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Summary:

Self-propagating High-temperature Synthesis as an advanced synthesizing
technology is being paid more and more attention due to its unique
advantages: energy saving, simple equipment, high purity and cost-
effectiveness etc. A series of SHS technology is being developed for making
of both CMC and MMC of a wide range of material systems.
The unique non-equilibrium and self-propagating features of the SHS powder
generate interest in research both on theoretical aspects including
thermodynamics, reaction mechanism, combustion theory and structural
macro-kinetics of SHS enabling synthesis hundreds of ceramics, and
composites in porosity, bulk, coating and laminated forms. The paper reviews
the research and the development work on SHS for making advanced
composites contributed by the authors.
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1. Introduction

In 1967, Marzhanov and Borovinskaya[1] discovered the phenomena of self-
propagating high-temperature synthesis (SHS) while studying the combustion
of Ti-B cylindrical compacts. The term SHS is now being used to describe a
process in which initial reactants when ignited transform into products
spontaneously due to the exothermic heat of the reaction and the self-
propagating of combustion wave. The SHS process offers self-generation of
the energy required for the process in contrast to the high energy consumption
of conventional processes for producing refractory compounds.
The unique non-equilibrium and self-propagating features of the SHS process
generate interest in research both on theoretical aspects including
thermodynamics, reaction mechanism, combustion theory and structural
macro-kinetics of SHS and material processing aspects in developing
numerous processes of SHS enabling synthesizing hundreds of ceramics, and
composites in porous, bulk, coating and laminated forms.
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More and more composites are being used in industry. The traditional
processes for fabricating composite materials can be generally divided as
follows: Firstly, synthesizing all the powders needed separately, secondly,
mixing the composites together, then, sintering these mixture under suitable
conditions, at last, sintered products were obtained with or without post-
treatment after sintering. It is obvious that some problems exist in these
process such as: prolonged process cycle, high energy consumption, difficulty
in making uniform distribution of phases, phases boundary pollution etc. In-
situ SHS can fabricate composite powders and/or materials in one or two
steps by controlling the ratio of reactants and adjusting the combustion of the
initial reactants. Compared with the traditional process, in-situ SHS
composites have a series of advantages, such as low energy consumption,
uniform distribution phases, no contamination at the phase boundaries, good
sinterability etc.
This paper outlines research and development work on SHS for making
composites in Laboratory of Special Ceramics and Powder Metallurgy
(LSCPM), University of Science and Technology Beijing (USTB). The following
three types of SHS composites have been developed in LSCPM, USTB of
China.

2. in-situ multi-phase ceramic composites through SHS of gas-solid
system in combination with hot-pressing

Multi-phase ceramic composites Si3N4-Ti(CN)-SiC and Si3N4-Si2N2O2-TiN was
successfully synthesized with SHS of Si+TiC+N2 and Si+TiO2+N2 systems
respectively following with hot-pressing.The compositions of green compacts
used for Si-TiC-N2 system were Si/Si3N4/TiC=3:1:1, 3:1:2.6, and 5:1:5(in
weight proportion), which were named as ST31, ST32 and ST5 respectively.

The compositions of green compacts used for Si-TiO2-N2 system were
Si/Si3N/TiO2 =3:1:0.6, 2:1:0.4, 1:1:0.2, and 2:3:0.4, which were named as S31,
S21, S11 and S23 respectively.
The compacts were put into a SHS reaction chamber which was filled to
different nitrogen pressures The compacts were ignited by passing 20A
electrical current to the tungsten coil, which was placed above the compact.
The combustion temperatures were recorded by a W-Re3/W-Re25
thermocouple connected with a computer.
After crushed and milled the SHS product to powders and sieved -200 mesh,
AI2O3 and Y2O3 were added as sintering additive and mixed powder were
compacted and hot-pressed to 040x10 mm at 1800°C for 1h under pressure
of 25MPa.
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Powder compacts ST31, ST32, and ST5 could be ignited at a nitrogen
pressure higher than 2 MPa. AN the products consist of a-Si3N4, p- Si3N4,
Ti(C,N) and p-SiC, besides, there exists a small amount of Ti5Si4 phase and
residual Si in the SHS product from sample ST5.
in contrast to the effect of Si3N4 addition in reactant mixture as an "inert"
diluent for SHS, TiC acts as an "active" diluent, which not only plays the role of
diiuent, but also takes part in the chemical reactions of the reactant system
during SHS. The addition of TiC to Si-N2 system leads to the formation of
TiC^N, in SHS products. According to the calculated parameters from X-ray
diffraction results, and assuming that the as-synthesized Ti(C, N) was an ideal
solid solution, the composition of the Ti(C,_xNx) can be determined with
Vegard's law as TC036N064. According to the calculated thermodynamic
diagram of Si-TiC-N2 system at 2123K, the stability boundaries favor the
stable coexistence of Si3N4+TiC1.xNx+C under the present experimental
conditions. The carbon atoms react with Si3N4 or Si and therefore, the final
product contains Si3N4+TiC036N064+SiC, which was consistent with the
calculated thermodynamic stability diagram as shown in Fig1.
For SHS of the Si-TiO2-N2 system, it is found that all the specimens can be
ignited in nitrogen pressure range of 1 to 10MPa. All the SHS products are
composed of a-Si3N4, p-Si3N4, Si2N2O, TiN, with or without residual Si. The
relative contents of these phases in specimens S31, S21, S11, and S23 are
shown in Fig3. It is noted that with the increase of the amount of Si3N4 in the
powder compacts, the conversion degree of Si to Si3N4 increased dramatically.
Besides, as the ratio of Si/Si3N4 was higher than 1, the relative content of a-
Si3N4 in SHS product decreased with the increase of the amount of Si3N4

