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The different preparation methods of ultrafine powders of high melting point compounds
(carbides, borides, nitrides, and oxides with melting temperatures higher than 2000 °C) are
reviewed. Some properties of these powders are discussed and compared. The consolidation
behaviour of these compounds in the nanocrystalline (nc) state is described in detail.
Compaction by hot pressing, including high pressures and high temperatures, sintering, and
high-energy consolidation methods, is analysed. The microstructure, recrystallization,
mechanical and physical properties of nc-carbides, nitrides, and oxides are characterized.
Special attention is focused on relationships between structure and properties.

1. Introduction

In recent years there has been increased interest in
nanocrystalline (nc) (or nanostructured, nanophase or
ultrafine grained) materials [1-4]. The development
of nc materials is frequently connected with creating
new generation materials. These materials are norm-
ally characterized by a grain size in the range
20-40 nm. It is generally accepted that the upper
grain-size limit in nc materials is about 100 nm. Such
small grain sizes are responsible for the unique phys-
ical and mechanical properties of shed bodies made
from nc particulates. Extensive fundamental and ap-
plied investigations have been performed worldwide,
for example in USA, Germany, Japan, Russia, UK,
France, Ukraine, Latvia, and China.

In 1992, evaluations of progress in nc materials
research and development was discussed at several
specialized International meetings, including: the USA
Materials Research Society 1992 Spring and Fall
Meetings, “Nanophases and Nanocrystalline Struc-
tures” (1-5, March San-Diego, USA), “Nanophase
and Nanocomposite Materials” (1-3, December Bos-
ton, USA); a NATO/ASI seminar on “Mechanical
Properties and Deformation Behaviour of Materials
Having Ultra-Fine Microstructures” (28 June—10 July
1992, Torres Vedras, Portugal); the “First Interna-
tional Conference on Nanostructured Materials”
(21-26 September 1992, Cancun, Mexico); and the
“Symposium on Nanophase Materials” (3-6 Novem-
ber 1992, Strasbourg, France). Nanophase materials
research has also been reported at other venues, such
as the 1992 Powder Metallurgy Congress in San
Francisco, the American Institute of Chemical Engin-
eers 1992 Annual Meeting, Miami Beach, etc. From
1992, the journal Nanostructured materials is being
published in the USA.

614

Progress and development in nc materials studies
have been reported in the recent reviews of Gleiter [1,
2], Siegel [3], Suryanarayana and Froes [4]. How-
ever, the problems of processing and the properties of
high-melting point nc compounds (HMC) has not
been fully surveyed to date. Included in this HMC
category are carbides, nitrides, borides, oxides and
other compounds with melting temperatures, (7,,),
above 2000 °C (or even 2500°C) [5, 6]. As shown by
Andrievski and Spivak [6] two-component HMC
systems number at least 130, with T, > 2500 °C, with
about 240 with T, > 2000 °C. The number of the well-
understood and practically used HMCs is consider-
ably less. This review concentrates on nc HMCs that
have been most extensively studied, such as SizN,,
SiC, TiN, TiC, TiB,, WC, Al,O;, AlN, ZrO,, MgO,
Y,0;, BN and others. All these materials may be
described as advanced ceramics. nc-TiO,, nc alumini-
des of titanium and niobium are included in the study
for comparison purposes.

This review is devoted to nc-materials in particulate
form only. Thin films of nc materials by physical
vapour deposition and chemical vapour deposition
methods of film production and their properties, have
been covered elsewhere (e.g. [7,8]). In this review
attention is focused on ultrafine powders (UFP) and
their consolidation, and the properties of nc-materials.

2. Ultrafine powders

2.1. General characteristics

The problems concerning ultrafine powders (UFPs)
have been known for many years in powder metal-
lurgy, ceramics, catalysis, and other fields. It is com-
mon knowledge that UFPs have good sinterability
and that some are characterized by high catalytic
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TABLE I Methods of UFP preparation

Group Method

Variation

Compound

Physical

Chemical

Gas-condensation

High-energy destruction

Synthesis

Thermal decomposition

In inert gas or vacuum
In reactive gas

Milling
Mechanical alloying

Detonative treatment
Plasma

Laser

Thermal

Electrolysis

In solutions or liquids

Condensive precursors

Gaseous precursors

MgO, Al,O,, SiC [10-12]; ALO,, Y,0, [13];
710, [14]

TiN, ZrN, NbN, AIN, VN, HIN [15, 16]; ZrO,,
Y,0, (14, 17]

ZrC [18]; Si;N, [19, 20]; AN, «-SiC [1, 21]
TiC, ZtC, TaC, WC, SiC [22-24]; TiB, [25];
TiN, BN, Si;N,, AIN, (Ti, AIN)N [26, 27]

BN [28, 297; Al,O,, MgO, SiC, TiC [30, 31];
ALO, [32]

TiN, ZrN, HIN, NbN, Ti(C, N) [33, 347; AIN,
BN, Si,N,, TiC, SiC, WC, Si;N, + SiC
[35-447; TiN + TiB, [45]; ALO, [46]

TiB, [47]; SiC [48]; Si;N, [49]

BN, SiC [50-52]; WC-Co [53]; (Mo, W),C
[54]; AIN [55%; ZrO, [56]; TiN + TiB, [57]
WC [58, 59]

Mo,C, W,C [60]; TiB,, SiC [9, 61]

Si,N,, SiC, BN, AIN [9, 62-64]; ZrO,, Y,0,
[62, 65, 661; Si;N, + SiC [67, 68]; NbN [69]
Z1B,,, [70, 713; BN [72]

activity and other unique properties. However, it is
also well known that handling UFPs is difficult be-
cause of their poor technological properties, e.g. low
values of apparent density and flow rate, high adsorb-
ed gases and admixtures content, and poor compress-
ibility at compaction, which are connected with the
high surface area of UFPs and the influence of severe
interparticle friction. The possibility of decreasing the
sintering temperature is very attractive, but this ad-
vantage is still very remote for any practical applica-
tion, and thus practical application of powders with
particle size less than 100 nm (UFPs) is limited. How-
ever, the development of advanced ceramics has
stimulated greatly the UFP preparation methods.
Chemical synthesis routes to produce high surface-
area non-oxide HMCs as applied to ceramics and
catalysis, have been reviewed by Chotley and Lednor
[9].

As with common powders, UFP preparation meth-
ods may be classified into physical and chemical
groups, with some variants (see Table I). This classi-
fication is very conventional because in many cases
the preparation method is based on more than one
basic principle (e.g. gas-condensation technique in
reactive atmospheres, mechanical alloying which is
termed mechanosynthesis, etc.). It is generally sup-
posed that the boundary between different powder
preparation methods is often diffuse and poorly de-
fined.

Some reviews of UFPs have recently been published
(e.g- [9, 12, 62, 73, 741) and therefore Table I does not
include all results on HMC UFP but concentrates on
the main and recent ones. From Table I it can be seen
that many routes for UFP preparation exist which
enlarges the technical possibilities but also creates the
competition. However, in some cases these methods
and their variations are mutually complementary.

2.2. Physical methods of preparation
2.2.1. Gas-condensation technique
Gas-phase condensation as a method for UFP pre-

paration has long been known. Evaporation both into
high vacuum and into inert or active gases applies to
many metals, alloys and compounds, using a variety of
heating sources (direct and indirect resistance, induc-
tion, electron beam, laser, electric arc, etc.). It is known
that two prerequisites are necessary and sufficient for
at least UFP condensation. The first is a high level of
material vapour oversaturation, and the second is the
presence in the condensed vapour of a neutral gas. The
interpretation of gas-phase condensation phenomena,
including homogeneous or heterogeneous nucleation,
mechanism of particle growth, influence of impurities,
etc., has been discussed elsewhere [12, 757.

