaporation had also the
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effect of reducing the amount of undesired phases formed. In fact, unlike the
use of Al, the interaction of Mg with TiO2 strictly depends on the surrounding
inert gas pressure due to the high vapour pressure of Mg (305Pa, 650°C)
compared to the one of Al (4.8x10"7 Pa, 660°C). The loss of reactants not only
reduces the amount of reactants in the reaction zone but also draws heat out
of the reacting system. Even if the weight loss diminishes with increasing gas
pressure, both temperature and reaction rate are supposed to increase. As
the discrete submicrometer-sized particles obtained at 1 atm would grow to
larger faceted particles at higher temperatures, experiments under pressure
were not taken into account. Therefore the proper amount of diluents (TiC
and Mg) to be added in order to control temperature without preventing the
self-propagation of the reaction and to have the greatest percentage
conversion has been investigated both through simulation and experiment.
Calculations where realised through the program "THERMO" designed for
calculating thermodynamic equilibrium in complicated multicomponent
heterophase systems at Institute of Structural Macrokinetics of Russian
Academy of Science. Attention has been focused on Mg contents (x) ranging
between 6 and 8 moles in the following reaction:

3TiO2 + B4C + 1.3 TiC 2.3TiC + 2TiB2 + (x-y) MgO + y Mg [2]

Table 1: Simulations to tailor the Mg content in reaction: 3TiO2 + B4C + 1.3 TiC + x Mg.

3TiO2 + B4C + 1.3TiC + xMg

Volume of gas products [I]
Adiabatic temperature [K]
Gas products amount [mol]
Products heat capacity [J/K]
Products entropy [J/K]
Products enthalpy [kJ]

Mg (Gas) [mol]
CO (Gas) [mol]
TiB2 (Solid) [mol]
TiC (Solid) [mol]
MgO (Solid) [mol]
TiO (Liquid) [mol]

x=6

171
2267
0.889

674.3021
1529.9322
-3119.156

0.5928
0.2958
1.9991
2.0050
5.4671
0.2959

x=7

266
2242

1.4012
697.675

1639.2052
-3118.156

1.2742
0.1367

2

2.1633
5.7256
0.137

x=8

374
2152

2.0493
714.3045
1745.4686
-3118.245

2.0244
0.0124

2

2.2676
5.9751
0.0124

For stoichiometric 6 Mg moles, the reaction is expected to be incomplete,
being y Mg moles lost for evaporation. Increasing dilution (Tab. 1) causes TiC
and TiB2 contents in the product to grow, but temperature to decrease
reaching a level, for x>8 moles, for which the reaction practically ceases to
self-propagate.
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Figure 1: Calculated (hatched lines) towards experimental (solid lines) TiC/MgO and
TiB2/MgO ratios after reaction for the following powder systems: 1) 3TiO2 + B4C + 1,3TiC +
8Mg; 2) 3TiO2 + B4C + 1,3TiC + 7Mg ; 3) TiO2 + B4C + 1,3TiC + 6Mg.

As shown in Figure 1, within the range 6-8 Mg moles, calculations (hatched
lines) show that theoretically product molar ratios TiC/MgOtheOr and
TiB2/MgOtheor should increase and decrease with dilution respectively.
Experimentally (solid lines), while a little divergence has been found for TiC,
the highest experimental TiB2/MgOex ratio was obtained with the highest
dilution, that is the opposite found during simulation. Moreover it was found
that the TiB2 obtained in the product was always less than the stoichiometric
quantity expected by calculations, with the greatest percentage conversion
obtained by experiment for a Mg content near 8 moles. Probably this could be
due to the partial loss of B as gaseous species like BO, B2O2, B2O3 which are
theoretically expected to form only for substoichiometric Mg contents. For the
same Mg quantity (8 moles) the formation of the undesired predicted liquid
phase TiO is not detected in the product.
Considering that 8 Mg moles are also the maximum diluent's content for
realising the reaction through a self-propagating mode and a finer granulated
powder is obtained when working at the lowest temperature attainable without
stopping the SHS reaction, the following stoichiometry for reaction [2] has
been tested:

3TiO2 + B4C + 1.3 TiC + 8 Mg-^ 2.3TiC + 2TiB2 + 6 MgO + 2 Mg (g) [3]
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Figures 2 and 3 show the XRD patterns of the product after SHS reaction
and after the leaching of MgO respectively.
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Figure 2: XRD pattern of the product of reaction [3] ignited in Ar.
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Figure 3: XRD pattern of the product of reaction [3] ignited in Ar after
leaching.
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Figures 4 shows the differential granuiometric distribution of the
product of reaction [3] after the MgO leaching.
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Figure 4: differential granuiometric distribution of the product of reaction [3]
after the MgO leaching.
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Figure 5: XRD pattern of the product of reaction [3] ignited in N2 after leaching.
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Experimentally (Fig.5), the powder obtained from systems ignited in nitrogen
atmosphere still shows XRD peaks nearly correspondent to those of MgO
even after leaching. As can be seen from Table 2, TiN shows a XRD pattern
that is approximately coinciding with the MgO one, except for some
divergences more easily appreciable at higher angles.