diluent in green powder compact, while the content of P-Si3N4 increased. For
all the specimens, the relative content of Si2N2O remained almost no change.

Fig.1 Calculated thermodynamic stability diagram for the Si-TiC-N2 system at 2123 K
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Fig.2 Calculated thermodynamic stability diagram for the Si-TiO2-N2
system at (a)1773K, and (b)1873K

Fig.3 The amount of different phases in the SHS products
in dependence on Si/Si3N4 (wt.%) in reactants

Fig. 4 SEM of hot-pressed specimen Si3N4-Ti(CN)-SiC composites
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Complete nitridation of Si and TiO2 was achieved as the ratio of Si/Si3N4

reached 2/3 in specimen S23. The as-synthesized product was composed of
(i-Si3N4, p-Si3N4, Si2N2O and TiN. The amount of a-Si3N4 was higher than that
of (5-Si3N4. The maximum combustion temperature for S23 is 1773K, which is
100K lower than that of S11, favoring the existence of cc-Si3N4 phase. The high
amount of Si3N4 diluent in S23 is effective in preventing the extensive melting
of constituents. The experimental results are consistent with the calculated
stability diagram as is shown in Fig2. Similar with TiC in Si-TiC-N2 system,
TiO2 in Si-TiO2-N2 system not only acted as a diluent, but also participated in
the reaction during SHS.
Good combination of mechanical properties has been achieved in hot-pressed
specimens. With the as-synthesized Si3N4/Ti(C,N)/SiC composite powders as
starting powders and AI2O3 as sintering additives. The bending strength is 800
MPa, while the fracture toughness is 9.5 MPa»m1/2, the hardness is HRA 93-
94. The micrography of hot pressed specimen of SHS Si3N4-Ti(CN)-SiC
composite is shown in Fig. 4.

3. In-situ developed ceramic-intermetallic composites through SHS with
simultaneous densification

Generally high porous compacts were produced through SHS of gas-solid
system, as a good gas permeability in the burning sample for infiltration
combustion is required to realize high degree of conversion, simultaneous.
SHS and densification during SHS of gas-solid system were much more
difficult than that of solid-solid system. Yet a new AIN-based composite AIN-
ZrN-AI3Zr was successfully synthesized through simultaneous SHS and
densification after systematic investigation of SHS of Al-Zr-N system.
In the present investigation, ZrN instead of AIN was used as diluent for the
combustion of Al powders in nitrogen. For the 20wt% AI-ZrN system, the XRD
patterns of the SHS products synthesized at 1, 5 and 10MPa nitrogen
pressure are shown in Fig. 5. The diffraction peak of AIN increase while that of
AI3Zr decrease with the increase of nitrogen pressure. It is found that the
addition of ZrN took the role of dilution effectively, besides, the more the
amount of ZrN added the lower the intensities of Al diffraction peaks of the
SHS products were. It is speculated that the coagulation of Al melts and
subsequent formation of "welding pools"can be prevented in certain degree,
hence the local nitrogen availability for the unreacted Al in the combustion
front can be improved; another reason for the high degree of nitridation comes
from the reaction between Al and ZrN i.e. 3AI+ZrN-^AI3Zr+1/2N2, therefore,
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with the increase of ZrN addition to Al powders, the AI3Zr phase formed,
meanwhile nitrogen atoms were released at high temperature and these
certainly increase the conversion of Al to AIN.
The measured relative density for specimen AI+50wt%ZrN combusted at
5MPa nitrogen pressure is about 91%, and the typical SEM morphology of this
specimen is shown in Fig 6. Larger AIN grains and relatively small ZrN
particles coexist with some AI3Zr in the grain boundaries which is
characterized by EDS analysis, where AI:Zr=3:1(atm%). The melting
temperature of AI3Zr is 1580 °C, which is far lower than the measured
combustion temperature. Therefore the newly formed AI3Zr exists in the
specimen in liquid form at high temperature, which is capable of penetrating to
the grain boundaries driven bycapillary force, contributing to the densification
of the as synthesized products.