The gas-condensation method for the preparation
of nc materials has been improved significantly ([76,
77] and also [1-3]). As noted above, however, in all
UFP preparation methods the most serious problem
is in powder handling. Ensuring purity and high
consolidation levels is not easy in UFPs. Attempts
[76, 77] to generate and study bulk nc materials were
based on a combination of the gas-condensation
method and vacuum compaction, including the use of
high pressures. This method has the advantage that
UFP preparation and in situ collection, and com-
paction, are handled in a very clean environment.

A schematic representation of the inert gas-evapor-
ation device is shown in Fig. 1 [3]. The material is
evaporated from sources A and/or B into an inert-gas
atmosphere (e.g., helium, about 1 kPa). The material
vapour nucleates homogeneously owing to collisions
with the cold inert gas atoms. The particle “fog” is
transported by convection to the rotating liquid-ni-
trogen filled cold finger and condensed in the form of a
loose UFP. This flaky powder layer is subsequently
scraped from the finger, collected via the funnel and
compacted first at low pressure device, and then at
high pressure. The compaction pressure is up to 1-2
GPa (1-5 GPa [1]); the relative density of disc-sha-
ped compacts (9-30 mm diameter, 0.1-1.0 mm thick)
is about 0.7-0.9.

This apparatus is used for producing both nc metals
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Figure ] Schematic drawing of a gas-condensation chamber for nc
material preparation [3].

and nc compounds (oxides, intermetallics etc.). Direct
r.f. sputtering of an oxide and intermetallic target in an
argon atmosphere and the reaction of a metal (titan-
ium, zirconium) target in an Ar—-O, atmosphere have
been developed for the nc-TiAl, ne-TiO,, and nc-ZrO,
with average grain size from 11-30 nm [14, 78]. nc-
Y,0, was prepared by metal evaporation in helium
gas (650 Pa pressure) with subsequent slow post-oxi-
dation at 200 °C in 650 Pa of pure oxygen [17]. The
Y,O;-particles obtained had a diameter, d, of ~ 7 nm
and were loosely aggregated. Unlike TiO, UFP, the
Y,O0, UFP aggregates can be easily broken up. After
compaction, these powders had a narrow pore-size
distribution and were characterized by a high degree
of transparency.

Another version of the inert gas-evaporation device,
in which cooling is achieved by a refrigerated
water—glycol mixture, has been described elsewhere
[13].

Of the older works devoted to HMC UFP, a brief
mention should be made of some Japan investigations.
Iwama et al. [15, 16] have described the preparation
of many UFP nitrides by evaporating source metals in
low-pressure nitrogen or ammonia gas (130 Pa) using
electron beam heating. UFPs thus prepared were
found to have sizes ranging from 2—10 nm. Plasma
flame, CO, laser beam and arc discharge heating
techniques were used for MgO, Al,O,, SiC UFP
preparation [10-12]. Other examples of the gas-con-
densation methods have been described by Gleiter [1]
and Uyeda [12].

2.2.2. High-energy destruction
High-energy ball milling, including the popular at-
tritor milling, is widely used for powder metallurgy
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and ceramics. There are some examples of its applica-
tion for UFP preparation; however, there are at least
two complications in its use. Firstly, it is known that
the deceleration of powder size decreases after long
milling times, even for brittle HMC (see, for example,
[18]). Owing to this, the final size of the milled
powders in many cases is not very small (about
100 nm). Secondly, the prevention of contamination is
not easy to achieve. However, some information does
exist concerning the successful use of cryomilling for
the preparation of AIN UFP (d < 50 nm) [1] and
turbomilling for the preparation of a-SiC (d ~ 50 nm)
[21]. The attritor mill is used for wet grinding of Siz N,
powder [20]. The effect of milling time on the specific
surface area, S, and the oxygen content is shown in
Table II.

TABLE II The effect of milling time on specific surface area and
oxygen content

Initial 4h 12h
S(m?g™ ) 84 20 30
(d ~ 60 nm)
O, (wt %) 0.9 2.1 39

The company Netzsch Feinmahltechnik has de-
veloped a set of high-performance ceramic agitator
mills in which the inner chamber, grinding disks and
others are fabricated from oxide or non-oxide ceram-
ics, depending on the product to be ground. This
eliminates the contamination by iron and other metal-
lic components, but not by oxygen.

In recent years, high-energy ball milling of ele-
mental powders has gained acceptance in the pre-
paration of UFP alloys and compounds. The synthesis
of carbides, nitrides and borides by mechanical alloy-
ing is outlined in several investigations (e.g. [22—-27]).
Ogino et al. [27] described near-stoichiometric TiN
formation after milling pure titanium for 40h in a
nitrogen atmosphere (ball-to-powder weight 13:1). It
was observed by TEM that the milled powder par-
ticles had a diameter of about 5~7 nm. These small
particles were then aggregated with larger ones (d
= 0.1-0.27 um). Chemical analysis indicated that af-
ter milling, contamination from the vial and balls
occurred (about 8.8 at % Fe and 3.0 at %Cr).

Although, detonative treatment for the, activation
of sintering and the synthesis of some HMC and
diamond powders has long been known (see, for ex-
ample, [28—-32]), further systematic investigations of
its application to nc HMC is required.

2.3. Chemical methods of preparation

2.3.1. Synthesis

These methods are considered to be the most uni-
versal for HMC preparation. The plasma-chemical
synthesis of UFP is very popular. Comprehensive
investigations of this process have been conducted in
the former USSR (Russia [33, 34], Latvia [35-37],
and Ukraine [38, 39]), in Japan [12] and other coun-
tries [9, 73, 74]. The low-temperature plasma provides
a method for synthesis at the very high temperatures



(up to 6 x 10*--8 x 10* K) that are responsible for the
high levels of the oversaturation, chemical reaction
and UFP condensation rates. The principal of the
possibility of attaining an essentially all-HMC UFP
preparation has been demonstrated by plasma treat-
ment. Some typical UFP (d = 5-100 nm) produced by
plasma synthesis are shown in Table I. The different
variants of plasma reactors are used for UFP produc-
tion : a direct-current (d.c.) arc jet [35-40, 42, 44-46],
a radio frequency (r.f.) plasma device [33, 34, 41], and
a hybrid one [43]. The d.c. plasma is considered to be
more available, but the r.f plasma device one may
provide the more desired results. Kijima et al. [41]
reported the synthesis by r.f. plasma of ultrapure SiC
UFP (99.999% purity only for cation impurities;
d = 5-20 nm).

It is also important for plasma technology to be
used for the preparation of multi-component HMCs
such as SizN, + SiC, Ti(N,C), Nb(N,C), TiN
+ TiB,, Si;N, + TiN(MgO, Y,0,, Al,0,), etc., and
not just two component compounds.

Some information has been reported on the CO,
laser synthesis of HMC UFP, but this continues to be
studied intensively (e.g. [47-49]); however, data on
the various properties of these powders are rather
limited. ’

Our definition of “thermal synthesis” includes many
different processes: carbothermal oxide reduction
[50-52], direct solid-state synthesis [54] and thermo-
lysis of chlorides in an NO, atmosphere [56], decar-
bonization treatment of the AICl; + glucose mixture
in NH; gas [55], and synthesis of titanium with
boron—nitrogen polymer [57], as does hydrothermal
synthesis [79]. An interesting new thermochemical

method for the synthesis WC-Co UFP has been
developed by McCandlish et al. [53], which includes
the use of a precursor compound, Co(en); WOy,, in
which tungsten and cobalt are intimately mixed at the
molecular level; subsequent reduction and carburiz-
ation yields WC-23 wt % Co. Other compositions of
hard alloys may also be prepared. This technology
yields a tungsten carbide grain size of about 200 nm in
sintered hard alloys.

