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Abstract—The combustion synthesis (CS) of materials is an advanced approach in powder metallurgy. The number
of products synthesized by CS has increased rapidly during recent years and currently exceeds 1,000 different com-
pounds. The same features, such as high temperatures and rates, self-sustained manner of microstructure formation
in non-equilibrium conditions, that make CS an attractive technology also define difficulties to study the nature and
mechanisms of this process, which in turn are essential to control the properties of the synthesized materials. In this
survey paper, we present results of our recent work both in fundamental studies of mechanisms for rapid reaction wave
propagation in heterogeneous media and in using the CS approach to synthesize different types of advanced materials,
including bio-alloys and nano-sized powders.
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The combustion synthesi(CS) of materials is an advanced ap- .I > & T,
proach in powder metallurgy [Varma, 2000; Varma and Mukasyan, e combustion g PRl
1998]. The process is characterized by unique conditions involving front g
extremely fast heating rates (up td K), high temperatures (up ) E (T
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sample wave propagation
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over conventional technologies. The foremost is that solely the hee|(®)
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of chemical reaction (instead of an external source) supplies the el o g o © g °
ergy for the synthesis. Also, simple equipment, rather than energy| g : o o 2 o 2
intensive high-temperature furnaces, is sufficient. Further, an attrac| @ o o © %] B
tive aspect of combustion process is its ability to produce material g = g g g g E
of high-purity, since the high temperatures purge the powders of Tnitial Volume Product

any volatile impurities adsorbed or present in the reactants. Remar! sample reaction Time

ably, the high temperature gradients, combined with rapid cooling__ . ]

rates in the combustion wave, may famique microstructures 19 1. The modes of combustion synthesis: (@) SHS; (b) VCS.

which are not possible to achieve by conventional methods of pow-

der metallurgy. leads to uniform microstructure and phase composition of the syn-
There are two modes by which combustion synthesis can occuhesized material. This mode of synthesis is more widely used for

(Fig. 1): self-propagating high-temperature synthegiSHS) and  weakly exothermic reactions that require preheating prior to igni-

volume combustion synthesf§¥CS). In both cases, reactants may tion, and is sometimes referred to agtieemal explosiormode.

be pressed into a pellet, typically cylindrical or parallelepiped - shaped. The number of products synthesized by CS has increased rap-

The samples are then heated by an external source (e.g. tungstielly during recent years and currently exceeds 1,000 different com-

coil, laser), either locally (SHS) or uniformly (VCS), to initiate an pounds. Specifically, these materials include carbides (TiC, ZrC,

exothermic reaction. The characteristic feature of the SHS mode iSiC, BC, etc.), borides (TiB ZrB,, MoB,, etc.), silicides (T5k,

after initiation locally, the self-sustained propagation of a reactionTiSi,, MoSi, etc.), nitrides (TiN, ZrN, $,, BN, AIN), oxides (fer-

wave through the heterogeneous mixture of reactants, followed byites, perovskites, zirconia, etc.), intermetallics (NiALANi TiNi,

the synthesis of desired condensed products. During VCS, the entifBAl, CoAl, etc.) as well as their composites. The principles and

sample is heated uniformly in a controlled manner until the reacprospects of CS as a technique for advanced materials production

tion occurs essentially simultaneously throughout the volume, whichare presented in various reviews [Munir and Anselmi-Tamburini,

1989; Merzhanov, 1990; Moore and Feng, 1995; Varma et al., 1998al].

To whom correspondence should be addressed. In this survey paper, we present results of our recent work both
E-mail: avarma@nd.edu in fundamental studies of rapid reaction wave propagation in heter-
*This paper is dedicated to Professor Hyun-Ku Rhee on the occasio@geneous media and in using the CS approach to synthesize dif-
of his retirement from Seoul National University. ferent types of advanced materials, including bio-alloys and nano-
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sized powders.
MECHANISTIC STUDIES

The same features, such as high temperatures and rates, self-s
tained manner of microstructure formation in non-equilibrium con-
ditions, that make CS an attractive technology also define difficul-
ties to study the nature and mechanisms of this process, which |
turn are essential to control the properties of the synthesized mat
rials. Despite extensive investigations, the mechanism of reactiol
wave propagation in heterogeneous media, which determines syl
thesis conditions, is not well understood. However, it is well recog-
nized that knowledge dieat transferin porous reaction media, as
well askinetics of both the chemical reaction and structure forma-
tion are essential for understanding CS mechanisms.