Fig.5 XRD patterns of the SHS products (AI-ZrN 20wt%) synthesized
at 1, 5 and 10Mpa nitrogen pressure

4. Bi-!ayered and functionally graded composites (FGC) with SHS or
SHS/pseudo-HIP technology in one step

Bi-layered, functionally graded composites, cement composites, or ceramic-
cermet composites can be made with SHS/pseudo-HIP in one step. Typical
examples were (a) TiB2+TiN+x%Me(x=0-40wt%) based on SHS reaction
2BN+3Ti-»TiB2+2TiN or (b) TiB2+x%Me(x=0-60wt%) based on the reaction
Ti+B+Me-»TiB2+Me. The effects of the type, the content of the metal (Cu, Ni)
on the combustion feature as well as the wave propagating rate through the
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bi-layered powder compacts of (Ti - 2B - 60 wt% Cu) / 3 (Ti - 2BN - xNi) and
(Ti -2B - 60 wt% Cu ) / (3Ti - 2BN - xNi) (x=0-40wt%) were investigated.
Powder compacts were uniaxially powder stacked by hand in a mold, Ar
gas>1 MPa was used as protection gas. Electric ignition was carried out with
tungsten wire. The combustion process was recorded with video camera. The
recorded video was computed and edited by computer. The location of the
combustion wave along the propagating direction at different time was
measured and calculated for determining the feature and velocity of the
combustion wave.

B

Fig.6 SEM image of the AIN/ZrN/AI3Zr and EDS results of the grain boundary phase

Table 1. Combustion wave velocity in single-layered specimen

Single-layered
specimens

3TÌ-2BN
3Ti-2BN-10wt%Cu
3Ti-2BN-20wt%Cu

3Ti-2BN-40wt%Cu

Ti-2B-60wt%Cu
3Ti-2BN-10wt%Ni
3Ti-2BN-20wt%Ni

3Ti-2BN-40wt%Ni

Ti-2B-60wt%Ni

Compacting
pressure

(Mpa)
60
60

Wave velocity
(mm/s)

4.96
4.43

60 2.17

60

60
60
60.

60

60

18.52
4.96
3.83

28.35

Memo

Combustion
wave cannot

propagate

Combustion
wave cannot

propagate

Tablei shows the combustion wave velocity in single-layered specimen. It is
noticed that the combustion wave cannot propagate in single-layered
specimen (3Ti-2BN-40wt%Cu) and (3Ti-2BN-40wt%Ni).
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hor bi-layered powder compacts with compositions listed in Tablel the effects
of Cu, Ni content on the combustion wave propagating were shown in Fig.7.
In Fig.7(a), the measured combustion wave velocity in (Ti-2B-60wt%Cu) layer
and (3Ti-2BN) layer was 22mm/s, 9mm/s respectively. The combustion wave
velocity in (3Ti-2BN) was nearly doubled compared with that in single-layered
specimen. There were effects of the combustion heat released from the layer
(Ti-2B-60wt%Cu) on the combustion behavior of the neighboring layer (3Ti-
2BN-xwt%Cu) preheating and ignition. The preheating accelerated the
propagating velocity of combustion wave perpendicular to the layered phase.
The overlapping of the perpendicular wave and parallel wave makes the wave
appear as arc-shape.
The combustion wave velocity in (Ti-2B-60wt%Ni) layer was much faster than
in (3Ti -2BN -60wt%Ni) layer, that leads to a step-shape combustion wave.
On the basis of the investigation on the combustion wave propagation
features, some bi-layered, multi-layered composites and FGC of
TiB2+TiN+xMe system have been made directly with SHS. An interesting
phenomenon is noticed that no deformation or densification emerged during
and after SHS of (Ti-BN-xMe) system, while elastic deformation occurred in
SHS (Ti-B-xMe) system.
In most cases, it was necessary to densify the SHS specimens just after SHS
with pseudo HP technology. The green compact was embedded in sand,
which served both as heat insulation and medium for transmitting pressure.
After ignition and completing SHS, a pressure of >30 MPa was loaded on the
specimen and makes it densified.Fig.8 shows SEM micrograph of a
symmetrically compositional graded Ti+BN+NiAl FGM. It is well known, high
thermal expansion coefficient of central region consisting of higher content of
metals creates residual compressive stresses in surface region with no
metallic content that offers improvement in both of strength and toughness.
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(a)(Ti-2B-60wt%Cu)/(3Ti-2BN); (b) (Ti-2B-60wt%Ni)/(3Ti-2BN)
(cXTi^B-eOwtyoCu^STi^BN-IOwtyoCuJ^dJtTi^B-eOwtyoNiWSTi^BN-IOwtyoNi)

Fig.7 Combustion wave front location vs combustion time

(a)surface (b)intermediate (c)center

Fig. 8 SEM of Ti+BN+NiAl (5-30 wt%, from surface to center) FGM

5. Conclusion

Three kinds of SHS composites with examples were being developed in
LSCPM, USTB of China. According.to the feature of different material systems,
SHS with or without post-densification can be selected to make a wide range
of composites including particulate reinforced composites, bi-layered
composites, multi-phase composites and symmetrically compositional-
functionally graded composites. Further investigations on properties of various
kinds of SHS composites are being carried out.
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