




















































































































Chapter 4 DEVELOPMENT OF NEW SYNTHESIS AND SIMULTANEOUS 

                 SINTERING PROCESS

4-1 Introduction 

  A newly developed processing for fabrication of dense ceramics, which is charac-

terized as a simple and effective sintering method, is described in this chapter. 

  Ceramics are fabricated usually through powder preparation and subsequent 

sintering processes. This complex processing takes several days and consumes a 

lot of energy for long time firings. By contrast, the high pressure self-combustion 

sintering process (HPCS), which was newly developed by combining the SHS process 

and high pressure techniques, enables to synthesize and simultaneously sinter 

ceramics from constituent elements and to finish in a very short time. A comparison 

of the HPCS process and the conventional process is exemplified in Fig.38. Thus, 

the complex process of ordinary method is greatly simplified. Figure 39 shows the 

schematic of the HPCS process. 

4-2 Experimental Procedure 

4-2-1 Starting Materials 

 Each two element powders, Ti powder (T1 and T2) and B powder (B1) for 

TiB2, Ti powders (T1 and T2) and C powder (C2) for TiC and Si powders (S1 

and S2) and C powder (C2) for SiC, were well mixed in n-hexane and dried 

in vacuum. The characteristics of these powders are summarized in Table V. The 

mixing molar ratio of B/Ti was fixed at 2.0, but those of C/Ti and C/Si were changed 

from 0.70 to 1.10 and from 1.00 to 1.20, respectively. 

4-2-2 Cell Assemblage and Ignition Procedure 

  Two types of high pressure cell assemblage (type A and type B) were used for 

the HPCS experiments. Cross sections of the cell assemblage were shown in Fig. 40. 

The pellets were 6 mm in diameter and 9 mm in length for type A cell, and 6 mm in 

diameter and 6 mm in length for type B cell. In the type A cell, a graphite rod was 

embedded in the top of a pelleted reactant and used for the ignition by an electic 

heating. A BN sleeve was set to prevent contamination from the pyrophyllite cell. 

In the type B cell, a carbon sleeve was arranged so as to preheat the reactant prior 
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Fig. 5 5 Scanning electron micrographs of the fracture surfaces of SiC compacts

fabricated by HPCS at heating time for 10s. 

    (a) S2 + C2 used as a reactant 

    (b) S1 + C2 used as a reactant
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Temperature dependence of Vickers microhardness of SiC compact 

fabricated by heating for 10s in HPCS at 3GPa. 

   o Fabrication by HPCS 

       Mixed powders of S2 + C2 used for the reactant 

       Fabrication by hot-pressing using commercial SiC powder with 

      B and C additives

  These HPCS reactions are the rapid reactions accompanied large volume con-

traction of the products. Therefore, flexibility and responsibility of media for 

transmission of pressure is one of the important factors for densification of the 

product. It is considered that the solid media of pyrophyllite for transmitting 

pressure used in the present studies acted on densification of product effectively. 

Further improvement on mechanism for transmission of pressure should enable 

to attain full densification even at lower pressures.

4-4-2 Mechanism of Combustion Sintering under High Pressure 

  Reaction mechanism of synthesis and simultaneous sintering of TiB2 under high 

pressure was investigated from the results of SEM and EPMA observations. Figure 

58 shows the microstructure and distributions of Ti and B elements at the unreacted 

region in TiB2 compact which was probably caused from heterogeneous distri-

bution of element powders and existence of large particles in a reactant. It was 
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Fig. 5 7 Intrinsic volume changes of some ceramics before and after combustion.

observed that a number of small TiB2 crystals with particle size below 2 pm precipi-

tated in Ti islands (whitish region in SEM photo). This result led to a simple model 

to account for the reaction mechanism on HPCS of TiB2, which is schematically 

illustrated in Fig. 59. When the combustion zone proceeds along the axis of the 

cylindrical reactant, the neighboring region in front of combustion zone would be 

preheated by thermal conduction of reaction heat and begin to fuse Ti particles 

prior to the reaction. Subsequently, a number of nucleations of TiB2 originate 

in molten Ti particles as a result of rapid diffusion of B atoms into them at the 

combustion reaction. The TiB2 nuclei grow rapidly up to 5 pm in average size 

and coalesce each other under pressures until the system cools down. This model 

based on the nucleation-growth mechanism of crystal can also explain that the 

grains in TiB2 compact became smaller after HPCS treatment than the initial Ti 

particles. On the contrary, such crystallizations with finer grains were not observed 

in HPCS of SiC and TiC, which consisted of grains same or large in dimension than 

the starting Si or Ti particles. These differences in crystallization are summarized 

in Fig. 60. 
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Coalescence of particles 

   Ti B Nucleation Growth 
           Rapid diffusion of B into melted Ti Sintered TiB2 

Fig. 59 Schematic of reaction mechanism of synthesis and simultaneous sintering 

        of TiB2 under high pressures.