Other examples of chemical synthesis of UFPs as in
the sol-gel process, are worth consideration. Non-
oxide HMC can be synthesized by processing organo-
metallic precursors (alkoxysilane, etc.). Hatakeyama
and Kanzaki [80] described the synthesis of mono-
dispersed spherical B-SiC powder derived from the
hydrolysis of a mixture of phenyltriethoxysilane and
tetraethyl orthosilicate. The SiC content in this pow-
der is 92.6 wt % after heat treatment at 1500 °C for 4 h
in an argon atmosphere; the spherical particles are
0.6 pm in diameter and consist of primary particles of
about 40 nm diameter, as shown in Fig. 2. The possib-
ilities of the sol—gel technology are considered to be
important for the significant improvement of UFP
technological properties. Recent developments of
sol—gel technology are reviewed elsewhere [81].

Electrochemical  synthesis of WC  UFP
(S =5-10m?g~ ') has been carried out in chloride
melts at 700750 °C [58, 59].

There is little comprehensive information on low-
temperature wet-chemical synthesis. Alexbaum et al.
[61] obtained TiB, UFP by precipitation from the
solution-phase reaction of TiCl, and NaBH, and
subsequent annealing to achieve crystallization at
850-1100°C. Room-temperature synthesis of Mo,C

0.2 um

-~

Figure 2 Microstructure of monodispersed spherical -SiC [80].
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and W,C UFP (2 nm sized particles which agglomera-
tes to 1-2 pm) by the reduction and carbidization of
chlorides has also been described [60].

2.3.2. Thermal decomposition

Many HMC UFPs may be prepared by the thermal
decomposition (thermolysis, pyrolysis, calcination) of
solid, liquid and gaseous precursors. Different pre-
cursors as starting materials for oxide and non-oxide
advanced ceramics have been reviewed [62]. Asin the
case of synthesis, sol-gel technology, cryochemical
methods with sublimation drying of solutions, plasma,
laser heating and many traditional technological
methods are used.

Organometallic precursors are very important in
the production of Si;N, and SiC UFP. The decompo-
sition of diimide Si (NH}, at a temperature above
1250 °C leads to the formation of high pure fine nitride
powders which may be milled [63]. These technolog-
ies are used in industry, (Ube Ind., Japan and H. S.
Starck, Germany). The pyrolysis of polycarbosilanes
yields B-SiC UFP, 2-100 nm in size, depending on the
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Figure 3 Al,O, specific surface versus plasma temperature for dif-
ferent flow rates of plasma-forming gases, V;, at an aluminium
consumption of 24 g h™?! [46].

pyrolysis temperature [63]. Gonsalves et al. [68] pro-
posed a method for the ultra-rapid conversion of a
liquid organosilazane (CH,SiHNH), using a CO,
laser, to SizN, + SiC UFP.

In recent years, a marked interest has been taken in
boride UFP. The very volatile group IV borohydrides,
Ti(BH,),, Zr(BH,),, Hf(BH,),, are very attractive
molecular precursors for film and UFP preparation.
These compounds may be decomposed at 300—400 °C.
Zirconium boride UFP synthesis was attempted using
both a CO, laser [70] and normal heating [71].

2.4, Properties of UFPs

2.4.1. Particle size, morphology and structure
The particle size of a UFP is its most important
characteristic. The preparation conditions may have a
pronounced effect on the particle size: Fig. 3 shows the
effect of plasma temperature and flow rates of the
plasma-forming gases on specific surface (S) for Al,O,
UFP [47]. A wide range of S is evident. In most cases
it is necessary to prepare UFP with a narrow size
distribution, and to achieve this, gas-condensation
methods are generally considered to give more accur-
ate results than chemical methods.

The particle size and morphology are studied by
TEM. It is common knowledge that some medium-
size values may be obtained in the study of S and by
XRD-analysis of line-broadening determinations. Us-
ing the equation

§ = 6/vuds 1)

where v,, is the theoretical density, and dg is the mean
diameter defined from the S measurements, we can
estimate the medium size values. Table III gives the
values estimated for some HMC UFPs. It is clear from
Table III that the variations in S for different UFPs
with identical dg vary by up to six or more times
because of the difference in v,,,. It should be noted that
in most cases, v, must be defined more exactly for any
specific UFP, because of the effect of admixtures and
defects.

In some cases, measured values of d show con-
siderable variation between TEM method and S and
XRD-analysis determinations. This may be due to the
influence of morphology, particle-size distribution, de-
gree of agglomeration and polycrystallinity. Kravchik
and Neshpor [82] pointed out that values of d deter-
mined by $-and XRD methods coincide for TiN UFP
only at the S intervals greater than 30m?g™!

TABLE 111 Specific surface area values for some HMC UFPs (y,, in parentheses)

S(m*g™")
dg B,C, BN Si,N,, SiC, ALO,, TiO,, TiN, Y,0,, NbN wC
(nm) (2.3-2.5 MgO, AIN TiB,, TiC (54-5.7 83 (158
gem ™ ?) (3.3-34 4-4.9 gem™?) gcm™3) goem™3)
gem ™) gem ™)
100 24-26 18-19 12-25 10-11 7 4
50 48-52 36-38 24-50 20-22 14 8
10 240-260 180-190 120-250 100-110 70 40
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(d < 30 nm) [82]. Petrunin et al. [83] also observed
that the agreement between d values determined by
TEM, S and neutron diffraction methods is good, for
ZrN UFP with d ~ 20 nm [83]. However, for other
sizes, the coincidence was poor. For ZrO, UFPs
(d = 8-20 nm), the values of d determined from TEM
and neutron diffraction studies was found to be totally
satisfactory [84]. Almost without exception, therefore,
several different methods should be used to enable
comparison to be made.

Some results of the study of UFP morphology have
been published [12, 15, 16, 38, 85-88]. The results of a
study of Al,O; and SiC UFP using high-resolution
electron microscopy have been reviewed by Uyeda
[12]. Polyhedral forms of UFPs were observed in
studies of TaC, TiC, NbC and TaN UFPs obtained in
d.c. plasma from chlorides and methane (or nitrogen)
gases [85]. Some truly spherical particles, especially in
the case of NbC and TaC, have also been observed.
The regular grain-shaped form of particles has been
found experimentally in TiN (Fig. 4), ZrN and VN
UFPs obtained by plasma methods [86], whereas
Aivazov et al. [87] have also observed the cubic-

0.2 um

Figure 4 Electron micrograph of TiN.

TABLE IV Structural parameters of TIN UFP [90]

grained forms for y—Al,0O; and TiC, 45 and the hexa-
hedral form for TiB,. However, clear crystal habits are
hardly observable in all the nitride particles which
have been produced by evaporating source metals in
low pressure nitrogen or ammonia gases [ 15, 16]. The
spherical morphology is considered to be more fre-
quent for niobium nitride obtained by plasma syn-
thesis [86]. Changes of ammonia concentration in the
plasma influences the production of spherical or poly-
gonal AIN UFPs [38]. Amorphous UFPs, of course,
have no granular forms. The shape of ball-milled UFP
is irregular, and electrochemically synthesized WC
UFPs exhibit different morphological forms [597. It is
worth noting that during UFP preparation, oxidation
may influence the particle shape.

