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Nanostructured titanium, zirconium and hafnium diborides:
the synthesis, properties, size effects and stability

R A Andrievski
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The review is concerned with methods of synthesis of nanopowders, nanowires and films based on titanium, zirconium and
hafnium diborides. Methods for consolidation of nanoparticles in order to prepare bulk nanostructured samples are
analyzed. Information on the physicochemical and physicomechanical properties of these systems is generalized and the role
of the size effects is analyzed. Data on the thermal stability and influence of radiation, deformation and corrosion on the
TiB,-, ZrB,- and HfB»-based nanostructures are presented. Poorly studied aspects of the title field of research are pointed

out.
The bibliography includes 130 references.
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1. Introduction

Materials based on transition metal borides are chemically
inert, refractory and exhibit high hardness and elasticity as
well as good electrophysical and nuclear properties. They
are used in aerospace industry and nuclear power engineer-
ing, friction units and material processing units, chemical
engineering, catalysis, electronics and power engineering.
The information in this field is rather extensive; representa-
tive international symposia on boron, borides and related
materials are held every three years. For instance, peer-
reviewed papers that were presented at the 17th Interna-
tional Symposium on Boron, Borides and Related Materials
held in Istanbul, Turkey, on 11-17 September 2011, are
available in a special issue of the Solid State Sciences
journal.! However, the properties of boride nanoparticles
have been poorly studied so far and relevant information is
scarce. A detailed review 2 was solely focused on data on the
synthesis of boride nanopowders, while information on
consolidated bulk nanomaterials and films, not to speak of
their stability, was left out of consideration.> Meanwhile, a
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feature of modern materials science is the increasingly wide
use of the nanostructured approach, viz., the design of
materials whose building blocks are of the order of 100 nm
and smaller in size. This makes it possible to significantly
improve the physicochemical, physicomechanical and, cor-
respondingly, operating properties of materials and to
considerably extend the field of their application.*

In this connection it seems appropriate to generalize
information on the synthesis and properties of nanostruc-
tured materials and to discuss the role of the size effects and
the influence of temperature, radiation, deformation and
corrosion on their stability taking typical high-temperature
diborides TiB,, ZrB, and HfB, as examples. It is usually
accepted that the maximum grain size in nanomaterials is
about 100 nm. For the sake of comparison, we will also
provide information for the diboride samples with grains a
few micrometres in size.

To make our comparison of the properties of nano-
structured and coarse-grained boride materials convenient,
it is useful to dwell on recent data on the phase diagrams of
B-Ti(Zr, Hf) systems and on the molecular and electronic
structures and properties of borides formed in these sys-
tems. This is similar to previous analysis of nanomaterials
based on SiC and B4C.5:¢

The phase diagrams of metal —boron systems have been
studied for more than six decades (see, e.g., Refs 7—10) and
are continuously revised. To date, it is commonly accepted
that reactions of Group IV transition metals (M) with
boron can result in at least four types of borides including
MB, M3B4, MB; and MBj,. Modern phase diagrams of the
B-Ti, B—Zr and B—Hf systems (see Fig. 1) are constructed
using experimental data and results of thermodynamic
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Table 1. Crystal chemical parameters of titanium, zirconium and hafnium borides.”-$

11-13

Boride Crystal system Space group Structural type Lattice constants /nm Density
Jgem—3
a b c
TiB cubic Fm3m NacCl 0.4245 4.2
TiB orthorhombic Pnma FeB 0.612 0.306 0.456 4.58
TizBa " Immm Ta3By 0.304 0.325 1.37 4.56
TiB> hexagonal P63/mmm AlB, 0.3030 0.3230 4.51
ZrB; " P63/mmm AlB, 0.3165 0.353 6.12
ZrBi» cubic Fm3m UBi» 0.4408 3.63
HfB» hexagonal P63/mmm AlB» 0.3139 0.3473 11.21
HfB> cubic Fm3m UBi» 0.7371 5.1

calculations. As can be seen, mono- and diborides are
present in all systems; the M3;B4 phases and the decompos-
ing higher boride MB, are not always detected, although
structural data for some of them are available (Table 1).
Unlike transition metal carbides, nitrides and hydrides,!*
transition metal borides are characterized by very narrow
homogeneity regions. For instance, the maximum deviation
from stoichiometry for TiB and TiB, is ~ 1 at.%;!5 i.e., the
content of structural vacancies influencing the properties of
the systems in question is low.

The properties of high-temperature diborides with lay-
ered structures comprised of alternating atomic planes of
metal and boron (Fig. 2) have been best studied experimen-
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Figure 2. Atomic planes of Ti and B in AlB»-type hexagonal unit
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Table 2. Key physicochemical and physicomechanical properties of
titanium, zirconium and hafnium diborides.!-13-16

Diboride Tm/°C E/GPa Hy /GPa o /pQ cm
TiB» 3225 565 24+2 9

ZrB» 3245 489 23 9.2
HfB> 3380 480 28 10.6

Note. Notations are as follows: Ty, is the melting point, E is the elastic
modulus, Hy is the Vickers hardness and p is the specific resistance.

tally. The physicomechanical properties of titanium, zirco-
nium and hafnium diborides are presented in Table 2. A
detailed analysis of more recent results taking into account
the impurity content, grain size, porosity and other factors
is available in a handbook.!7 All diborides listed in Table 2
are characterized by high melting points, elastic moduli,
Vickers hardness and low specific resistance. It should be
noted that the electrical and thermal conductivities of
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Figure 3. Total density of states and local (Ti and B) densities of
states in titanium diboride (a) and the charge density distribution
(b) in the boron (/) and titanium (2) atomic planes and between
these planes (3).18:19

diborides are comparable with and even better than those
of copper, i.e., diborides are metal-like phases that exhibit
the properties of typical brittle compounds (no plasticity),
viz., low fracture toughness [Kic = (3—6) MPa m!/?], flexu-
ral strength (op = 200—400 MPa) and high brittle —ductile
transition temperature (=2000 °C).!”