We have developed several novel methods for investigating prog
agation of rapid chemical reactions in heterogeneous media. These i
clude adigital high-speed microscopic video recordiidHSMVR)
technique [Hwang et al., 1998], which alloimssitu observation
of rapid (~10frame/s) processes occurring at the microscopic level
(~1 pm) andcomputer-assistedlectrothermographyCAE) meth-
od [Pelekh et al., 2000] for measuring kinetics of heat evolution
during high-temperature (1,000-3,000 K) rapid1@°s) chemical
reactions. By using these techniques, we have investigated charaseveral new criteria for determining the specific mechanisms of com-
teristic features of kinetics and combustion wave microstructurebustion wave propagation [Hwang et al., 1998].
for a variety of systems with different interaction mechanisms: solid- Further, it was shown that at smaller time scales-(10's) in
solid (e.g. Ta-C), solid-liquid (e.g. Ti-C), liquid-liquid (e.g. Ni-Al) all investigated systems, the characteristics of self-propagating high-
and gas-solid (e.g. Ti-N It was shown that the classical approach, temperature reaction waves in heterogeneous mixtures are even more
based on the quasi-homogeneous concept, in many cases could womplex [Varma et al., 1998; Mukasyan et al., 1999b]. However,
be applied to describe the behavior of CS systems. Thus a new sutitese waves follow two modes, classified according to their micro-
field of combustion science, i.Microstructural Mechanismsof structures (see Fig. 2Juasihomogeneous reaction wave (QRW)
Combustion Wave Propagatian Heterogeneous Media, has been and scintillating reaction wave (SRWJt was also found that in
established. Based on the obtained results, a new physical undatifferent systems, the reaction wave may propagate by either a single
standing of phenomena was created, which is different as comparem a combination of the two modes.
to the classical models. These findings allow us to establish new Ir recent work, the characteristic features of SRW propagation
methods to control the combustion process, microstructure and propverequantitativelyanalyzed [Mukasyan et al., 2000]. As a result,
erties of the synthesized materials. Below we present selected re- number of parameters, which fully describe the process of reac-
sults, which illustrate our recent progress in this research direction.tion front propagation, were introduced and their dependences on
1. Microstructural Aspects of Reaction Wave Propagation in
Porous Media

By using the DHSMVR method, our previous experimental in- -
vestigations [Rogachev et al., 1994; Mukasyan et al., 1996, 1999: ~ '0-44s  dadssnais Adas ‘“‘,3T' —e—2
Hwang et al., 1997] have shown that macroscopically steady reac 1 d
tion fronts in heterogeneous mixtures exhibit random microscopic «» °8- seces
fluctuations in shape and instantaneous velocity, which are directly J
related to the microstructure of the reaction mixture. A reday- 0.6
race mechanism of combustion wave propagation in heterogeneou
media was suggested. In this case, combustion proceeds by two ¢
guential steps: rapid reaction of a single reaction cell, followed by
an ignition delay during which preheating of the neighboring cells 0.2 I
occurs. I
We have also developed a theoretical model, which accounts fc =~ o, --/ D VYUYV EEEE VOVVVVY S VWV D VWO :
heterogeneity of the reaction medium (e.g. random distribution o 0 %0 100 150 200 250 300
particles, thermal resistance between them) and explains the ol Time. 10™'s
served data [Mukasyan et al., 1996; Varma et al., 2001]. In addirig. 3. Characteristic values of active and passive stages (curve 1)
tion, based on the local conditions during reaction (i.e., microstruc- and location of the reaction front (curve 2) [Mukasyan et
ture of the combustion wave), we have developed and evaluated al., 2000a].

Fig. 2. Two regimes of SHS mode: (a) Quasihomogeneous; (b)
Scintillating Reaction Wave [Varma et al., 1998b].