It has been pointed out [75] that a study of the
particle-size distribution curves may elucidate the
UFP condensation mechanism. When there is a log-
normal (Gaussian) distribution of particles, the most
likely growth mechanism is a coagulation stage with
participation of a liquid state. When deviation from
the theoretical log-normal distribution occurs, growth
through the vapour—crystal mechanism may predom-
inate : the former example has been proved for spher-
ical tungsten UFPs and the latter has been observed
for polyhedral TiN UFP [75, 88]. However, both a
log-normal distribution and regular polyhedron forms
of some UFPs (TiC, TaC, NbC and TaN) have been
observed by Neuerschwander [85].

Particular attention has been paid to the study of
UFP structure by XRD and neutronography. Unfor-
tunately, a detailed discussion of this problem cannot
be made here because of space. Nevertheless, it is
necessary to point out, four interesting features of
UFP structure:

1. the availability of amorphous structures (e.g.
Si;N,, ALL,O5, SiC [13, 42, 49, 64];

2. the presence of anomalous structures (e.g. Al,O5,
Zr0, [75, 84]);

3. the influence of d on the lattice parameter [83, 89,
907]; and

4. the absence of dislocations in small particles [75,
82].

These features are connected with the characteristic
small sizes of UFPs and their preparation conditions
(short chemical reaction times, high cooling rate
values, influence of admixtures, etc.). Table IV shows
the variation of structural parameters of TiN UFP. It
is obvious that with decreasing d, the lattice para-
meter also decreases and the root mean square shift of
atoms increases. This may be associated with the
influence of a capillary compression and the presence

Phase S(m2g™1) dg (nm) Lattice parameter (nm) Root mean square atom shift (nmy)
TiNg.96+0.02 39 27 0.42402 £ 0.00008 0.0098 + 0.0007
TiN, 1 0.05 50.3 22 042381 £ 0.00008 0.0100 £ 0.0020
TiNg.o5+0.03 53.2 21 0.42384 4 0.00009 0.0080 + 0.0020
TiNg g+ £0.08 76.4 14 042371 + 0.00010 0.0100 + 0.0010
TiNg o5 +0.04 83.5 13 042367 + 0.00011 0.0101 + 0.0005
TiNg 96 +0.04 954 11 042354 £+ 0.000 14 0.0131 £ 0.0002
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TABLE V Some characteristics of Si;N, powder [91]

Synthesis method S(m?g™Y dg (nm) Particle shape  Crystallinity Content {wt %)

(%)

Oxygen Carbon Metallic impurities

Plasma-derived 6.5 260 Equiaxed 30 2.1 0.11 0.0106
SiH,/NH,
CO, laser 120 17 Spherical 0 0.1-6 0.07 < 0.02
derived SiH,/NH;
Flat flame
reactor SiH,/NH;/
N,H, 90-150 10-50 Equiaxed 0 ~3 < 0.01

of heterogeneous deformations in small particles. The
same situation has been described for ZrN UFPs [83].
However, TEM study of TiN UFP has not revealed
the presence of dislocations [82].

2.4.2. Impurities and gas content

In most cases the admixture content in UFP is not
very low compared with ordinary powders and espe-
cially with single crystals. This is connected with
synthesis conditions and high values of S. However, as
suggested earlier, the possibility of obtaining very pure
B-SiC UFP has been reported [41]. It is very likely
that only the conditions of the special gas-condensa-
tion technique (see Fig. 1) are able to prevent oxygen
contamination. This method, though, is not universal-
ly applicable to all HMC UFPs, and it is necessary to
analyse different powders. The various chemical con-
tents are illustrated using Si;N, UFPs as an example
in TableV.

Si;N, powder purity plays an important role in
HIP behaviour and high-temperature strength, and
thus the serious attention must be focused on handling
and gas evaluation. Essentially all types of UFPs are
characterized by a high content of adsorbed and
chemisorbed gases [92], the main components being
CO, CO,, H,, N,, and H,0, as has been demon-
strated for SiyN, and TiN UFPs during vacuum
heating [93, 94]. The total volume, V, of escaped gases
for different TiN powders is shown in Table VI. It
follows that the gas content increases with increasing
S. Detailed investigations of chemical and other prop-
erties of nitride UFPs were made by Troitskiy and co-
workers [86, 95], who revealed that oxygen in these
powders can be present both in the nitride solution
and in the oxynitride films, and in the adsorbed gases
state. Interesting information on the segregation of
carbon, oxygen, and other elements, on the UFP
surface, has been provided by XPS and AES methods
(e.g. [96-98]).

TABLE VI Volume of escaped gas

S(m?g™Y)
0.15 16 62
ds (nm) 8x 10° 70 18

Viem3g™!) 1 7 33
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2.5. Concluding remarks

The foregoing discussion does not exhaust the prob-
lems of UFP preparation and properties, only some
aspects being discussed. Small particles (d < 10 nm)
also have an independent importance and are worthy
of separate consideration (see, for instance, [75, 997).
However, it is profitable to consider in brief the UFP
preparation methods as a whole. Essentially many of
them are used only on a laboratory or, at best, a pilot
scale. The comparison of different UFP preparation
methods is not easy because of limited information:
the problem is only in the early stage of investigation
[91]. In this connection, Schoenung’s results are of
interest in an analysis of the economics of SizN,
production [100]. A large disparity between the cost
of nitrided/milled powder (d ~ 170 nm) and the cost of
laser-synthesized powder (d ~ 17 nm) has been re-
vealed: about 30 and 115$kg™!, respectively (the
latter is connected with the high cost of silane). At that
time, however, the chemical impurities differed by a
factor of two (~4wt% for first powder and
~ 2 wt % for second).

The true value of any powder and any preparation
method is defined by results of very careful processing,
its economy and ecology, and the properties of not
only the powders but also materials based on them.
To date, in most cases, such plausible information is
not available. Nevertheless, it is believed that the yield
of the chemical methods may be higher than that of
the physical ones. At the same time, as suggested
earlier, there is no universal method for producing
UFPs. From time to time the different methods not
only compete with each other, but also may be com-
plementary. The availability of different preparation
methods is one of the advantages of powder techno-
logy. However, the need still exists to develop eco-
nomical methods to produce large quantities of UFP
with predetermined properties. In this connection,
low-temperature methods (e.g. wet-chemical synthesis,
etc.) seem to be promising.

3. Consolidation

All consolidation methods which can be cited as
typical representatives for powder technology may be
used in UFP processing. However, compaction, hot
pressing, sintering, etc., as applied to UFPs, share
some features which are connected with their activity

-and with the high levels of interparticle friction [92].



3.1. Compaction, and hot-pressing

Fig. 5 shows the dependence of green density on com-
paction pressure of Si;N, compacts [101, 102]. These
experiments were carried out in both conventional
dies and using high-pressure devices, and cold iso-
static pressing (CIP). It is obvious that the compress-
ibility of powders decreases to a marked extent with
decreasing powder size. The difference in compressi-
bilities of different powders does not change, even at
very high pressure (up to 9 GPa). Attempts to obtain

Relative density

0.96} 10.3
. N . L 0.2
(4] 2 4 6 8 10

Pressure (GPa)

Figure 5 The effect of compaction pressure on the density of differ-
ent Si;N, powders (d = 0.017-1 pm). (1-4) CIP, (1'-4") common die,
(17-4") high-pressure device.

