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Abstract

The process of self-propagating high-temperature synthesis was used as a means to
produce multiphase ceramics consisting of carbide and boride phases dispersed in an
alumina matrix. Two types of synthesis were explored, local ignition by an oxygen-
methane torch and  furnace heating to a 'thermal explosion’. The reactions were
analysed using DTA and optical pyrometry and the resulting products were examined

using XRD, optical microscopy and scanning electron microscopy.

Introduction

Conventional production of ceramic material can be both time consuming and energy
consuming because of the need for high furnace temperatures and long processing
times. In order to reduce the amount of energy required to produce ceramic material a
relatively new technique termed self-propagating high-temperature synthesis (SHS) has
recently received a large amount of attention [1,2). The SHS technique uses highly
exothermic reactions to produce ceramic materials. When the reaction is initiated in one
area of a reactant mixture there is sufficient heat release that the reaction becomes self-
propagating. A combustion wave travels along the reactants converting them to the
required products. The advantages of the technique are that it is simple and energy
efficient as once initiated no further externally applied energy is required. The processing
time is reduced to seconds rather than hours and the products are often of high purity as
impurities are expelled during the high temperature reaction.

The bésis of this work was to conduct a preliminary study on the use of SHS to
manufacture multiphase ceramics consisting of carbide and boride phases dispersed in
an alumina matrix. These ceramics have the potential for high wear resistance, high
hardness and toughness. As an example, the TiC-Al,05 composite is useful for cutting

tool applications [3].

Experimental

The following exothermic reactions were investigated to produce ceramic composites,
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32r0, + 4Al + 6B — 3ZrB, + 2Al,03 (1)
32:0, + 4Al + 3C = 3ZIC  + 2Al,0, (2)
3Ti0, + 4Al + 3C =+ 3TiC + 2Al,0, (3)

The reactant powders were TiO, (anatase), ZrO, (baddeleyite), aluminium and boron

whose mean particle sizes were 0.7um, 1.5um, 10um and 1.9um respectively. The
carbon source was carbon black. Stoichiometric mixtures of the reactants were prepared
by ball milling for several hours and cylindrical pellets of the resulting powder blends
were produced by cold pressing at 40MPa to approximately 50% theoretical density.
The reaction was locally initiated in air using an oxygen-methane torch (flame
temperature appfoximately 2770°C) and as the combustion wave travelled along the
reactants the combustion temperature was measured by an optical pyrometer. The
resulting combustion products were analysed using XRD, optical and scanning electron
microscopy.

Another method to initiate a SHS reaction was also investigated. The reactants were
heated in an argon furnace to an ignition temperature (Tig) where the reaction takes
place throughout the whole sample at the same time rather than by a propagating
combustion wave. This method is termed the 'thermal explosion’ or volume ignition
method. DTA experiments were carried out on the reactions in order to examine thermo-

chemical events taking place during heating.
Results

Local ignition - Thermodynamic analysis

For a reaction to undergo SHS it must be highly exothermic, hence the products
achieve a high temperature during the reaction. It has been determined empirically that in
order for a reaction to be self-propagating the adiabatic combustion temperature (T,4)
must be greater than 1800K [2]. The adiabatic combustion temperature is calculated by
assuming that the enthalpy of reaction heats up the products and no energy is lost to the
surroundings. Consider reaction 1, which has an enthalpy of reaction at 288K of

AHrlzgg. The enthalpy liberated during the reaction heats up the products to T4 which

can be calculated using,
Tad
-AH; 208 = [ C,(3ZrB,+2A1,05) dT, (4)
298
where Cp(SZrB2 +2Al,0,) is the specific heat of the products.

The adiabatic combustion temperature of SHS reactions can be high enough to

produce phase transitions, such as melting of the product. For reaction 3 the adiabatic

combustion temperature is above the melting point of alumina and the enthalpy of fusion
(AH,,,) must also be taken into account, which gives,
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Tm Tad
-AHr 208 = [C,(3TiC+2A1,0,) dT + AH(2A1,0,) + ICD(STIC*rZAlZOqu,) (5)
298 T
The adiabatic temperatures for the three reactions were calculated  using
thermodynamic data (4 and are shown in table 1. All three reactions have T,,>1800K

and are expected to undergo self-propagating reactions.

Local ignition - Experimental results

Table 1 lists the results for the local ignition experiments. XRD revealed that only
reaction 3 produced the required products. For reaction 1 the more exothermic reaction
8AI+12B+ 150, =+ 4A1,0, + 68,0; occurred in the surface region, which is reflected
by the higher than calculated combustion temperature. With reaction 2 the ZrC rapidly
oxidises to Zr0, and CO while the ZrC-Al,05 product is still at high temperature.