0.4 /
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the reaction medium microstructure (e.g. porosity, characteristicerogeneity, contact surface area, distance between reacted particles,
length scales, etc.) were established. For example, for Ti+Si sysetc.).

tem, statistical analysis of experiments revealed the following gen- Our next step was devoted to establishing dependence of the above-
eral picture of the combustion process. The chemical reaction propdiscussed parameters on the scale of heterogeneity (e.g. reactant
agates as a consistent repetition of “active” and “passive” stageparticle size) of the reaction medium [Mukasyan et al., 2004a]. Ex-
with characteristic values 1 and 0, respectively (see Fig. 3, curveperiments were conducted using 1 : 1 atomic mixture of silicon and
1). The active stage is characterized by existence of regions (supeitanium powders. The mean particle size of silicon powder was 5
adiabatic hot spots) with temperaturg higher than average reac- pm, while four size ranges of Ti powders were used:2626-

tion temperature, .;Jwhile in passive stage the temperature of the 45um, 45-75um, and 75-10@m. The relative sample density was
entire area is equal to or less thartiwas also shown that the ex- also held constant at a value of 0.60. It was shown that such pa-
istence of hot spots correlates with movement of the reaction fronttameters of SRW wave as humber and size of hot spots, as well as
During the active stage, the combustion front propagates rapidlyaverage distance between their appearance, correlated strongly with
while it hesitates when hot spots are absent (Fig. 3, curve 2). Alsdhe number, size and location of the titanium particles (Fig. 4). These
the following conclusions were made about the influence of reacdata again confirmed our SRW model of combustion wave propa-
tion medium densityd) on the above picture of reaction front prop- gation in heterogeneous powder mixtures.

agation: (i) number of cycles per length decreases with increasing. Kinetics of Rapid High-Temperature Reactions

p; (i) the average duration of active stage increases with increasing As noted above, we have developed a computer-assisted elec-
P, while average hesitation time remains essentially constant. Thegeothermography (CAE) method to determine the intrikisietics

and other obtained results for the intrinsic mechanism of combusef reactions under conditions similar to those realized during com-
tion wave propagation are explained by taking into account micro-
structural characteristics of the reaction medium (e.g. scale of he
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Fig. 5. Characteristic experimental curves for heating titanium

Fig. 4. Correlations between microstructures of the reaction me- wire in nitrogen to different set-points: (a) T=1,600 K; (b)
dium and the combustion wave [Mukasyan et al., 2004a]. T=1,870K [Pelekh et al., 1999].
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bustion synthesis of materials [Pelekh et al., 2000]. To illustrate the
technique, it was applied to investigate the kinetics and other fee
tures associated with the reaction of titanium with nitrogen at 1 atrr
pressure. The temperature range 1,400-2,300 K, and heating rat
1010 K/s, were studied. For example, experimental curves for
voltage, current and photodiode signal, obtained upon heating a &
pum radius Ti wire in nitrogen up to 1,600 K are presented in Fig.
5. Analysis of these data shows that at temperatures below the me
ing point of titanium (1,940 K), the reaction follows parabolic rate

law, corresponding to a sharp-interface model with nitrogen diffu-
sion through the developing titanium nitride layer as the rate con
trolling step [Pelekh et al., 1999]. The obtained activation energy
value (210 kd/mal) is in good agreement with this model.

The influence of preheating rate on kinetics of high-temperature
reactions in gas-solid systems was also investigated by the CAl
technique [Thiers et al., 2000]. Two systems were studied:,Nb-N
and Ti-N, in the temperature ranges 2,100-2,500 K and 1,350-1,60(
K, respectively. The results show that reaction kinetics of both sys
tems is enhanced by increasing the rate of preheating to the desir
reaction temperature. Analysis of the experimental data, in the cor
text of the sharp-interface model, shows that the activation energ
of diffusion does not depend on heating rate, while the pre-expo
nential factor is affected. Additional experiments suggest that fas
nonisothermal preheating, even though of short duration ca. 10 m:
influences chemical activity of the solid reactant.