  Phase relationships between constituent elements and products are shown with 

reference to the adiabatic temperatures in Fig. 61 (a), (b) and (c). If the combustion 

temperautre is close to the adiabatic temperature in HPCS, both elements of Ti 

and B for TiB2 might have melted prior to reaction, but in case of TiC and SiC, 

C remains in solid phase. The atom diffusion between liquid-liquid phases, such 

as in the combustion reaction of Ti-B system, should be faster than that between 

liquid-solid phase such as in that of Ti-C and vapour-solid phase such as in that of 

Si-C system. These differences concerning with atom mobility should result in the 

possibility whether finer crystallization of the compound in comparison with 

starting powder particles can take place or not.
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          Chapter 5 APPLICATION OF HPCS PROCESS 

5-1 Introduction 

  Applications of this newly developed method, high pressure self-combustion 

sintering, can be expected not only to the production of sintered fine ceramics, 

but also to the other wide range of fields listed below by utilizng exothermic high 

heat under high pressures. 

(1) Synthesis of new materials under high pressures and at high temperatures of 

   3000K. 

(2) Synthesis of new solid solutions and intermetallic compounds. 

(3) Production of super conductive materials. 

(4) Production of composite materials and cermet. 

(5) Ceramic coating and welding of ceramic-metal and ceramic-ceramic systems. 

In these wide applications of the HPCS, the welding of ceramics to metals or to 

ceramics is of importance in order to construct ceramic components to actual 

devices especially for engineering use. The new welding process, which we call 

pressurized combustion welding, is illustrated in Fig. 62. It is expected by this 

process that the dense compacts are fabricated and simultaneously welded to 

metal by chemical reaction between metal and ceramic due to the released high 

heat of combustion. A similar process is known as thermite welding utilizing the 

exothermic reaction of powdered Al and Fee 03 [7]. 

5-2 Experimental Procedure 

5-2-1 Starting Materials 

  The refractory metal Mo was used as a metal component, whereas TiB2 and 

TiC were chosen for ceramic components. It has been already mentioned that 

these ceramics could be fabricated by HPCS in a very short time. The calculated 

adiabatic temperatures were about 3200K for both ceramics, which enable Mo to 

melt. The both differences of thermal expansion coefficients between TiB2 or 

TiC and Mo are below 2 x 10-'/K from room temperature to 2200K [48],. The 

fine powders of titanium (T1) and amorphous boron (B1) for TiB2 , or titanium 

(T1) and amorphous carbon (C2) for TiC, were well mixed in their stoichiometric 

ratios respectively. 
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5-2-2 Cell Assemblage for Welding by HPCS 

 Each mixed powder was press-formed to a thin disk with 5.8 x 2 mm in diameter 

and thickness, and then sandwiched directly between two Mo disks with 5 x 2.5 mm. 

This sandwiched assembly with Mo is useful to evaluate the welding strength by 

tensile test. The pieces for welding were placed into a reaction cell as shown in 

Fig. 63. An insulative BN sleeve was inserted between Mo disks and a cylindrical 

carbon heater for ignition so that only the mixed reactant might contact with the 

heater. The sample was subjected up to 3GPa by means of a cubic anvil device. 

Then the reactant was ignited at the periphery by passing electric current through 

a carbon heater at 1.5 kVA for 1 or 2 seconds.

i

i

r

Fig. 63

               Pyrophyllite 

                 Carbon sleeve 

                Mo disk 

         

I Mixed reactants 
             BN 

                Mo electrode 

High-pressure cell assemblage used for the pressurized combustion welding.