The dual character of the properties of transition metal
borides and other refractory transition metal compounds
(e.g., carbides and nitrides) is reflected in their electronic
energy spectra that were thoroughly studied both theoret-
ically and experimentally (see, e.g., Refs 14 and 17-20).
Main features of the electronic spectrum of titanium dibor-
ide (Fig. 3 a) are as follows:

— the energy bands are degenerate, strongly overlapped
and have no band gap;

— the low-energy bonding band mainly originates from
strong hybrid interactions of B2p and Ti3d;

— the high-energy antibonding band is only partially
filled and originates from Ti—B, B—B and Ti—Ti inter-
actions;

— the Fermi level (Ef) lies between the bonding and
antibonding bands and the density of states at Ef is
~59.84 eV—1L.

An analysis of the charge density maps (Fig. 3b)
revealed the most pronounced overlap for the Ti—B cova-
lent bonds. Also, an electron-donating character of metal
atoms was pointed out; i.e., chemical bonds in diborides are
characterized by some ionicity. Thus, the metal-like proper-
ties of diborides manifest themselves in the electronic energy
spectra (no band gap, low density of states at the Fermi
level), while the Ti—B covalent bonds are responsible for
brittleness and high melting points, elastic properties and
hardness.

I1. Methods of synthesis of nanopowders,
consolidated nanomaterials and nanostructured
films

II.1. Selected properties of nanopowders and nanowires
Boride nanopowders can be obtained by vapour-phase
reactions, carbothermal synthesis, decomposition of com-
pounds (e.g., borohydrides), high-energy ball milling and
mechanochemical synthesis.?!>?2 Studies on the synthesis of
boride nanopowders have been significantly extended (see,
e.g., a review 2). Recent data concerning the preparation of
titanium, zirconium and hafnium diboride nanopowders
and nanowires are collected in Table 3 where the references
are arranged chronologically to demonstrate increasing
interest in the synthesis of the nanostructures in question.

Many researchers are interested in the ZrB»- and HfB»-
based nanomaterials as basic components of ultrahigh-
temperature composites capable of operating under extreme
conditions (at very high temperatures, under high mechan-
ical stress and in corrosive media).!2->2 Studies on the
reinforcing additives are extended. In particular, light-
weight matrix composites Al—TiB,, which are promising
for aerospace and automotive industries, etc.,’3 are
obtained using titanium diboride nanoparticles prepared
by high-energy ball milling of commercially available TiB»
powders or by mechanochemical synthesis from mixtures of
elemental Ti and B powders (Ti+ 2 B).

Table 3 lists the key characteristics of different methods
of synthesis and corresponding starting components. A
number of general, thermodynamically feasible high-tem-
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Table 3. Methods of synthesis of boride nanopowders and nanowires.
Boride Nanoparticle size Method of synthesis Starting components T/)°C Ref.
and CSR size® /nm
ZrB, 20-50 (diameter), carbothermal reduction in molten salt ZrO, + H3BO; + C + NaCl + 1500—-1700 23
~ 600 (length) + catalyst (Fe/Ni/Co)
TiB> 15-60 mechanochemical synthesis TiCl; + LiBH4 + LiH — 24
3-5(see?) (high-energy ball milling)
TiB» ~270 the same TiO;, + B,O3 + Mg - 25
TiB» 100-400 metallothermic reduction using Mg TiO, + B,O3 + Mg 800 26
ZrB> 70-200 self-propagating high-temperature Zr+ B+ NaCl 300—1000 (see©) 27
synthesis using molten salts
ZrB> <100 mechanochemical synthesis Zr+B 600 28
(attritor ball milling followed by
hot pressing)
TiB» 10—20 (diameter), high-energy ball milling TiB, — 29
50-280 (length) (fabrication of bicephalous nanowires)
ZrB> 150 -660 borothermal reduction ZrO> + B + H3BO3 1000 - 1650 30
HfB» ~2.5 electron-beam deposition via 20 31
decomposition of Hf(BH4)4 on Si(100)
(fabrication of nanowires)
HfB 50 synthesis in molten salts HfCl4 + NaBH4 + LiCl + KCl 800 32
TiB» 20—-100 plasma-chemical synthesis TiO> + B>O3 + CHy4 — 33
TiB, 2045 (see®) the same Ti+B 2-3)x 103 34
TiB» 25-50 electrochemical synthesis in Ti + B,O3 + CsCl + NaCl 540570 35
molten salts
(Ti,Zr)B, 2060 (see®) mechanochemical synthesis Ti+Zr+ B; Ti+ Hf + B — 36
(Ti,HNB, 20-40 (see?) (high-energy ball milling)
HfB, 800 borothermal reduction HfO, + B 1100 37
HfB, 100—-200 carbothermal reduction HfO, + B,O3 + C 1500 38
ZrB> ~ 10 (see®) high-energy ball milling of ZrB» 39
ZrB> 100—2100 (diameter), mechanochemical synthesis ZrCly + B 1200 40
40-200 (length) followed by heating
TiB, 35-50 synthesis in molten salts Ti + B + Na»B4O~ 815 41,42
ZrB> 90-95 the same Zr + B + Na,B407 750850 43
ZrB> 50-500 high-energy ball milling of ZrB» — 44
ZrB; 200-300 mechanochemical synthesis Zr + B 45
ZrB, 200 carbothermal reduction polyzirconoxane + H3BO; + 1500 46
(synthesis of nanofibres + polyacrylonitrile
via electrospinning)
TiB> 1-5-103 carbothermal reduction (synthesis TiO> + H3BOs + C 10001400 47
of micropowders with plate-like
particles)
TiB» ~ 140 mechanochemical self-propa- TiO, + B,O3 + Mg + NaCl - 48
gating synthesis (high-energy ball
milling)
TiB» 3-83 plasma-chemical synthesis TiBy; Ti+ B; Ti+ B+ C 3-4)x10° 49
ZrBy >200 carbothermal reduction ZrOCl,-8 H,O + B(C,Hs0)3 + 1500 50
+ [(HOC6H4)2CH2],,
HfB> >200 the same HfOCl,-8 H,O + B(C,Hs0); +
+ [(HOC6H4)2CH2],,
HfB» 30150 " 51 HfCly + H3BOs + 13001600 51