It was also found [Thiers et al., 2001] that at higher temperature:
(e.g. 1,600-1,800 K for the TiMdystem) and high preheating rates,
the process of metal nitridation occurs in the so-cal@ishoot-
ing mode where one cannot control the temperature of the reactet
system. It was shown that this phenomenon could be considered @) (b)
self-ignition of the metal in nitrogen and its characteristics (rate,
amount of heat released, maximum temperature, etc.) depend strorfgg. 6. Typical sequences of frames obtained by DHSMVR dur-
ly on heating rate. This effect was explained by changes in the sur- ing TE in systems: () 2Cu+Al and (b) 3Ni+Al [Rogachev
face area of the solid reactant during the preheating period: lower ~ etal., 2002].
preheating rates to the set-point temperature cause significant changes
in the metal reactant microstructure (primarily reduction of specific  Thermal explosion (TE) phenomena were investigated in differ-
surface area), which decreases rate of the subsequent chemical entintermetallic systems, including binary powder mixtures Cu-
teraction. It was found that activation energy, leeasured under Al and Ni-Al [Rogachev et al., 2002]. A sequence of video frames,
nonisothermal conditions (E330 kJ/mol), was different from that  shown in Fig. 6, reveals that samples maintain their size and shape
obtained in isothermal experiments£Z10 kJ/mol). An impor-  during TE in both cases. However, a qualitative difference in the
tant conclusion was made that, in general, isothermal kinetics maprocesses was found. All Ni-Al samples self-ignite locally and then
not be applicable for nonisothermal cases. a high temperature front propagates along the sample similarly to a

Finally, in recent work [Kharatyan et al., 2004], we studied the combustion wave. This feature was not seen for the Cu-Al system,
influence of preheating rate on the kineticgaslessMo-Si reac- where instead we observed only relatively uniform changes of sam-
tions at high temperatures (above Si melting point, 1,683 K). It wasple brightness (temperature) with time. Further, the temperature-
shown that an increase of heating raigin\the range 10-2®&/s, time histories of sample surfaces using an infra-red thermal video
leads to a substantial increase in the rate of chemical reaction. Atystem are shown in Fig. 7. It is clear that during all stages of the
high heating rates (>18/s), the first stage of interaction involves TE process, temperature changes essentially uniformly along the
rapid reaction due to direct Mo dissolution in Si melt. Further, thesample surface for the Cu-Al system (Fig. 7a). However, for the
formation of MoSj phase, owing to crystallization from eutectic Ni-Al system, uniform temperature distribution is observed only
(MoSi-Si) melt, is primarily responsible for the observed intensive during the inert preheating, while during thermal explosion, zones
heat release under these conditions. At loweathin layer of Mg with relatively large temperature gradients form (Fig. 7b). In the lat-
Si; phase formed at earlier stages (solid-solid interaction) significantiyter case, note that the observed essentially linear and wide tempera-
retards reaction at higher temperatures and changes the mechanisine profile is not similar to typical profiles of a conventional com-

of interaction. bustion wave. These results suggest that, in this case, we have prop-
3. Mechanisms of Thermal Explosion in Heterogeneous Sys- agation of avirtual thermal wave(VTW). For an observer, such
tems spreading of high temperature regions appears similar to the propa-
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Fig. 7. Characteristic temperature distributions along the sample surface at different times during TE in systems (a) 2Cu+Al; @\li+Al
[Rogachev et al., 2002].

gation of a combustion wave. However, the important difference isNi layer). It was shown that, in contrast to a mixture of Ni and Al
that in the former case, the reactions at each point of the reactiopowders, the TE process typically occurs in the uniform VCS mode.
medium proceed essentially independently of heat release in otheklso, the ignition temperature in the mixture of Ni and Al powders
parts of the sample. Thus VTW is a process of sequentibbelf- is near the Al melting point (933 K) and does not depend on heat-
ignition, which “propagates” through the sample without signifi- ing rate, while for clad particles is higher by ~100 K and decreases
cant heat exchange between neighbor areas. Thus, for the first timeijth increasing rate of preheating. This feature is related to crack
two qualitatively different modes of thermal explosion (i.e. uniform formation in the outer solid shell. Finally, it was also shown that
VCS and VTW) were observed experimentally [Rogachev et al.,dynamics of phase transformation during the pre-ignition stage in-
2002]. volved formation of non-equilibrium Al rich (such agMi) phases.