0.9 T

°
3

o
3

Relative density

03 L 1 L 1 1 N 2
0 2 4 6
Pressure (GPa}

Figure 6 The dependence of relative density on compacting pre-
ssure for TIN I { +, x, (1, A)and TiN II (%, <) at conventional
compaction (CC), at high pressure compaction (HP), and at magneto-
impulsive compaction (MI). (%, +) 10mmxSmm, CC. (x)
15 mm x 15 mm % 15 mm, CC. (<, [J) 8 mm x S mm, HP. (A) 7 mm
x 15 mm, ML

compact samples of Si;N, were unsuccessful, espe-
cially in the case of UFPs. The same situation occurs
for TiN (Fig. 6) [103] and other UFPs (BN [104], SiC
[41, 105]). Tt is interesting that in the case of TiN
UFPs, the compressibility increases with increase in
apparent density (for UFPI and UFPIIL, 0.27 and
0.37 gcm ~ 3, respectively) and results for magneto-
impulsive and high-pressure compactions at
P ~ 3 GPa are very similar, but at P ~ 1 GPa, impul-
sive pressure is worse.

The poor compressibility of HMC UFPs is connec-
ted with both poor plasticity of HMC and significant
interparticle friction, as mentioned above. The use of
powder granulation and CIP are effective in increas-
ing the density of green powder compacts, in absolute
magnitude up to 10%. However, as indicated above,
even vacuum compaction of thin compacts ( ~ 1 mm
thick) at high pressures does not result in compact
samples from metal and non-metal UFPs [1, 77]).

The results of compact investigations are of interest.
Some characteristics of nc TiO, samples are listed in
Table VII [106]. It is evident that the relative density
of compacted UFPs depends strongly on the com-
paction temperature, but the grain size does not. It is
possible that the observed results may be connected
with particle grinding, as pointed out in the case of BN
and TiN UFP compaction [82, 104]. It is also inter-
esting to note that Samples A and B are assumed to
have only open porosity, which is why results derived
from BET and gravimetry measurements coincide
very closely. Sample D is known, from BET measure-
ments, to have only closed porosity. Accordingly,
Sample C is characterized by both open and closed
porosity. These results are expected to be very helpful
in analysis of porosity behaviour during sintering and
hot pressing.

Thus, UFP compaction at room temperature is
unlikely to produce dense samples, and hot-pressing
of UFPs, is therefore more preferable (see Table VII).
For TiN UFPs (S = 18 m?g™ 1), a relative density of
about 0.98-099 was reached on hot pressing
(T = 1400°C, P ~ 0.5 GPa) [107]. For comparison,
the same densification during hot-pressing of TiN
coarse powders has been observed only at ~ 2100°C
[108]. However, the hot-pressing conditions [107]} did
not conserve the nc structure; the grain size was
several micrometres or more. The application of high
pressures can decrease the hot-pressing temperatures
and in doing so prevent, to some extent, recrystalliz-
ation. Fig. 7 shows the temperature dependence of
different Si; N, UFP densification at P = 1.5-8.5 GPa
[109-1117. It is obvious from these results that in-
creasing the compacting pressure results in a signific-

TABLE VII Preparation conditions and properties of nc TiO, samples (compaction pressure ~ 1 GPa) [106]

Specimen Temp. (°C) Time (h) Relative Grain Thickness BET
density size (nm) (mm) density

A RT 1.25 0.62 14.8 0.561 0.62

B 290 18 0.75 11.5 0.268 0.75

C 413 5.5 0.80 10.5 0.218 0.76

D 550 7 0.92 12.5 0.240 Dense
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ant decrease of the densification temperature (from
T~ 1900°C at P=15GPa to T~ 1100°C at P
= 3.5 GPa). It is also interesting that the difference
between common powder and UFP densification at
1200°C almost disappears, unlike the situation at
room-temperature compaction (see Fig. 5). The grain
size¢ of Si3N, UFP compacted at 1200°C (P
= 8.5 GPa) was 0.5-1 pm (the initial particle size was
~ 0.05 pm).

Andrievski et al. have shown [112] that Si;N, UFP
densification at high pressures and high temperatures
can be described approximately by HIP equations
[113]. The HIP diagrams for Si;N, and SiC have
recently been described by Sleur et al. [114], and
experimentally, it has been demonstrated that B-SiC
UFPs (d ~ 20 nm) can be HIPed to a relative density
0.92 at T~ 1700°C (P = 390 MPa, t =3 h) [115].
SEM and XRD investigations have revealed grain
sizes of about 100 nm. For another B-SiC UFP (4
= 5-20 nm), hot-pressing at this temperature and P
= 40 MPa resulted in a relative density of only ~ 0.6
[41]. Increasing the temperature to 2300°C did not
give full densification (the relative density was about
0.85 and the grain size was about 1 pm).

Rapid hot-pressing of UFPs (d = 4060 nm) of par-
tially stabilized zirconia with 3 mol% Y,0; (Y3-PSZ)
has been investigated at 1100-1300°C (P = 1.6 GPa, !¢
= 10s) [116). Table V111 shows these results. It is
evident that this processing did not result in full
densification. Rapid grain growth is also a character-
istic feature of these samples.

TABLE VIII Relative density (RD) and grain sizes {GS) of pro-
cessed samples of Y3-PSZ UFPs [116]

Temperature Pressure RD GS
O (GPa) (nm)
1100 0 0.72 ~ 120
1200 0 0.83 ~ 150
1300 0 0.94 ~ 170
1100 1.6 0.87 ~ 130
1200 1.6 0.93 ~ 170
1300 1.6 0.97 ~ 250
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To cur knowledge, only in the case of TiQ, is there
information available on obtaining dense samples
(RD > 0.99) with a grain size of about 40 nm (initial
grain size was 14 nm) [117]. These samples, with an
outer diameter of ~ 3.2 mm and a length up to 5 mm,
were obtained by hot-pressing at 480°C (P
= 0.7 GPa, RD ~ 0.9) with a final densification step,
which consisted of applying a unaxial compressed
load of 30 MPa. In anoither investigation [118] the
TiO, dense sample (RD = 0.97) with a grain size of
about 60 nm, was obtained by hot-forming at 650 °C.
(P=57TMPa, t=1800s, and P=93MPa, ¢
= 1560 s); the initial relative density of this sample
(3 mm diameter, 4-5 mm high) was 0.7. This pro-
cessing is termed sinter-forging [118], although the
times required for deformation were not very small.
Near dense nc TiAl samples (RD > 095 GS
= 15-21 nm) were obtained by hot-pressing at 250 °C
(P = 680 MPa) with subsequent sintering at 500°C
[119].

3.2. Sintering

While it is evident from the foregoing that sintering
cannot essentially be used to prepare dense nc HMC
because of significant recrystallization, a description
of this process, nevertheless, seems to be very import-
ant to our discussion. It should be borne in mind that
filter and catalyst preparation is obtained by UFP
sintering. This scientific problem is well known, and it
is no surprise that the study of UFP sintering began
about 20 years ago or more {see, for example, [ 120,
1217). These investigations have stimulated the inter-
est of catalysis specialists and interest in sintering
theory development. German [122] has analysed the
AS/S reduction kinetics for UFP sintering using
Frenkel-Kuczynski’s approach. Surface diffusion-
controlled sintering has been observed in the initial
stage of sintering of many submicrometre sized oxide
powders (Al,O;, TiO,, etc.). The change of § for
nitride UFPs on sintering has been analysed by Troit-
skiy et al. [123].