+ [(HOC6H4)2CH2]n

aCoherent scattering region (CSR). P Data for CSR. °Listed are the values calculated from the adiabatic temperatures of self-propagating high-

temperature synthesis.

perature reactions of synthesis of diborides can be written

as follows: 23-25,31,37,40

ZrO, + B,Os3 + 5C —> ZiB, + 5CO1 (1

TiCl, + 2 LiBH4 + LiH —» TiB> + 3 LiCl + 4.5H>} )

3HfO, + 10B —> 3 HfB, + 2B,0s7
3Z:Cly + 10B —> 3ZrB, + 4BCl31

TiO, + B,03 + 5Mg —> TiB, + 5MgO
Hf(BH4)4 —_— HfBz + BzH()T + SHQT

3)
@
©)
©
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These reactions are written in their final form, although
in fact, they are essentially multistage. For instance, boric
acid (typical starting compound) heated to 200—300 °C
undergoes dehydration and is transformed to B>O3; which
in turn undergoes melting at ~450 °C and evaporates with
ease. Boric acid can also react with solid boron to give
gaseous B0, etc.37:47

When performing the synthesis one goal is to reduce the
reaction temperature (e.g., melt synthesis, 32354143 high-
energy ball milling and mechanochemical synthe-
sis,24-25,28,29,36,39,44,45,48  gelf-propagating high-tempera-
ture synthesis with inert filler?” or combinations of
different methods?>-4%) and thus obtain products with
small particle size. On the other hand, researchers aim to
improve the performance of synthetic procedures (plasma
synthesis methods have the highest performance).33.3449
Attempts to replace high-energy ball milling by the sol—gel
method were reported.>®3! Considerable attention is paid
to cleaning the end products from related substances (e.g.,
salts in the case of melt synthesis;3?3%41-43 magnesium
oxide in the case of metallothermic reduction using
Mg 23-26:48). however, abrasion damage accompanying
high-energy ball milling is almost unavoidable. Nanopow-
ders exhibit high surface activity; therefore, one should use
protective inert media to prevent oxidation of the samples.

Certification of the size and chemical composition of
nanoparticles is performed by X-ray phase analysis (XRD),
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) including high-resolution
TEM, by X-ray photoelectron spectroscopy (XPS), energy
dispersive X-ray spectroscopy (EDS), secondary-ion mass
spectroscopy (SIMS), Rutherford back-scattering spectro-
scopy and Auger electron spectroscopy (AES). Qualitative
phase analysis and detection of temperature-induced trans-
formations are carried out by Raman spectroscopy, IR
spectroscopy, differential thermal analysis and by plotting
thermogravimetric analysis (TGA) curves. The specific sur-
face area of nanopowders is measured by the Brunauer—
Emmett—Teller (BET) method. The size of the coherent
scattering regions (CSR) is evaluated by XRD and inde-
pendently by the TEM (SEM) and BET methods; a compar-
ison of the results thus obtained helps to make the
certification of nanoparticles more reliable.

The SEM and TEM images of (i) TiB> and HfB» nano-
particles prepared by high-energy ball milling ?# and carbo-
thermal reduction 3® and (ii) ZrB; nanowires synthesized by
carbothermal reduction via electrospinning are shown in
Fig. 4a—c. The EDS data (see Fig. 4d) point to the
presence of oxygen impurity and to nonstoichiometric
composition of the nanowires. Assuming that oxygen
atoms are in some way arranged in the boron sublattice
(see Fig. 2), the approximate chemical composition is
Z1r(B0.9500.05)1.97. A morphological analysis revealed both
round and faceted diboride particles; besides, agglomera-
tion of nanopowders and nanowires is often observed (see
Fig. 45 and ¢).

The lattice constants of particles of TiB, and ZrB>
nanopowders synthesized by different methods?# 40-41,43
slightly deviate from the tabulated (recommended) values
(see Table 1). This can be due to the presence of impurities
and defects originating from deformation (e.g., ball mill-
ing). The XPS spectra exhibit not only lines typical of TiB»
and ZrB,, but also weak lines corresponding to the metal
and boron oxides and to elemental boron.*? 43

d
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Figure 4. Electron micrographs: TiB> nanopowder (a),>* HfB>
nanopowder (b),3® ZrB> nanowires (c); EDS spectrum and elemen-
tal composition of ZrB; (d).#¢

The influence of various factors on the synthesis of TiB»
was thoroughly studied by diverse methods and
approaches. 34 42,45,47- 49

A detailed investigation of the synthesis of TiB, micro-
powders by carbothermal reduction of titanium and boron
oxides at 1000— 1400 °C made it possible to monitor how
the heating rate and the duration of keeping under isother-
mal conditions influence the degree of reaction completion
and the phase and morphological compositions of reaction
products.*” Titanium diboride powders prepared at 1300 °C
contained about 6% of oxycarbide TiC,O,. A scanning
electron microscopy (SEM) study revealed the growth
terraces on the surface of hexagonal diboride particles; this
is indicative of the autoepitaxial growth mechanism with
transfer of components through the gas phase.*’