5-2-3 Characterization of the Products 

  The welded couples were examined by scanning electron microscopy and X-ray 

diffractometry. X-ray images of element distrubutions were obserbed by electron 

probe micro-analyzer (EPMA). The welding strength evaluated by tensile test.
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5-3 Results and Discussion 

  Figure 64 shows a scanning electron micrograph of the scross section of Mo-TiB2-

Mo welded couple. X-ray diffraction showed that the mixture of Ti and B converted 

to the stoichiometric TiB2. The TiB2 ceramic was a dense body having fine grains 

with mean size of 5 µm, and almost free from pores and cracks. The reaction 

regions were formed at the upper and lower interfaces between TiB2 and two 

Mo disks, where extended for about 80 and 170 pm respectively. A major product 

was identified as Mot B phase by XRD. A feature of reaction region and the element 

distributions in that region are shown in Fig. 65. The welding strength of several 

Mo-TiB2-Mo couples evaluated by tensile test was in the range of 20-40 MPa. The 

couples were fractured at the boundary between Mo and the reaction region or 

in the reaction region near Mo. 

  In case of Mo-TiC-Mo couple, the mixture of Ti and C was converted to sintered 

TiC and welded with Mo. Figure 66 shows a photograph of the appearance of 

Mo-TiC-Mo welded couple. The sintered TiC was a porous body having large grains 

with 15 pm in average, but the cracks were not observed. The reaction regions 

extended for 70 and 160 pm at the upper and lower interfaces between TiC and 

Mo respectively. The XRD and electron probe microanalysis indicated that a

Fig. 64 Scanning electron 

couple.

micrograph of the cross section of Mo-TiB 2-Mo welded
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Fig. 65 Scanning electron micrograph of the reaction region between TiB2 

Mo (A), and X-ray images of element distrubutions for boron 

titanium (C) and molybdenum (D).

and 

(B),

Fig. 66 Appearance

combustion

of Mo-TiC-Mo 

welding.

welded couple fa bricated by pressurized
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main reaction phase would be Mo2C slightly dissolving Ti. The precipitation of 

dendritic micro crystals and the lamella texture were observed in the lower and 

upper reaction regions, respectively as seen in Fig. 67. The dendritic crystals were 

not identified, but infered to be a carbide, (Mo, Ti)-C, including Mo and Ti 

from EPMA. The compositional fractuation in the lamella structure is obscure 

at present. The thicker width of the lower reaction region similar to Mo-TiB2-Mo

Fig. 67 Scanning electron micrographs of the reaction regions of Mo-TiC-Mo 

welded couple. Different structures with a lamella texture and dendritic 

micro crystals appeared in the upper and lower reaction regions respec-

tively. 
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couple and the precipitation of crystals suggest that the reaction heat tends to 

be accumulated at the bottom of welding part in the present sample assembly. 

The tensile strength of Mo-TiC-Mo couple was IOMPa in average. The fracture 

occurred in porous TiC body. 

  It is noted that the bonding of ceramic to metal by pressurized combustion 

welding is performed rapidly and . only by local heating for ignition. Further 

developments in the welding at lower pressures and in finding effective reactants 

as a strong bonding agent are needed for wide applications in actual use. Neverthe-

less, the present method is believed to have a new potential for joining in ceramic-

metal and ceramic-ceramic, and also ceramic coating. The thick coatings of TiC 

and TiB2 on Mo are significant for the construction of first wall of fusion reactor.
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Chapter 6 SUMMARY AND CONCLUSION

  By promoting research on refractory materials of which importance should 

increase hereafter, a simple and economical method to fabricate dense refractory 

materials could be developed by utilizing highly exothermic chain reaction under 

high pressure. In order to develop this HPCS method, the combusion reactions and 

synthesis of TiB2 TiC and SiC in SHS, role of pressure on densification of ceramics 

were extensively investigated. The obtained results are summarized as follows. 

 The combustion feasibility in SHS reaction depended on the adiabatic tempera-

ture which is an attainable temperature of product in ideal adiabatic system. The 

adiabatic temperatures of TiB2 and TiC, which coincide with the melting points of 

TiB2 (3193K) and TiC (3210K), are higher engough to produce the combustion 

reaction, so that the reactants could be ignited easily at one end of the pellet and 

well burned in a few seconds accompanying with the formation of final products. 