It is common knowledge that the sintering temper-
ature of UFPs is substantially below that for common
powders. This difference, which is due to more signific-
ant values of capillary forces and more favourable
particle structure, may be up to several hundred de-
grees. As stated above, this difference also occurs
during hot-pressing, and this is one of the advantages
of UFP applications.

The results of investigations of some UFP den-
sification during sintering are shown in Figs 8-11
[27, 124, 125]. Typical densification S-curves are char-
acteristic features of TiN, TiO, and ZrQ, UFP den-
sification, as observed in Figs 8-10. Some additional
information on sintering of ZrO, UFPs, is shown in
Table IX [126]. The significant rate of recrystalliz-
ation and densification seen in these results is charac-
teristic of ZrO, UFPs. This has also been reported by
other investigators [116, 125]. However, Si;N, pow-
ders, even UFPs, are very difficult to densify without
sintering aids (Fig. 11) [124], which is connected with
the covalent origin of Si;N, and its poor diffusional



and dislocation mobilities. For covalent solids (boron,
silicon, Si3N,, SiC, etc.) the estimated active den-

sification temperature during sintering is about

0.85T,, or higher, as is shown in Fig. 12 [127].

TABLE IX Influence of sintering conditions on grain size and

density of ZrO, UFPs [126]

Sintering conditions Grain size Density
(nm) (gem™?)

RT 5 2442
700°C/15h 25 3.197
700°C/15h + 900°C/21 h 80 4.184
700°C/15h + 900°C/21 h 155 5.340

+ 1100°C/18 h

(RD = 0.93)
1pmat
1000°C
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This graphical display of the densification data [92] is
supplemented by TiO,, TiN, ZrO,, and Al,O; UFP
results [27, 125, 128]. Thus, for metal-similar HMCs
(TiN type) and ionic oxides (ZrO, type), the applica-

o
5

5.0

Density (g cm ™)

4.5

1.0
0.5

0.1

Grain size (um)

T

11000

Hy

1800
600

Hardness

400

10.00 11A00 1200 1300 1400 1500

Temperature (°C)
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tion of UFPs is accompanied by decreasing sintering
temperatures, and in the case of covalent solids (Si; N,
and most probably BN, B,C, SiC, etc.) the UFPs
application does not seem so effective.

An interesting possibility of rapid liquid-state
sintering to obtain nc hard alloys has been described
[53]. A dense structure in WC-10 wt % Co derived
from UFP can be achieved in 30 s at 1400 °C, which
gives a WC grain size of about 200 nm. It should be
noted that an additional 30 s sintering time leads to a
ten-fold increase in grain size (up to 2 pum).

Ragulia [129] called attention to the possibility of
rate-controlled sintering (RCS). Dense nc nickel (RD
= (0.98, GS = 70-80 nm) was obtained using RCS;
RCS is likely to be used to obtain nc HMC.

One interesting example of superactivated sintering
of nc TiO, has been demonstrated by Kumar et al.
[130]. Dense nc titania (RD > 0.99, average grain size

< 60 nm) can be prepared by sintering titanium oxide

sol-gel (primary particle size ~ 6nm) near the
anatase—rutile phase transformation temperature (ab-
out 600 °C). The increased diffusional mobility during
phase transformation is suggested to emhance the
sintering rates at lower temperatures.

As far as we know, the application of this method of
preparing nc materials by crystallization from
amorphous state has never been investigated for nc
HMC.

3.3. High-energy methods

Other possible methods of powder compaction can
also be applied to UFP consolidation. From the
above it is clear that high-energy methods are of
interest. However, information on this is not great and
is essentially exhausted by some observations on
shock compaction, hot-forging, and electro-discharge
compaction. Generally, UFP consolidation methods
are similar to those for amorphous materials [73,
131]. The problems of retaining the amorphous state
or nc structure are in many ways similar during
consolidation.

Kondo and co-workers [132-134] studied the

shock-compression features of some ceramic powders
(SiC, Al,0,, MgO, Si;N,, BN, diamond, etc.). Under
the shock-compaction conditions, the powder particle
surface can melt, fuse, and solidify. Shock duration is
supposed to be < 1 ps and hence the powders can be
consolidated without significant grain growth. Thus
good nc SiC compacts with RD = 0.97 were obtained
under optimum impact conditions (velocity
= 2.5kms ™! for initial RD 0.7) [132]. This result is
related to the powder having an average particle size
of 280 nm. XRD line-broadening analysis has indi-
cated a microstrain increase and a grain size decrease.
Some problems still remain in applying the shock-
compaction method, namely macrocracks and the
general yield.

Kovtun et al. [135, 136] have described successful
experiments on sintering sphalerite and wurtzite
modifications of BN in shock waves. Nanocrystaliine
structure, high values of relative density and hardness
(porosity 3~5%, Hy = 43-80 GPa) in polycrystals of
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16-18 nm diameter and 4 mm long, have been ob-
tained in many experiments.

MgO UFP (d ~ 10 nm) was hot-forged at 15 GPa
in a molybdenum die at 1300 °C after preheating for
10 min [137]. The maximum relative density value
( ~ 0.99) was obtained at 30% deformation ratio. In
doing this, the grain size was 100-150 nm. This value
is a result not only of recrystallization but also the
mechanical fracture which took place.

A high-voltage high-density electric current pulse
was applied whilst compacting TiN UFPs
(S ~ 90 m? g~ 1) [138]. However, only samples with a
relative density about 0.87 were obtained. Such pro-
cessing was also used for obtaining NbAl; samples
from mechanical alloyed UFPs [148]. XRD analysis
has revealed grain sizes in the range 22-100 nm. In-
formation on relative density values is absent.

4. Properties
4.1. Structure and recrystallization
The main feature of nc materials is the large fraction of
their atoms that are accommodated in grain bound-
aries, which results from their nc structure. It is easy to
estimate the fraction of atoms associated with grain
boundaries as a function of grain size, as shown in
Fig. 13 [3]. These estimations were fulfilled for two
possible values of grain boundary thickness: 0.5 and
1.0 nm. It is evident that for a 100 nm grain size, this
fracture falls to about 1%—3%. In this connection it is
clearly of interest to study this aspect. Some results
have been obtained by Gleiter, Siegel and their cowor-
kers using samples prepared by the gas-condensation
method [1-3, 14]. The structure was investigated by
TEM, including high-resolution electron microscopy,
SEM, XRD, small-angle neutron scattering (SANS),
and Maéssbauer, Raman, and positron annihilation
spectroscopy (PAS).

For nc TiO, [3, 139] the following conclusions have
been drawn:

1. Evidence derived from Raman scattering results,

100 e

e S
[ ]
g ao\ ]
g [\ ]
geoL \ _
[e]
< \
ot 40.— .
e \ ]
e | \ i
z 2or AN ]
I ~ ]
0 . T | ﬁ\L\Aﬁ-‘
1 10 100
d(nm)

Figure 13 Percentage of atoms in the grain boundaries of an nc
material as a function of grain diameter, assuming the average grain
boundary thickness ranges from 0.5-1.0 nm ( ~ 2—-4 atomic planes
wide) [3]. (— — —) 0.5 nm, ) 1.0 nm.
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Figure 14 Grain-size distribution for an nc TiO, (rutile) sample
compacted to 1.4 GPa at room temperature, as determined by TEM
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indicates there are no “gas-like” random structural
components at the grain boundaries.

2. The grain size distribution for the as-compacted
sample is rather narrow and similar to the typical log-
normal particle size produced by the gas-condensa-
tion method (Fig. 14).