According to XRD data, the feed rate of Ti and B
powders to high-frequency plasma and the Ti/B ratio
influence the size of TiB» particles and the proportion of
the monoboride TiB in the mixture with TiB> (Fig. 5); here,
the proportion of the unreacted amorphous boron was
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Figure 5. Effect of Ti and B powder feed rates and Ti: B ratio on
the size of prepared TiB» nanoparticles («¢) and on the proportion of
TiB in the mixture with TiB, (b).3*

Ti:Bratio: 1:1(1),2:1(2),3:1(3)and 3:2 (4).

ignored.?* Carrying out plasma-chemical synthesis of TiB,
nanopowders with specified particle size requires that many
engineering factors be taken into account. A study *° on the
plasma-chemical synthesis of TiB, using a wide range of
solid  precursors (TiB,, Ti+2B, TiO,+4B and
TiO2+3B+3C) showed that the compositionally best
TiB, nanopowders (purity 97%) with nearly 45-nm particles
can be prepared from commercially available TiB, powder
with particles 1—7 pm in size. Thermodynamic calculations
for the temperature interval from 500 to 7500 K predict that
feasible melting of diboride particles followed by evapora-
tion is expected in the temperature range from 2900 to
3800 K while condensation and crystallization of solid
particles are expected in the range from 500 to 2900 K.

By and large, the mechanisms of formation of diboride
micro- and nanopowders using different methods of syn-
thesis have been studied insufficiently (particularly, the melt
synthesis 32:33-41-43). further investigations are required. A
comparison of different methods of synthesis (see Table 3)
as well as thorough discussion of the physicochemical and
service properties of nanopowders synthesized and a
detailed comparison of technical and economic parameters
are still a matter of the future. As far as we know, only two
companies, US Research Nanomaterials, Inc.
(www.us-nano.com) and NaBond Technologies Co.

(www.nabond.com, with the head office in Hong Kong),
produce TiB> and ZrB, nanopowders (particle size
40—-60 nm, purity > 95% —99%) using the plasma technol-
ogy. The former company delivers its production in lots
(1-, 5-, 25-, 100-g lots and more).

11.2. Preparation of consolidated nano- and micromaterials

Covalent character of chemical bonds in diborides and,
correspondingly, low diffusional and dislocation mobilities
in them predetermine the need for high-temperature sinter-
ing to obtain dense samples. The temperature at which
active sintering of TiB,, ZrB, and HfB, powders begins
should be higher than ~0.55 7Ty, or >1800 °C.>* Hot
pressing activates densification of powders. Numerous
experimental data (see, e.g., Refs 51 and 52) mainly confirm
these estimates. Taking hot-pressed (2000—2100 °C) com-
mercially available ZrB, powders (H C Starck, Germany)
with particles 1.5—3 pm in size as examples,> it was shown
that small additives of carbon and zirconium hydride favour
removal of oxygen and B>Os; and lead to more intense
densification and, correspondingly, to higher relative den-
sity of samples, which can be as high as 96% —99%.
However, the grain size is 7—10 (2000 °C) and 12—16 pm
(2100 °C).

Using nanopowders, one can reduce the active sintering
temperature,>® but grain growth and degradation of the
nanostructure under the sintering conditions and even hot
pressing remains unavoidable. The relative density and
grain size of TiB, nanopowders (US-Nano, USA) are
plotted vs. microwave sintering temperature in Fig. 6. As
can be seen, intense grain growth accompanied by disap-
pearance of the nanostructure begins at 1600 °C even at a
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Figure 6. Effect of sintering temperature (dwell time 10 min) on
the relative density (/) and grain size (2) of TiB, samples (particle
size in the starting nanopowders was ~30 nm and the oxygen
concentration was < 1.9%).%¢

porosity of 20%.

At present, spark plasma sintering (SPS) T of nanopow-
ders is gaining ground. In this method, a sample being
sintered is compressed at 50—100 MPa and pulsed d.c.
(1-5 kA, pulse duration ~3 ms) is passed simultaneously;

1 The method is also known as plasma activated sintering (PAS).
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the sintering temperature can be as high as 2400 °C at a
heating rate of 500 °C min—!. Owing to the development of
high local temperatures in the inter-grain space the method
enables more intense densification and low porosity at a
relatively small duration of the process, which favours a less
intense grain growth and partial retention of nanostructure.

The results of SPS studies of ZrB, and HfB, nano-
powders showed #4-31-57 that one can prepare samples with a
porosity of 2% to 6% and a grain size ranging from 0.2 to
2 um. A comparison of SPS and hot pressing of TiB>
powders with ~1.1-um particles led to a complicated
situation.’® In the former case, samples with a porosity of
2.5% were prepared at a sintering temperature that was
400 °C lower than in the latter case (grain size was 2—3 um
for SPS and 3-5 um for hot pressing). Besides, XRD
revealed the formation of an additional phase (orthorhom-
bic monoboride TiB, see Table 1) only in the samples
prepared by SPS; this also manifested itself in different
physicomechanical properties of the samples. Presumably,
the formation of TiB is due to insufficient requirements for
vacuum hygiene under SPS conditions and to the possibility
for the oxidation of TiB» to occur in the reaction

4TiB, + 30, —> 4TiB + 2B,03 (7)

According to thermodynamic calculations, TiB can also
form in the reaction

TiB; + TiO, +2C — 2TiB +2CO (8)

which can proceed at 7' > 1600 °C provided that the start-
ing powders contain TiO; and free carbon as impurities.