Table 2: TiN and MgO XRD patterns (source
International Centre for Diffraction Data).

JCPDS-

WavelenghtA,=l,54184

h

1
2
2
3
2
4
3
4

k

1
0
2
1
2
0
3
2

I

1
0
0
1
2
0
1
0

TiN
29

36,694
42,633
61,869
74,140
78,039
93,270
104,797
108,740

Intensity
72
100
45
19
12
5
6
14

MgO
20

36,968
42,953
62,360
74,762
78,706
94,151
105,856
109,896

Intensity
4

100
39
5
10
8
2
19

Thus it has been found how these remaining peaks in Fig. 5 do not represent
a sign of an ineffective MgO removal, but they put in light the presence of the
unexpected phases like TiN or Ti(C,N). The presence of nitrogen in the
reaction product was confirmed by EDS analysis. These peaks were not
present in samples ignited in argon atmosphere. This result was not
thermodynamically foreseeable, being nitrogen an inert gas which is
supposed to react to give TiN only under high pressure. If TiN formation is
someway favoured if compared to that of TiB2, this would explain the reason
for TiB2 quantity in the product being less than the expected stoichiometric
amount. In any case the formation of this phase could be eventually
exploited, being itself a candidate material for wear resistant applications.
Moreover it showed to be well wetted by the same metal binder mixtures
chosen for the system TiC-TiB2, thus not constituting an obstacle in the
following densification step.

(2) Densification

The progress in cutting tools links with the use of complex ductile metals able
to show excellent properties with respect to hardness, toughness, thermal
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shock resistance and chemical stability. The metal-cutting process involves
high stress and temperature, because of metal shear and friction; therefore,
the quality of the hard phase used in a cutting tool must be guaranteed (1,2).
Provided that the binder composition is properly chosen, the highest benefit
of TiB2/TiC-based hard metals over conventional sintered hard metals (WC-
Co, density =15.1 g/cm3, HV10=1800) is their lower weight (density =5.4
g/cm3), higher hardness (HV10=1950) and better resistance to corrosion and
oxidation (10). Although cermets are tougher than ceramic tool materials, the
presence of a metallic binder reduces the hardness, which is important for the
wear resistance of cutting tools. From this view point Ni-TiB2TiC has shown to
be superior, at constant carbide volume fraction, to other X-TiC based
cermets where X is the metal binder, showing microhardness values up to
2085 HV0.3 (10,11). The room and high-temperature hardness of TiC is less to
that of TiB2, but it shows a greater toughness and a lower thermal expansion
coefficient. TiB2 has high hardness, a very high Young's modulus, a
remarkable high-temperature strength and high melting point; therefore it is a
candidate material for cutting tools and wear-resistant applications.
Unfortunately, the sinterability of TiB2 is limited, because of a rather-low self-
diffusion coefficient that is caused by the highly covalent character of the
material (12). So a composition of TiC/TiB2 90/10% wt has been studied in
which the hardest phase (TiB2, 10%) is spread in the tougher phase (TiC,
90%), which shows a better sinterability. TiC and TiB2 have semi-coherent
lattice, thus presenting a good compatibility and good mechanical properties
of the interface. As TiC is the predominant phase, the metal binder systems
which showed the best wetting condition towards this phase have been
initially chosen and tailored to the product obtained by SHS.
As reported in literature TiC has a low sinterability in Ni (5% wt solubility,
1250°C) if compared to conventional dense WC-Co cermets where the
ceramic phase is highly soluble (22% wt, 1250°C) in the metal binder.
Nevertheless Ni is the most commonly used metallic binder phase in TiC-
based composites (13), which is mainly due to the low wetting angle, 30°
under vacuum (105 torr) at 1450°C, that liquid Ni forms with solid TiC.
Addition of Mo to Ni reduces the wetting angle with TiC to zero (14,15).
Molybdenum is free to diffuse into titanium carbide creating, during alloying, a
diffusion gradient across the solid/ liquid interface, which reduces the solid/
liquid interfacial energy. But Mo can also diffuse towards the ceramic phase
substituting Ti, thus causing variations in the desired resulting binder and
hard phase composition. Therefore Mo was added not in the metallic form but
in the form of Mo2C.
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The experimental work was carried out with Ni-based binder materials. In
table 3 the % wt of ceramic phase, secondary carbide and metals used in
experiments are reported. As expected, Ni alone has shown to be ineffective
to promote the wettability of the ceramic phase, which is instead increased by
adding Ti or Mo. Figure 6 shows that the lighter binder phase is unable to
properly wet the black hard phase. SEM analysis was carried out after
indentation tests, which showed the hardness to be about 1150 HV. The
density was the 88% of the theoretic one. In systems 2 and 6, Co was
supposed to confer a greater stiffness to the cermets but, while in WC-Co
systems (wetting angle 0°, vacuum) WC has a maximum solubility of 22
mass-% at 1250°C (16), at the same temperature Co dissolves only 1 mass-
% TiC (wetting angle 25°, vacuum). Moreover, different surface tensions
between TiC and the binder phase exist, depending on the particular lattice
plane involved. While Ni tends towards levelling these differences thus
resulting in final spherical TiC grains, Co enhances them thus the equilibrium
shape becoming near cubic. So samples with non-uniform microstructure and
poor strength were obtained.