3. SANS and PAS results have revealed the avail-
ability and educational development of microvoids
during sintering.

As a whole, recent investigations of nc materials
indicate that the structure of their grain boundaries is
quite similar to that in coarser-grained, conventional
materials [139].

The nc HMC grain boundary properties are in the
process of investigation. The evolution of nc particle
contact interfaces to grain boundaries, as applied to
plastic objects, has been analysed by Gryaznov et al.
[140]. Morochov et al. [75] drew attention to the
possibility of lower free energy of nc particles with the
formation of phase inhomogeneity in the bulk and on
the surface. The surface layers may be enriched with
high-temperature modifications that have a higher
symmetry and lower density. Some information on

TABLE X Hardness of some nc HMC

internal friction of nc ZrO, (T = — 200 to + 20°C)
has been reported by Xie et al. [126]. Thermodynamic
measurements of grain-boundary energy have re-
vealed for SiC and TiO, a value of 1-3 Jm™2[141].
However, from the results on TiO, UFP sintering
[130], it follows that the surface energy value was
1.1 I m~2 The primary data on grain-boundary self-
diffusion in nc TiQ, have been obtained by Hofler
et al. [142].
Figs 8-10 and Table VIII have shown the grain size
growth during sintering for TiO,, ZrO,, and TiN
UFPs [27,125]. It is obvious that substantial grain
growth takes place after the relative density exceeds
~ 0.9. At 6%—8% porosity, all pores become closed
(see earlier Table VII). These are almost common rules
for all porous materials [92]. However, the optimum
pore size is supposed to need refinement for effective
prevention of recrystallization. Yttrium impurities in
nc TiO, have been shown [125] to be effective in
stopping grain growth. Results for the isothermal
annealing of nc TiO, without additions (RD ~ 0.9)
were shown to fit a growth law of the form

L?* — LY =at"exp(— Q/RT) 2

where L is GS, L, = 14nm, n = 1.1-1.15, o = 7.29
x 10" nm3s™!, Q = 278 kImol~!. The power 3 in
Equation 2 is typical for porous body recrystalliz-
ation.

The peculiarities of nc BN recrystallization and
plastic deformation during high-pressure and high-
temperature treatment have been analysed in detail by
Pilyankevich and Oleinik [143]. It should be noted
that dynamic recrystallisation may be of interest as a
method for nc material preparation.

4.2. Mechanical properties

Hardness is one of the most extensively studied prop-
erties of nc HMC. Table X gives the results. It should
be noted that results for shock-compaction samples
are characterized by a high level of scattering
[132-134,136] (in Table X only the best results are
cited). However, even against this background, the
results for samples derived from other methods seem
very poor. For SiC, TiO,, ZrO,, TiN, MgO and
Al,O,, the hardness values in Table X are at best quite
similar to those for coarser-grained, conventional ma-
terials based on HMCs or their single crystals [6]. It is
worth pointing out that in the case of nc metals
(copper, palladium, nickel, silver) the hardness in-

HMC RD GS Hy Preparation method
(nm) (GPa)

SiC [132] 0.97 60-100 26.4 Shock-compaction
WC-Co [53] ~ 1.0 200 19.5 Short liquid-state sintering and HIP
TiO, [125] 0.94 14 10.5 Compaction after gas-condensation method
Zr0, [116] 0.97 250 14 Rapid hot-pressing
MgO [137] 0.99 100-150 8-10 Hot forging
AL O, [133] 0.94 70 14 Shock compaction
TiN [27] ~ 0.99 200 10 Sintering
BN [136] 0.96 25 43-80 Shock compaction
C [134] 0.91 63-68 Shock compaction

0.94 56-65
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crease on average, four to six times, as a result of grain
size decrease [144-146]. Finally, a study of HMC film
hardness results also evinces the possibility of increas-
ing the nc HMC hardness [8, 145]. Fig. 15 shows the
influence of the number of layers on the hardness of
TiN-ZrN, TiN-NbN, and TiN-CrN PVD films
which had similar total thicknesses (near 2 pm) [147]:
the significant Hy increase is evident. There are at
least three physical reasoris for such an increase: inter-
face boundaries stop crack propagation, the grain size
has a low value in monolayers (equal to, near to or
smaller than the layer thickness), and possibly a more
favourable situation exists with residual strains in
multilayer films. The porosity and internal stresses
influence the not so small values of grain size and
possibly other factors may be the reasons for the not
so high hardness values of some nc HMC in Table X.

Fig. 16 shows the hardness of two samples of nc
TiO, with different relative density values as a func-
tion of grain size [125]. The Hall-Petch-like behavi-
our and the influence of porosity level are evident. The
dependence of hardness on WC grain size in WC-10
wt % Co hard alloys which were prepared from chem-
ically processed powders with Sanvik’s fine and nano-
fine grades, is shown in Fig. 17 [53].
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Figure 16 Hardness of nc TiO, as function of grain size [125].
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Figure 17 Dependence of hardness
WC-10 vol % Co hard alloys [53].

on WC grain size in

The nature of the influence of grain size on the
hardness of nc materials is the subject of wide specula-
tion. It is known that both a Hall-Petch-like and an
inverse Hall-Petch-like behaviour exist as does a
mixture of the two (see, for instance, [119,
144146, 148]). The conventional relationship of the
influence of grain size on metal and alloy hardness is
described by the well-known Hall-Petch equation

H = HO + kL_l/Z (3)

where H, and k are constants. An example of the
inverse Hall-Petch-like behaviour for nc TiAl is
shown in Fig. 18 [119]. A non-monotonic dependence
has been pointed out for nc NbAl, [148]. In this case,
the maximum hardness value was observed for sam-
ples with L ~ 60 nm. This value for nanocrystalline
copper and palladium has been observed at an inter-
val lower than 10 nm. [149]. From common know-
ledge it is clear that with decreasing grain size the role
of grain-boundary sliding can be increased. Thus the
availability of the non-monotonic dependence H
= f(L) seems very likely. The role of dislocations and
admixtures is also very important. It is interesting that
intergranular fracture is typical for nc TiO, sintered at
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Figure 18 Grain-size effect on the hardness of nc TiAl [119].



temperatures below 1000°C and only at about
1100° C is completely transgranular fracture observed
[150]. However, in summary, the real physical reasons
for the behaviour of both plastic nanocrystalline me-
tals, nanocrystalline brittle intermetallics, and nano-
crystalline HMC, i.e. changing hardness with grain
size, are, at present, unclear.

Another very important mechanical feature of nc
HMC is creep, including superplasticity. This pro-
perty is the distinctive antipody of hardness. Karch
et al. [151] reported that porous nc TiO, is allowed to
deform plastically during indentation testing at low
temperature. A detailed investigation of low-temper-
ature creep of nc TiO, (RD = 0.99, L = 40 nm) has
been carried out by Hahn and Averback [117]. At
600--800° C for compression stresses up to 50 MPa,
the authors concluded that diffusional creep is the
dominant mode of deformation in nc TiO, because of
the low dislocation density. However, unlike both
Nabarro—Herring and Coble creep which depend line-
arly on stress, i.e. the stress exponent of the strain rate
n = 1, their results indicate that n = 3. The grain-size
dependence was also found to be unusual, L* 713 It
was supposed that the creep mechanism was interface-
reaction controlled, so the relation for creep rate, &€,
takes the form

¢ = Ac3L U~1Sexp(— Q/RT) 4)

where A4 is a constant and @ is the activation energy.