It was proposed to use SPS when densification is
combined with reactive synthesis to prepare ZrB,—SiC
microstructured composites from a preliminarily high-
energy ball milled mixture of powders 2Zr+ Si+ B4C.°
Studies on the influence of various additives (Ti, MoSi,,
SiC and other compounds for activation of sintering) on the
intensification of SPS of refractory diborides were
reported.>!> 52,60

As applied to hot pressing and SPS of ZrB, powders,
attempts were undertaken to replace initial random distri-
bution of particles by certain ordered patterns using colloi-
dal processing,®! texturing by slip casting ®> and magnetic
texturing.®? After slip casting, extended zirconium diboride
particles (2—5 pm in diameter and 10—25 pm long) are hot
pressed at 2000 °C at a pressure of 30 MPa.®> A magnetic
field of 12 T was also used for texturing ZrB, and
ZrB> + MoSi; samples.®3

At present, methods for consolidation of boride nano-
powders (see above) do not provide a complete retention of
nanostructure; additional search for optimum conditions
are required.

I1.3. Synthesis of nanostructured films

Compared to the preparation of consolidated boride pow-
der nanomaterials, advances in the synthesis of nanostruc-
tured films and coatings based on borides are more
pronounced (see, e.g, a reviews?!-22.64-66 and a book ¢7).
Systems based on titanium diboride have been best studied.
TiB,, ZrB> and HfB; films up to a few micrometres thick
can be obtained by chemical vapour deposition (CVD) and
physical vapour deposition (PVD) and by combined meth-

ods. In the former case, the following reactions are
used:32- 64

MCly + 2BCl; + 5SH, —> MB, + 10HCI )

M(BH4); —> MB; + BoHg + 5H, (10)

Environmentally hazardous features of reaction (9) as
well as high reactivity and toxicity of borohydrides make
CVD of limited use compared to PVD which has recently
been a subject of increasing interest.%4 67

Nevertheless, studies of HfB, films deposited upon
decomposition of Hf(BH4)s on different substrates in a
wide temperature range led to some new results.®® =79 In
particular, the (0001) dominant texture is characteristic of
the deposition on amorphous substrates (SiO,) at temepa-
tures below 700 °C; at higher temperatures, the (1010)
orientation is observed.®® A similar situation occurs in the
case of deposition on the (001) plane of single-crystalline
silicon, but the (0001) texture was detected at all temper-
atures of film deposition on the Si(111) substrates. The
growing HfB, crystals had a columnar structure at low
temperatures of deposition on SiO» and a random structure
at deposition temperatures > 800 °C. The crystals were
~10-20 nm across and the film thickness was
300—400 nm.

A XRD study on film growth in argon atmosphere
containing a small amount of nitrogen (total pressure was
0.49-0.85 Pa) revealed a  mixture of  phases
HfB, + HfN + BN in the amorphous films deposited at
T < 350 °C and annealed at T > 600 °C.%° Also, the use of
a growth inhibitor (NH3) allows one to homogenize nucle-
ation and subsequent growth and thus obtain smooth thin
films.”’® The morphological features of the surface seen in
the SEM image and the peak height distribution for HfB»
films are presented in Fig. 7. In the presence of ammonia,
the maximum peak height decreases by a factor of nearly
2.5. Smooth films are promising as diffusion barriers for
microelectronics.”®

A detailed study of the structure and properties of HfB»
and HfB, + BN films prepared by high-frequency nonreac-
tive (Ar) and reactive (Ar + N») magnetron sputtering was
reported.’! Films 1-2 pm thick were deposited onto hard-
alloy (T15K6) and steel (12X18H9) substrates heated to
550 °C. Four types of film structures were obtained by
varying the substrate temperature and bias potential (by
varying the energy of Ti and B ions being deposited):

— highly textured columnar structure (0001) with CSR
20-30 nm in size;

— weakly textured columnar structure (0001) with CSR
15—20 nm in size;

— random nanocrystalline structure (‘cluster structure’
in the original study7') with CSR 10 nm in size; and

— amorphous structure.

Figure 8 presents the profiles of the (B/Hf) ratio in the
film structures mentioned above (SIMS data). Changes in
the lattice constants can be illustrated as follows:

— a=0.3179, b =0.365 nm for the highly textured
film;

— a = 0.323, b = 0.340 nm for the film with random
nanocrystalline structure.

These values (see also Table 1) show that the influence
of the structure on the film properties should be analyzed
taking into account the role of the chemical composition.

Although titanium diboride films have been thoroughly
studied earlier,% intensive research into these systems con-
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Figure 7. SEM images of the surface of HfB: films grown with
inhibitor («) and without inhibitor (b); peak height (/) distributions
(atomic force microscopy data) for these conditions (c): curve / for
(a) and curve 2 for (b).7°
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Figure 8. Concentration profiles of B:Hf ratio for HfB> films
with highly textured (/), weakly textured (2), random nanocrystal-
line (3) and amorphous (4) structures (total film thickness is about
100 nm).”!
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Figure 9. Effect of the bias potential on the concentrations of
boron (/) and titanium (2) in TiB, films.”3

tinues. New results were obtained and other factors influ-
encing the structure formation, chemical composition,
stressed state and properties of magnetron sputtered TiB»
films were analyzed.”?~77 These factors include the energy
of ions being condensed (control by varying the bias
potential and ion current), the substrate temperature and
the substrate rotation rate, pulsed regimes and the type of
electric current, the presence of buffer, gradient and inter-
mediate layers, the influence of external magnetic field,
specific features of ion implantation and reflection,
etc.’>73.75.76 The concentrations of titanium and boron in
films (AES data) are plotted vs. bias potential in Fig. 9.73 It
is believed that TiB, films prepared by d.c. magnetron
sputtering on a substrate heated to 550 °C at a negative
bias potential of — 50 V exhibit the highest hardness and
adhesive strength.”? Films thus prepared are characterized
by a highly textured structure (0001), a crystallite size of
20 nm and minimum residual compressive stress.