Figure 1 reveals the microstructure of the TiC-Al,05 composite formed by the
advancing combustion wave. Porosity is large (45-50% theoretical density), which is due
to three main reasons, (i) porosity in the initial reactant mixture being carried into the
product, (ii) porosity generated by evolved gases, e.g. adsorbed H,0 or gas producing
reactions such as Ti0,+3C =+ TiC+2CO which is thermodynamically possible above
1750K ( 80% of the evolved gases for reaction 1 does consist of CO (5] ) and (i) the
density of the products is higher than the density of the reactants which generates
Pporosity as there is no shrinkage of the product [6].

Volume ignition - Thermodynamic analysis
In the volume ignition experiments the reactants were heated in an argon furnace and
the temperature (Tig) at which the 'thermal explosion’ occurred was noted. The adiabatic
combustion temperature of this process is increased which can be calculated considering
the enthalpy of reaction and the energy supplied by the heating process (phase
transitions must also be taken into account),
T Tad
—AH, 05 + fCD(reactan(s) dT = [ C,(products) dT. 7
208 298
Volume ignition - Experimental results
Table 2 reveals the results for the volume ignition experiments. As the experiments
were carried out in a argon atmosphere the expected products were produced for all
three reactions. The DTA traces consisted of an aluminium melting endotherm at
approximately 933K with one or two exothermic peaks occurring on further heating. The
first exotherm corresponds to the observed furnace ignition temperature.
For reactions 1 and 2 the products were highly porous (50% theoretical density) as
observed by Low (7] who conducted similar experiments on reaction 2. The high amount

of porosity is formed for the same reasons discussed earlier and results in a product of

low hardness.
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For reaction 1 the furnace ignition temperature was 900°C, also observed b
Abramovici [8]. The adiabatic temperature is calculated to be well over the melting poin
of alumina of 2323K. By producing large amounts of liquid phase the product may bt
able to densify. Liquid alumina was formed and figure 3 shows recrystallized alumin:
observed in a SEM. The alumina grain size is around 50pm with small spherical grains o
TiC approximately 5um in diameter. Although dense regions were produced there wert
also large voids and the product was only 70% theoretical density. Hardness tests
carried out on the dense regions gave values of 13-18GPa, the large variation probably

due to the high porosity.

Conclusions

(i) SHS is a possible method of producing a variety of ceramic multiphase composites.
(ii) DTA provides an indication of the ignition temperature of SHS reactions.

(iii) ZrB,-Al,05 and ZrC-Al,O; composites can be formed if there is a protective
atmosphere to prevent reactions with the surrounding atmosphere or oxidation of the
product.

(iii) Volume ignition to form the TiC-Al,05 composite raises the combustion temperature
to well above the melting point of alumina which forms a liquid phase to aid
densification.

(v) Even in the presence of a liquid phase the products of SHS reactions are highly
porous. Higher densification can be achieved by application of pressure during or shortly
after the reaction while the products are still at a high temperature (preferably with a
liquid phase present). Hot pressing will be examined to increase density, however, as
the processing method gets increasingly more complex the obvious advantages of

simplicity and cost effectiveness are reduced.
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Reaction | Wave velocity | Calculated adiabatic | Measured reaction Phases detected by
mm s temperature, Tay /K | temperature / K XRD

2105, 9A1;03.28,03,

1 2 2300 2590 + 100 :
inner core ZrBy,
AlyO3
2 unstable 2000 2039 + 100 2r03, Alz03, ZrC
TiC, Al03,
3 3 2390 2206 + 100 CAE03

thin surface TiOy

Table 2. Results for the volume ignition experiments carried out on the three reactions.

Reaction | Tig /K | Toq/K XRD H, /GPa | DTA. Onset of endotherm,
exotherm(s) /K
1123 | 2590 | ZrBy AlyO, . 933 (Al melts), 1123, 1250
1073 | 2323 | ZrC. AL, i 928 (Al melts), 1123
1173 | 3200 | TIC, AlL,O; | 13-1g | 933 (Al melts), 1198, 1298

Figure 1. Optical micrograph of TiC- Figure 2. Optical micrograph of ZrC-
Al,0; formed by the advancing Al,05 formed by the volume ignition
combustion wave. Dark area is porosity. method.

Figure 3. SEM of recrystallized grains of Figure 4. Optical micrograph of
alumina formed during volume ignition TiC-Al,04 formed by volume ignition.

of the 3Ti0, + 4Al + 3C reaction. White area is TiC, grey area is Al,05.