Grain-boundary sliding is suggested as the principal
mechanism for sinter-forging of nc TiO, [11§].

It is common knowledge that brittle HMC, espe-
cially such covalent solids as Si;N,, SiC, etc., are
difficult to deform. It is very attractive to induce their
deformation under nanocrystalline conditions. Wakai
et al. [152] revealed the superplasticity in the
Si;N,—SiC system with oxide additions for liquid-
phase formation. In these samples the grain size was
200-500 nm and uniform superplastic deformation at
1600° C was > 150% (o = 50 MPa). In our experi-
ments, superplasticity was observed in the systems of
Si;N,-TiB, (Fig. 19) [145, 153]. For compositions
with 25 vol % S;N,, the maximum creep rate (the
whole deformation was about 30%) was fixed. This
anomaly was displayed only when the Si;N, UFPs
were used and their grain size in hot-pressed samples
was near 500 nm (the TiB, grain size was about 2 pm).
Superplastic deformation of nanocrystalline STAIONs
at 1550-1600° C has been reported [154]. The grain
size in these experiments was about 100--200 nm.

The reported results [117, 118, 152—154] seem to be
only the first step in the exploration of the very
important problem of HMC superplastic forming. The
main difficulties of obtaining nc structure and its
conservation during processing still remain to be re-
solved.

Information on other nc HMC mechanical proper-
ties is very poor and sparse. Some data on the elastic
properties of porous nc TiO, and nc ZrO, have been
reported [126,155]. The fracture toughness, K,
value of nc MgO (see Table X) was about 1-1.5
MPa m'/? [137]. Kodama and Miyoshi reported the
non-monotonic grain-size dependence of K¢ in an
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Figure 20 Fracture toughness and bending strength of Si;N,/SiC
nanocomposite as a function of nc SiC vol % [159].

SiC sample of 0.2—-1.4 pm [156]. K¢ showed a max-
imum (~ 5.1 MPam?'/?) at the average grain size
~ 0.7um (for all samples the relative density was
about 1.0). Hardness measurements of porous and
polycrystalline nc TiO, in the temperature range
25-1200° C indicated that nc TiO, was more ductile
[157]. However, K- measurement has not revealed
any influence of grain size (L = 14-500 nm, RD ~ 0.9)
for this compound (K ~ 1.5 MPam?"?) [158].
Niihara et al. [159, 160] reported some properties
of hot-pressed nanocomposite materials composed of
an Siz;N, matrix and nanometer-sized SiC particles.
The effect of SiC volume content on bending strength
and K¢ is shown in Fig. 20. It is evident that mechan-
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ical properties are improved by introducing

~10vol% SiC. This nanocomposite including
32 vol % SiC was characterized by improved strength
above 1200° C [160].

4.3. Physical and other properties

These investigations are in the earliest stage. Some
electrical and thermo-physical properties of
Ni-ZrO,, TiN-AIN and Si;N,—SiC nanocomposites
have been investigated [161-164]. The critical point
in the Ni-ZrQ, system is 25-30vol % Ni
[161, 162], and that in the Si;N,—SiC system is about
17 vol % SiC [159]. The latter value agrees with the
percolation theory. The existence of special interphase
grain boundaries with a minimal phonon scattering
has been revealed in the TiN—-AIN system [164].

The increase of critical magnetic field, H_,, with
decreasing particle size of nitrides (NbN, VN, TiN,
NbBNC) has been observed by Domashnev [165] and
Troitskiy et al. [166]. The decrease of particle size
from ~ 75nm to ~ 15nm results in an H, increase
of about twice.

We conclude by examining one important
physico—chemical aspect of the development of nc
materials. This is the influence of particle size on phase
equilibria. The problem was examined by Morochov
et al. [75] with the Al-Si and ZrC-C systems as
examples. It is shown that the decline in the eutectic
temperature, AT, resulting from the influence of the
particle size of one component is estimable in the
regular-solution approximation from the following
relations [167]

AT, = AFy/Rlnx, )

AT, = AF3/Rinx, — As, ©)
AT, = AFyRIn(l — x,)

x(1 —x)~ ! —As, (7

where AF; is the contribution made by the excess
surface energy, which is written in per mole terms as
AF; = 3V;o,/r; (V; is the molar volume, o; is the
specific surface energy, and r; is the particle radius), x,
and x, are the concentrations corresponding to max-
imum solubility and eutectic, AS; is the entropy of
fusion, and R is the gas constant.

The eutectic TiC-TiB, and TiN-TiB, systems were
utilized to consider the influence of particle size on
AT,, as shown in Table XI [167]. Estimates of AT,
from Equations 5-7 were virtually identical and indi-
cated that a significant decline of 7, should be ex-
pected for r < 10-20 nm. Such estimations for the

TABLE XI The influence of the particle size of one component in
the TiC (TiN)-TiB, systems on change in eutectic temperature (7,
= 2790 K, TiCy os—TiB,; T, = 2870 K, TiN, o,—TiB, [6])

Particle radius — AT, (K)
(nm) TiC(TiN)-TiB,  TiB,-TiC(TiN)
100 ~ 45 ~ 35
50 ~ 90 ~ 70
10 ~ 450 ~ 350
5 ~ 900 ~ 700
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nanocrystalline TiN-AIN system were made by
Andrievski and Anisimova [168].

Although these results can present only an approx-
imate estimate, the possibility of decreasing T, in
nanocrystalline materials must be taken into account
in further research and development of these mater-
ials, as applied especially to two-phase systems. It is
also evident that experimental study of phase equilib-
rium in nanocrystalline systems is necessary.

5. Applications and conclusion

It is seen that information on consolidation and prop-
erties of nc HMC is not very comprehensive nor
exhaustive. The data on UFPs are more impressive.
Therefore, possible applications can only be put for-
ward in very common terms. Catalysis, filters, tool
materials and ductile ceramics are the main fields of nc
HMC application. It is possible to add UFP applica-
tion as additions to conventional materials. Perhaps
detailed investigations of nc HMC electrical and mag-
netic properties will reveal possible new applications.
As applied to our review, of special interest is the
application of nc HCP as tool and structured mater-
ials. In this connection, the results (see Fig. 17) [53]
show considerable promise. A high value of K¢
(15-18 MPam/2) has been reported for nc superhard
materials based on wurtzite-like BN (materials of the
Hexanite type) [169, 170]. Feldmuehle Inc. (The
Netherlands) has also developed a superhard material
based on wurtzite-like BN produced by explosive
synthesis, with a grain size of 20nm (K¢
= 13-22 MPam'/?) [171].

Ductile nc intermetallic compounds and ceramics
are considered to be quite feasible [2, 172]. Nano-
phase Technologies Corporation (USA) and Katerpil-
lar Inc. (USA) are reported to receive a US 1 million §
award by the Federal Advanced Technology Program
to support production and use of nc ceramic powders
(particle size of the order of 10 nm) for diesel engines
[173].

It is clear, therefore, that many nc HMC could be
candidates for new superhard material development,
on the one hand, and new ductile materials, on the
other. However, the realization of this statement is in
its infancy.

1t is possible to agree with Gleiter’s statements that
economical methods to produce a sufficient quantity
of nc materials and the thermal stability of their
structure are the basic problems [2]. To sum up,
further research into powder preparation and consol-
idation is required. In addition, detailéd investigation
of structure, and physical, chemical, and mechanical
properties, including the developmental theory of nc
HMC, will help to eliminate the lack of sufficient data
and of an understanding of the nature of these phases,
thus resulting in an enlargement of their industrial
applications.
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