The constituent elements of Ti and B or C were entirely converted to their single 

phase compounds. On the contrary, SHS reaction of SiC is liable to be incomplete, 

since the formation energy of SiC from constituent elements gives an low adiabatic 

temperature of 1850K. This disadvantage could be overcome by direct passing 

method of electric current through reactant for ignition, which enables to increase 

the adiabatic temperature by preheating the mixed reactant rapidly and uniformly 

prior to ignition. As the results, the conversion efficiency into SiC reached to 100% 

when the reactant consisting of small particles was preheated at 1300K and then 

ignited. This direct passing method of low electric power current for ignition can 

be applied to fabrication of many other ceramics with low adiabatic temperatures 

if the reactants are electrically conductive. 

  A remarkable effect of applying high pressures was recognized on densification 

of refractory materials without additives. Almost fully densified Q-SiC and TiC 

compacts could be obtained by high pressure hot-pressing at 2800K and 3GPa 

for IOs. The Vickers microhardness and fracture toughness at room temperature 

were 35-36GPa and 5.6MN/m3 /2 for SiC, and 35GPa and 5.OMN/m3 /2 for TiC, 

which are higher than reported values because of their own intrinsic characteristics 

based on the pure compacts composed of tightly self-bonded grains. SiC and A1N 

are known as excellent thermal conductors, of which thermal conductivities were 

220W/mK and 27W/mK respectively. It was revealed for AIN that the purity of 
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the sintered compacts affected significantly thermal conductivity. For the appli-

cation of high pressure, anion substituted solid solution ceramics of ZrNI-XCX 

could be fabricated by both HPHP and HIP densification techniques. 

  By combining the efficient SHS and the effective high pressure technique for 

sintering, a new process of high pressure self-combustion sintering was produced, 

which enables direct fabrication of dense ceramics from constituent elements in 

seconds. The dense compact of TiB2 with a relative density of 95% could be fabri-

cated by electric ingition at one end of the reactant without additives. Initial 

reactant converted entirely into stoichiometric TiB2. ' The heat release from the 

strong exothermic reaction was sufficient to synthesize and simultaneously sinter 

TiB2 under 3GPa without external heat supply. Reaction mechanism on HPCS 

of TiB2 was understood by a proposed model based on the uncleation-growth 

mechanism of crystal. The HPCS of TiC could be performed by electric ignition 

on lateral surface of the reactant and the compacts were densified to 96.5% of 

theoretical with high conversion efficiency. The Vickers microhardness of TiB2 

and TiC compacts were 26GPa and 31 GPa at room temperature respectively, which 

were higher than the reported values. Dense compacts of SiC with fine grains of 

1 pm in average size could be fabricated directly from consitutent elements of 

fine silicon and carbon powders without additives by HPCS. The reactants were 

converted into Q-SiC with high efficiency by increasing the ignition area in order 

to enhance the weak exothermic reaction. It was revealed that the powder particle 

size of the reactant was one of the important factors affecting the conversion 

efficiency and the grain size of SiC. 

  The combustion reaction under high pressure was applied to ceramic-metal 

welding utilizing the exothermic heat released at the combustion reaction like 

thermite welding. Two couples of Mo-TiB2-Mo and Mo-TiC-Mo could be welded 

by electric ignition on powdered mixture of Ti and B or C placed between Mo disks 

under 3GPa. The mixed reactants converted to sintered TiB2 and TiC respectively 

by the combustion reaction under high pressure, and the chemical reaction between 

ceramic and metal due to the released high heat of combustion welded them 

simultaneously. 

  These results indicate that the high pressure self-combstion reaction has large 

potentialities for sintering, synthesis of high temperature materials and even for 

construction of their components. 

                                            -93-



Acknowledgement

  The author is greatly indebted to Professor M. Koizumi at Osaka University 

for his continuing help throughout this work and to Professors F. Kanamaru, 

T. Shono and T. Yamane at Osaka University for their valuable discussions. 

  The author would like to acknowedge Associate professor Y. Miyamoto at Osaka 

University for the continuing guidance and helpful discussions and encouragement 

throughout this work. 

 The author would like to thank Professor M. Shimada at Touhoku University 

for his significant suggestions. 

  The author wishes to thank all members of the laboratories under the direction 

of Professors M. Koizumi and S. Kume at Osaka University.

- 94 -



Appendix I Enthalpy curves of Si-C system.
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Appendix II Enthalpy curves of Ti-B system.
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Appendix III Enthalpy curves of Ti-C system
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