The same approach was used to investigate thermal explosion #h Combustion Mechanisms in Different Heterogeneous Sys-
clad particle systems [Thiers et al., 2002]. In this case, each partems
ticle consists of an Al core and a Ni shell, with outer diameter ~100 Different aspects of combustion mechanisms in gasless clad par-
pm and Ni surface layer thickness i, which corresponds to a  ticle, gas-solid and liquid-type systems were studied. Investigation of
composition of Ni (67.6 wt%) and Al (32.4 wt%o) close to 1 : 1 mole the combustion wave propagation (SHS mode) in a powder sample
ratio (the latter can be changed easily by varying thickness of theonsisting oNi clad Al particles was conducted using the quench-

Fig. 8. Typical microstructures of Ni clad Al particles at different stages of interaction [Mukasyan et al., 2001a].
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ing technique and layer-by-layer SEM/EDX analysis [Mukasyan kasyan et al., 1997a, b; Lau et al., 2001, 2002, 2003]. Two main di-
et al., 2001a]. It was confirmed that essentially no reaction occursections for experimental investigation were explored: (i) the influ-
until Al melts (see Fig. 8a). Upon reaching the Al melting point (933 ence of gravity force on the characteristic features of heterogeneous
K), reaction between liquid Al and solid Ni shell starts, the shell combustion wave propagation (average velocity, instantaneous veloc-
cracks, liquid aluminum flows out and wets surrounding particlesities, shape of combustion front); (i) the effects of gravity on the
(see Fig. 8h), triggering fast propagation of the combustion wavestructure formation mechanism during the CS of intermetallic-ce-
in the mixture. The cracking of Ni shell occurs by mechanical stressamic composite materiald/Me next present some results obtained
owing to the vast difference of thermal expansion coefficients ofby us focusing on the materials science issues, while a comprehen-
solid Al and Ni, and due to the sharp change of aluminum densitysive review of the effects of gravity on CS appears elsewhere [Mu-
upon melting. Further, when temperature reaches the melting poirkasyan et al., 2004b].
of Ni (1,728 K), coalescence of particles takes place, leading to a Experiments were conducted in both the Drop Tower (NASA
rapid change in microstructure with formation of agglomerates in-Glenn Research Center) providing microgravity environment(~10
volving many particles. The coalescence proceeds slower in the casp for 2.2 s, and during the parabolic flights of DC-9 and KC-135
of clad Al/Ni particles as compared to a mixture of Al and Ni pow- aircrafts, yielding ~10g condition for about 20 s. The reaction cham-
ders. We also showed that by changing sample density for the clader, battery, power distribution box, specially constructed ignition
particle system, the primary mechanism of heat transfer in the reasnodule and video camera (SONY CCD-IRIS) were fit into a stan-
tion front can be varied: thermal conduction through condensed skelard NASA rig (96x84x40 cm). A microcomputer (Tattletale) con-
eton for high, thermal conduction of gas for intermediate, and radiatrolled and synchronized ignition, temperature measurements and
tion for low densities. Finally, by experiments conducted under lowgravity conditions. Three different easily interchangeable sample
gravity (see section 6), it was demonstrated that combustitmuds holders were used in the experiments. The first was used to study
of such complex particles could be achieved even in inert atmothe influence of gravity on theombustion behavior and micro-
sphere. structure of the final product. For this, experiments were conducted

It was shown experimentally that in Ta-N and Ti-N systems, gasin both 1-g and mg conditions, with the samples located at three
infiltration plays a key role in the mechanisnspin combustion different angles between the combustion front velocifydht grav-
The influences of two main parameters of infiltration combustion, ity force vectors. The second sample holder was a vertical quartz
initial sample densityd) and reactant gas pressure (P), were in- tube, placed on a boron nitride support. Ignition could be initiated
vestigated. Based on the results, pressure-densily diagrams from either the top or the bottom of the sample. This holder was
were constructed, which present regions of different wave propaeesigned for studies in which the sample expands greatly during
gation behavior. For example, it was shown that for both reactiorthe synthesis, to yiekighly porous or foam-like materialdn ad-
systems, a range of nitrogen pressure exists where increasing initielition, the effect of gravity on combustion of loose reactant mix-
sample density results in transition from spin to steady planar modeures was investigated using this assembly. Third, a wedged brass
with the simultaneous decrease in combustion velocity. Further, foblock was used to perform quenching experiments to investigate
some range gf, decrease of P leads to termination of combustionthe microstructure formation jng conditions. Initiated from the
without observation of spin or oscillation modes. Finally, it was alsotop, the combustion wave propagates in the direction of increasing
shown that the phase composition of products depends on the corheat losses and finally stops at some critical section of the wedge.
bustion mode [see Mukasyan et al., 2000b for details]. The quenched samples were examined layer-by-layer, from the tip
5. The Effects of Gravity on CS in Heterogeneous Systems (initial mixture) to the top (final product), to elucidatedielution