Table 3: Experimentally studied ceramic-secondary carbide-metal binder systems.

System
1
2
3
4
5
6

TiC-TiB2 (90:10)%
90
90
76

78.5
75.5
74

Mo2C %

12
9.5
9.5
11.5

Ni%
10
5

12
10
10

11.5

Co%

3

3

Ti %

1

1
2

A l %

1

1
3

Usually TiB2 reacts with the impurities producing titanium oxi-carbo-nitrides
and free boron that combines to the metal additions. The control of the
chemical reactions that produce the brittle secondary borides M2B, M3B and
M23B6, where M is the metal, can be achieved by additions of Al and Ti to the
powder mixtures (16,17). These elements are supposed to capture the
carbon, the nitrogen and the oxygen present in the samples, avoiding their
interaction with TiB2. For this reason Ti and Al have been added to systems
2, 4 and 5, in order to react with impurities to give Ti(C,N,O) and AI2O3 and
disfavour the formation of fragile secondary phases. Moreover they should
form Ni3AI, TiAI,Ti3AI,TiAI3 intermetallics with low density, high resistance to
oxidation and increasing toughness with temperature. Experimentally no
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densification occurred in systems 2, 4, 5. The samples showed non-uniform
microstructures and a remarkable expansion, which could be due to the low
melting point of Al (660°C), which causes it to expand while the other phases
are still too stiff to deform. This effect is enhanced with increasing Al content
as in system 5.

(3) Microstructure and mechanical properties

Cermets with improved characteristics were obtained thanks to the addition of
a secondary carbide (Mo2C) to these solid solutions. The best result was
obtained in system 3. The secondary phase permitted in fact to obtain a
material with a core-rim microstructure (18, 19, 20). The core (Figure 7)
consists of the primary phase TiC-TiB2 (in black) and the rim (in grey) is a
solid solution of these two material systems with the secondary phase
(Mo2C). This core/shell microstructure has a great influence on the structure
of the final cermets: additions of secondary carbides reduce the rate of
particles size growth providing grain refinement of the hard phases, which
results in excellent hardness and flexural strength. During sintering, the
presence of Mo2C increases the wettability of the primary phase with the
added metal binder (white phase in Figure 7), which is generally low. Thereby
not only the multiphase materials as TiC-TiB2 + Mo2C increase mechanical
properties with respect to single-phase carbides, but they allow a better
densification of the component, with a maximum superior to 97% theoretic
density in system 3.
Indentation fracture toughness was measured according to the method based
on Palmqvist crack geometry:

Kc(MPa-m1/2) = 0.0937P/a-l1/2

where:
P= indentation load, MPa /= Palmqvist crack length, m
a= half indentation diagonal, m

Considering that the toughness value of a commercially available cutting
inserts based on TiC-Ni cermets is between 3.5-5.5 MPa-m/2 and that of a
TiB2+Co+Ti+AI cermet is 4.7 MPa-m/2, the TiC-TiB2 based cermet exhibited
higher fracture toughness. In particular a TiC-TiB2+Mo2C+Ni cermet had a
fracture toughness up to 5.6 MPam/2 (21) and a hardness of 1620 HV. The
future efforts will be intended to improve these cermets with respect to
hardness, toughness, thermal shock resistance and chemical stability for
cutting tools applications.
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Figure 6: SEM micrografy of TiC+TiB2+Ni cermet (system 1).

Figure 7: SEM micrografy of TiC+TiB2+Mo2C+Ni cermet
(system 3).
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4. Conclusion:

The following conclusions can be drawn by this work :

- The materials for cutting tools employed today are generally WC and TiC
based cemented carbides. If compared to conventional cermets, the high
degree of hardness and chemical stability of TiC/TiB2 makes
TiC/TiB2+metal binder based cermets good alternative candidates for wear
resistant applications such as cutting.

- The production of these cermets has been carried out through the self-
propagating reaction between low cost raw materials like Mg, TiO2 and
B4C, resulting in very pure TiC-TiB2 mixtures with a average particle size of
1.38 urn.

- The influence of initial parameters (mixture composition, particle size,
sample size and density, gas pressure) on combustion temperature,
chemical and phase composition, and microstructure mechanisms
involved in combustion reaction have been investigated both through
simulation and experiment.

- 3TiO2 + B4C + 1.3 TiC + 8 Mg was found to be the best stoichiometry to
yield TiC-TiB2 powder systems with high quality and sub-micrometric
dimensions, which has allowed them to be densified through liquid
sintering at temperature lower than in usual processes.

- The optimum sintering conditions for the manufacturing of dense cermets
(TiC-TiB2+Mo2C+metal binder) have been determined through "trial and
error" route. A secondary carbides (Mo2C) has been added to promote the
wetting of the ceramic phase giving the best microstructural and
mechanical results in the system [TiC-TiB2(9:1)+12%Mo2C+12%Ni].
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