A similar series of studies on the influence of diverse
factors on the structure formation, chemical composition
and properties of magnetron sputtered zirconium diboride
films was reported.”? Specific features of the deposition of
Z1rB; films upon decomposition of Zr(BH4)4 and magnetron
sputtering include a less pronounced effect of the substrate
temperature and bias potential on the deviation from
stoichiometry, texture and electrical properties of the
films.78 80

Among the mixed CVD/PVD methods, mention may be
made of a study on the properties of superhard TiN/BN/
TiB> nanocomposite films prepared in high-frequency
plasma from a TiCly+ BCl3+Ny+H, mixture.®! These
films are characterized by high hardness, thermal stability
and oxidation resistance; they contain amorphous boron
nitride and titanium diboride phases and TiN nanocrystals.

II1. Physicochemical and physicomechanical
properties. The size effects and stability

II1.1. Sublattice population. The phase diagrams

As mentioned above, the deviation from stoichiometry for
titanium, zirconium and hafnium diborides under equili-
brium conditions is very small (see Fig. 1). Atoms deposited
under nonequilibrium conditions by CVD and especially
PVD can have rather high energies; therefore, the state of
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Table 4. Selected parameters of nonstoichiometric titanium and hafnium diboride films prepared by d.c. (DC) and high-frequency (HF)

magnetron sputtering.

Approximate formula Structural Lattice constants /nm Grain size Regime Bias potential /V Ref.

type /nm

a ¢

Method of determination: AES
Ti(Bo.73N0.200.05C0.02)1.56 AlB> 0.3060 0.3201 4-8 DC 30 21
Ti(Bo.69N0.2400.04Co0.03)1.64 AlB> 0.3083 0.3246 3.6+1.8 HF 0 21
Ti(Bo.56N0.2000.05Co.1)1.32 AlB> 0.3005 0.3263 23+1.1 HF 0 21
Ti(Bo.34N0.4900.12C0.05)1.49 NacCl ~0.42 29+1.5 HF 0 21
TiB2.23 AlB> 0.3045 0.3260 7-15 HF —100 73
Method of determination: SIMS
HfB23 24 AlB> 0.3179 0.3560 20-30 DC 50 71
HfBi4_15 amorphous DC —50 71

the nanocrystalline structures being formed will be far from
equilibrium. Studies on the composition of diboride films
point to the possibility of formation of under- and super-
stoichiometric phases in the nanosized systems (Table 4).
Additional information on TiB> and ZrB, films can be
found in reviews.®>-72 The data in Table 4 show that by
varying the bias potential (i.e., by controlling the ion
deposition rate) one can prepare diboride films with a
considerable deviation from stoichiometry. In this connec-
tion a question arises as to how the boron and metal
sublattices are filled. In the case of understoichiometric
phases it is natural to assume the formation of structural
vacancies in the boron sublattice. For superstoichiometric
phases, the following situations are possible:

— formation of structural vacancies in the metal sub-
lattice,

— incorporation of extra boron atoms into the boron
sublattice, and

— the presence of excess boron atoms at numerous
interfaces in the nanostructure.

The authors of HR TEM studies 3% 83 of superstoichio-
metric titanium diboride (TiB 4) films proposed the follow-
ing columnar structure of this system (Fig. 10): about
20-nm wide diboride columns have a (0001) dominant
texture and boron-rich boundaries; the columns are com-

Figure 10. Schematic representation of the columnar structure of
superstoichiometric titanium diboride (TiBa.4) films.32 83
Stoichiometric TiB> nanocrystals (‘subcolumns’) (/); boron-rich
boundaries of large columns (2) and boron-rich interfaces between
TiB> nanocrystals (‘tissue phase’) (3).

posed of smaller stoichiometric TiB> subcolumns with an
average diameter of about 5 nm; the subcolumns are
separated by boron-rich ‘tissue phase’ ~0.5 nm thick. The
content of boron at the interfaces was determined by
electron energy loss spectroscopy.

According to density functional theory calculations of
the structure of TiB,,”? boron atoms can appear in bulk
interstices (see Fig. 2) and form cluster inclusions or boron
segregation at interfaces can occur.

In addition to neutron structural analysis (which could
be implemented by synthesizing nanoparticles using the
1B isotope characterized by a small thermal neutron cap-
ture cross-section) a possible independent method for
determining the sublattice filling in superstoichiometric
films is to measure the X-ray and picnometric density;
however, corresponding thin film studies are hardly feasi-
ble.

As far as we know, the phase diagrams of B—M nano-
systems have been studied neither theoretically nor exper-
imentally. For quasi-binary systems TiB,—TiN (or TiC)
and TiB,—B4C, rough calculation in the regular solution
approximation revealed the influence of the nanostructure
on the decrease in the eutectic temperature (ATg).*  Using
the expressions for partial Gibbs free energies of the system
in the liquid and solid state (in the latter case, taking into
account the excess grain-boundary surface energy), the
following relationships characterizing the influence of the
dispersion of components on ATg were derived:

AG,

AG,
ATE B (Rlan - ASmZ) (12)
AT = AG, 13)

(I —xg)/(1 = x) — ASyn)

where AG; is the contribution of the excess grain-boundary
surface energy calculated per mole

6V,

=

1

AG,

Vi is the molar volume, o; is the grain-boundary surface
energy, x and xg are the concentrations at the limiting
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Table 5. Reduction of eutectic temperature (A Tk, K) in TiB, — TiN(-
TiC) and TiN(TiC) — TiB, pseudobinary systems at different degree of
dispersion of the second component.$*

L/nm TiB,— TiN(TiC) TiN(TiC) — TiB,
200 35 45
100 70 90
20 350 450
10 700 900

Note. Coarse-grained samples of the TiB,—TiC and TiB>—TiN
systems are characterized by T = 2790 and 2870 K, respectively.'”

Table 6. Reduction of eutectic temperature for films in the TiB>—B4C
system at different grain size (L) and different grain-boundary surface
energy (0).%°

/Jm—2 L =5nm L =10 nm
3 1000 500
2 670 340
1 340 170

Note. Coarse-grained samples have Tg = 2580 K.

solubility and eutectic, respectively; ASm; is the entropy of
melting and L, is the inclusion (grain) size.