The main goal of our research was to study the influence of gravef material structure formatiorduring combustion synthesis. Details
ity on the combustion characteristics of heterogeneous systems [Mwf the experimental setup and techniques are available elsewhere

Fig. 9. Characteristic microstructures of NtAI-TiB , composites synthesized in (a) 1-g; (py conditions [Mukasyan et al., 1997b].
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uct microstructure during CS.
0.20 |- e microgravity
o terrestrial Further, EDX analysis on quenched samples permitted us to de-
termine the detailed mechanism of microstructure formation dur-
ing CS in the complex Ni-Al-Ti-B system. It was shown that this

0.15 process could be divided into the following characteristics zones:
E
Ijﬁ 0.10 1. Zone 1: reaction between Ni and Al with formation of NiAl
S phases, while Ti and B remain essentially unreacted,;
2. Zone 2: Ti and B dissolve in NiAl phase, forming separate re-
gions of complex solutions;
0.05 3. Zone 3: intensive coalescence of separate regions of melted
solutions, with formation of uniform melted matrix;
4, Zone 4: crystallization of solid TjBparticles from the solu-
0 é tion and their growth in NiAl-rich liquid matrix.
Time, s Finally, it was established that gravity conditions do not influ-
Fig. 10. Evolution of TiB, grain size R®) during CS of (Ti+2B)- ence the qualitative picture of microstructural transformations in
(3Ni+Al) system in different gravity conditions [Mukasyan the CS wave, i.e. all the above mentioned characteristic zones exist
et al., 1997al. in samples reacted under both normal and microgravity*g)L0
However, overaldecreaseof transformation ratesand hence in-
[see Mukasyan et al., 1997a for details]. crease of characteristic zone lengthsvlere observed consistently

All experiments were conducted under identical conditions in under mg conditions [Lau et al., 2001].
both normal (1 g) and microgravity, to makdigct comparison
and to establish the effects of gravity on combustion and structure SYNTHESIS OF ADVANCED MATERIALS
formation in the investigated reaction systems. For example, it was
observed that gravity influences not only propagation of the com- Based on the fundamental studies discussed above, we have syn-
bustion wave ifTiB ,-Ni Al system, but alsmicrostructure of the thesized various advanced materials with tailored microstructures
final product [Mukasyan et al., 1997b]. In Fig. 9, characteristic mi- and properties for different applications. Two such directions are
crostructures of materials synthesized in (a) terrestrial angy(b) described below.
conditions are presented. Both show grains of Tiark phase) 1. CS of Bio-Alloys
dispersed in the M\ matrix (light phase). Statistical analysis showed  The first example involves a novel efficient and flexible tech-
that the average size of TiBrains in mg environment waf% nique,Low-Pressure Combustion Synth¢sBCS), to produce pore-
smallerthan in 1-g condition; recall that finer grains yield superior freeorthopaedic implant materials a single step. In this research,

mechanical properties. special attention was paid to phase separation mechanism during
The results obtained for samptpgenchedn the wedged block  combustion of thermite systems, as well as to characterization of
showed that this difference is related to the procagsiofgrowth LPCS-alloys, including analysis of chemical composition, micro-

during CS. The characteristic dependencies of averaggdit structure, hardness, friction and tensile properties [Varma et al., 2002;
cle size as a function of reaction time are shown in Fig. 10, for both.i et al., 2003].

1-g and mg conditions. In both cases, very fine particles (). 1 The developed method possesses several advantages over con-
of TiB, formed immediately in the reaction front. However, the rate ventional processes, such as low energy requirements, short pro-
of particle growth in mg was4 times smallethan in 1g condi-  cessing times and simple equipment. In addition, it was shown that
tions, thus leading to finer grains. microstructure of CS-material is finer and more uniform as com-

Additional, experiments were conducted under both terrestrialpared to the conventional standard (Fig. 11). Further, it was found
and mg conditions using more exothermic initial mixtures with dif- that among the various additives, at identical loading,.@& the
ferent ratios between solid (TiBr TiC) and liquid (NiAl) phases  maost effective one for increasing material hardness (Fig. 12). Remark-
in the TiB,-NiAl andTiC-NiAl systems [Lau et al., 2001]. Based ably, with increasing carbon added ag3;ithe hardness of LPCS
on detailed analysis of synthesized samples, we reached the faCo-alloys increases (Fig. 12b) to values that are significantly higher
lowing general conclusions than with graphite or carbon black (Fig. 12¢) and even the commer-

cially produced wrought Co-alloy.

» Even over a short duration of time (~seconds), gravity enhances Finally, comprehensive analysis of various material properties

mass transfer process in chemically active liquids and hence leaded to the conclusion that for hardness, the as-synthesized LPCS-

to an increase in microstructural transformation rates. alloy is the best candidate. However, if ductility is the optimized
» Combustion synthesis in mg conditions favors the formationparameter, then LPCS+HIP treatment should be considered. Finally,
of materials with diner microstructure if tensile strength is important, then LPCS+Cast alloy is the pre-

» Smaller volume fraction of liquid phases in the reaction front ferred choice.
results in less pronounced gravity effect on combustion and prod2. Nano-scale Oxide Powders by Agueous CS
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Fig. 11. Typical microstructures of pore-free Co-alloys with 0.33 45 L /}
wi% C: (a) LPCS-synthesized, (b) Conventional sample g !
[Varma et al., 2002]. I 4
% 35 x
Another example relates to the direct synthesis of oxide nano 5 30 Hardness of Conventional CoCrMo
powders by using the combustion approach. The aqueous (or soli £ »5 L
tion) combustion synthesis is an attractive technique for the forma }
tion of different oxides including ferrites, perovskites and zirconia. 20
It involves a self-sustained reaction between an oxidizer (e.g. met: £ N Y U U NPV N [

nitrate) and a fuel (e.g. glycine, hydrazine) [Patil et al., 2002; Mukas c 2 4 6 & 10 12

yan et al., 2001b]. The reactants are first dissolved in water in th Cr,C, Content (wt. %)
desired ratio and the obtained solution thoroughly mixed, to react
molecular level homogenization of the reaction medium. After pre-
heating to water boiling point and its evaporation, the mixture can
be ignited or self-ignites and temperature rises rapidly (ud t&/10
s) to values as high as 1,000 Simultaneously, this self-sustained
reaction converts the initial mixture to fine well-crystalline powders
of desired compositions.

As an illustration of the method, two classes of perovskites (i.esis (VCS), 0.79<1.2, 1,423 K<T<1,623 K; and self-propagat-
LaGaQand LaCr@), doped with Sr and Mg, were synthesized. In ing high-temperature synthesis (SHS), #2k6, 1,073 K<<
these cases, an aqueous solution was made of desired metal nitrate®73 K. Detailed studies allowed us to conclude that the optimum
and glycine [Deshpande et al., 2003]. The ratio between nitratesnode for synthesis is SHS, which, as compared to other modes,
was maintained constant corresponding to the desired product conteads to formation of powders with highest surface area and desired
position, while ratio between fuel and oxidizgrwas changed. It  phase composition directly in the combustion wave (Fig. 13).
was shown that depending @rthe reaction could proceed in three  In another work [Deshpande et al., 2004], synthesis of three ma-
different modes: smoldering combustion synthesis (S@%).7, jor iron oxide phases, i.e- andy-FeO,and FgO,, by combustion
with maximum temperature, 73 K; volume combustion synthe- approach was studied, using a simple iron nitrate precursor along

Fig. 12. Influence of different additives on hardness of Co-Based
alloys: (a) Hardness increases with increasing addition of
graphite or carbon black. (b) For the same extent of car-
bide/nitride additives, Cr,C, exhibits the most hardness
enhancement. (c) Dependence of alloy hardness onCy
content (bars, standard deviation) [Varma et al., 2002].
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