Relationships (11)—(13) are equivalent and their prac-
tical use depends on the availability of particular data for
the components 1 and 2. The ATg and Tg values calculated
for the TiB, —TiN, TiB, —TiC and TiB, — B4C systems are
listed in Tables 5 and 6. It follows that noticeable decrease
in the eutectic temperature is observed if the particle size of
the dispersed component is of the order of a few tens of
nanometres. The grain-boundary surface energies of these
systems are unknown; therefore, Table 6 lists the results
calculated for three probable o; values (the data in Table 5
were calculated for o; =3 J m~—2). Figure 11 presents a
tentative phase diagram for TiB,—TiN film samples with
nearly 10-nm grains (dashed lines) constructed taking into

T/K T/K
3000 [ 2 3000
1000 ;’/ \\\ - 1000

TiN 25 50 75 TiB,

(mass %)

Figure 11. Phase diagram of the TiN—TiB, system for coarse-
grained samples (solid lines) and films (grain size ~ 10 nm; dashed
lines).8*

account the phase composition of the films studied (see
Refs 86 and 87); for comparison, the equilibrium phase
diagram !7 is also plotted.

Of course, one should keep in mind that we deal with
rough estimates because of limitations within the frame-
work of the regular solution approximation and uncertainty
in o values. Nevertheless, the results obtained can be useful
for estimating the upper bound of the operating temper-
atures in the design of high-temperature materials (for, e.g.,
high-temperature structures, high-temperature friction units
and materials processing units) based on nanocrystalline
refractory compounds.

I1I1.2. Physicomechanical properties

Key physicomechanical properties of the diborides under
study and composites based on them are listed in Table 7.
In the case of nanosized samples, the hardness, elastic and
electrical properties were determined for film samples only.
Corresponding data for sintered samples were mainly
obtained for diboride compositions (grain size of the order
of a few micrometres) containing additives for intensifica-
tion of sintering.

When analyzing the data in Table 7, one should keep in
mind that they were obtained by different methods and are
hardly comparable in some cases. For instance, film hard-
ness values should be compared taking account of possible
influence of substrates, the type of indenter and character of
load, as well as the surface roughness, possible residual
stress, ets. Besides, the Vickers hardness values determined
in the nanoindentation experiments are usually lower than
corresponding values calculated from the indentation area
owing to relaxation phenomena upon unloading (see, e.g.,
Ref. 89). Taking into account the aforesaid, one can suggest
that the role of the grain size can be analyzed only
qualitatively. Nevertheless, a comparison of the data for at
least titanium diboride (best studied phase) and, to some
extent, for hafnium diboride (see Tables 2 and 7) shows that
going to the nanostructure is accompanied by an increase in
hardness and a decrease in the Young modulus; this
correlates with the known laws of changes in Hy and E for
various types of nanomateirials.* %0 On the one hand, an
increase in the proportion of grain boundaries (interfaces)
acting as stoppers for cracks and dislocations increases the
strength and hardness. On the other hand, the amount of
intercrystallite (amorphous) phase with poor elastic proper-
ties increases and the elastic modulus correspondingly
decreases. In particular, an increase in Hy and a decrease
in E are well illustrated by the data for films Nos 1-5, 11,
28 and 29 (see Table 7).

The electrical resistance of nanofilms is much higher
than that of coarse-grained films owing to charge carrier
scattering by numerous interfaces and structural vacancies
(the presence of vacancies is due to a considerable deviation
of the chemical composition of the films from stoichiom-
etry; see films Nos 1, 3, 5, 22 and 23 in Table 7). In spite of
rather large amounts of oxygen and nitrogen impurities in
the films, the character of the p-vs.-temperature plots for
the films Nos 1, 3 and 5 shows that the films remain metal-
like systems.®8

Films based on ZrB, have been less studied compared to
those based on TiB, and HfB,; therefore, additional studies
on their physicomechanical properties are needed.

By and large, the measured strength and fracture tough-
ness of sintered microstructured samples of titanium dibor-
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Table 7. Selected physicomechanical properties of nano- and microdisperse Ti, Zr and Hf diborides and composites based on them.

No. Composition Grain size /nm Hy |GPa E/GPa p/pQ cm Ref.
Titanium diboride films
1 Ti(Bo.73N0.200.05C0.02)1.56 4-8 ~49 460 + 50 155 88
2 4-8 4248 4752 — 89
3 Ti(Bo.69N0.2400.04C0.03)1.64 36+1.8 ~37 430 £+ 50 160 88
4 Ti(Bo.56N0.2000.05Co.1)1.32 23+1.1 ~49 _ . 36
5 Ti(Bo.33N0.4900.12C0.05)1.49 29+1.1 ~49 480 + 100 255 88
6 29+1.1 27.52 3202 — 89
7 75TiB; + 25 B4C (see ®) 29+0.3 ~56 — — 85
8 50 TiB, + 50 B4C (see?) see ~64 - — 85
9 25TiB; + 75 B4C (see ®) 2.940.3 ~ 66 — — 85
10  TiBoa ~20 60-70 — — 65,72
11 ~20 48.52 6002 — 65,72
12 33TiB, + 66 TiN (see?) 2-4 24342 2203802 — 90
13 5TiB, + 95 W»Bs (see P) ~4 34.62 3234 — 91
14  TiN/BN/TiB; (see %) ~10 ~48 — — 81
15 TiBy 2-7 48.62 5622 77
Sintered titanium diboride samples
16  TiB, + 2.5Ti 8 x 103 26.8+1.6 — — 60
17  TiB, (1.6—-4.9)x 103 23-24.5 468 520 8.5-12.2 56,92
18 TiB, + ~10TiB 3x103 18.3 428 13.8 58
19 36 TiB; + 64 TiN (0.2-0.3) x 103 24.6-26.2 432-440 13-14 92
20 50 TiB; + 50 TiN (0.25)x 103 25.6+0.4 450+ 10 13 92
Zirconium diboride films
21 ZI'B2,572,9 — ~23 — — 93, 94
22 ZI'B],84,240 — — 95-200 78
23 ZrB» 36 (see®) — — 20 79
24  ZrB, — ~22.54 ~2902 — 95
25  ZrBy/AIN (see9) 4-18 18-232 260—-3002 — 95
Sintered zirconium diboride samples
26  70ZrBs + 15SiC + 15B4C (see) (3-10)x 103 20.24+0.9 522418 — 96
27  4ZrB, +33SiC + 33 B4C (see) (I-10)x 103 289+1.6 538+ 36 — 96
Hafnium diboride films
28 HfB, 12 402 4302 — 69
29 see© ~208 ~330%2 — 69
30 HfB,—HfN—-BN — ~16% ~200% — 69
31 HfB,/Hf(B,N) (see ) 2/10 ~33a ~300%2 — 69
32 HfBig 24 10-20 26-442 2545842 — 71
see© 12.6 £2.62 177 £262 — 71
33 Hf(B,N) — 9.3-94+% 157-1762 — 71
Sintered hafnium diboride samples
34  HfB;, + 30SiC (seef) ~2x103 26+ 1 51244 — 97
35  HfB, + 20SiC (seef) ~2x103 202+1 — — 98
36 HIfB; + 15MoSi; (seef) ~1.5%103 20.6+0.4 530+5 — 929

2 Nanoindentation data. P Target composition (mass %). ¢ Amorphous structure. 4 Multilayer films. © Single-crystal thickness. f Composition of

the samples (vol.%).

ide and TiB, + TiN and TiB; + TiC composites 92101 are
no higher than 400—-500 MPa and 5—-6 MPa m'/2, respec-
tively. Textured, hot-pressed microstructured samples of
composition ZrB> + 20 vol.% SiC are characterized by
higher o, values up to 720—790 MPa (loading along
¢ axis).%> 192 High-temperature strength studies showed
that the advantages of textured samples are retained up to
1650 °C.'92 In a wide temperature range up to 2300 °C, the

temperature dependences of ¢p measured for ZrB, and
many other refractory compounds!’ are nonmonotonic
and the samples show no indications of plasticity.'%3 An
electron microscopy study of the fracture surfaces of the
samples tested at different temperatures showed that raising
the temperature causes the character of fracture to change
from transcrystalline to intercrystalline or mixed (samples
comprised of smaller grains exhibit some plasticity).!0?
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Figure 12. Fractogram and indentation imprint surface in TiN (@)
and TiB; () films near the indenter puncture.'00- 107

Residual plastic deformation of a number of TiN nanocolumns (a)
and the formation of steps for the TiB; film (b).

Manifestation of superplasticity in pseudobinary coarse-
grained eutectic composites TiB,—TiC and ZrB,—ZrN
under high-temperature creep (at 2200—2300 °C) and in
the measurements of microhardness in the HfB,—HfN
system were established more than four decades ago (see a
review of superplasticity studies of refractory compounds in
the handbook '7); however, these studies did not go to any
further. To date, indications of plasticity and superplasticity
are known for a limited number of nanostructured refrac-
tory compounds (e.g., in the microhardness measurements
of nanocolumnar TiN films and in the in situ electron
microscopy observations of bending of SiC nano-
wires).100.104-106 Experiments on detection of plasticity
and superplasticity in nanostructured diborides are still a
matter of the future. In this connection, high-resolution
SEM may appear to be useful because the method enables
monitoring of subtle details of deformation and fracture, as
illustrated in Fig. 12.

II1.3. The heating, irradiation, deformation and corrosion
behaviour of diboride nanostructures

Since nanostructures have numerous interfaces (and, corre-
spondingly, an excess free energy), attention is being
increasingly focused on the stability studies of these sys-
tems.3-# 67108 Pregently, research into the stability of tita-
nium, zirconium and hafnium diborides is in the early stage,
the stability of nitride films being studied in more
detail 63 109-111 The plots of hardness vs. annealing temper-
ature (see Fig. 13) show that superstoichiometric TiB 4
films are much more stable that TiN films and retain high
hardness up to 30-min annealing at 800 °C.%3 Ti(B,N) and
TiB>+ TiN films were also reported to be stable in this

Hy [MPa

1 | | 1 1

25 200 400 600 800

T)°C

Figure 13. Vickers hardness of TiN (/) and TiB2.4 (2) films plotted
vs. annealing temperature.83

temperature range;%> 83-86.87 however, diboride films are
less stable than multicomponent nitride systems (e.g.,
TiAISiCN) whose thermal stability region spans to about
1300 °C.111

The interest in the microcomposites based on ZrB, and
HfB, is, in particular, due to the search for high-temper-
ature oxidation-resistant materials for nose caps and lead-
ing edges of space crafts.!?52 Broad-scale research on the
oxidation and strength degradation of these systems con-
taining various additives, such as SiC, MoSi», TaSi>, WSia,
etc. is in progress. At high temperatures (see, e.g., Refs 63
and 112—117); however, the role of the microstructural size
effects (say nothing of nanostructural ones) is still almost
ignored.

A review of studies on the size effects manifesting
themselves in the interaction of nanomaterials with the
environment is available,''® but information concerning
nanostructured refractory compounds in general and, in
particular, titanium, zirconium and hafnium diborides is
scarce. An ab initio density functional theory study ''° of the
interaction of titanium diboride in the form of nanocrystals
and different surfaces [(0001) and (0110) planes] with hydro-
gen, oxygen and water molecules predicted that TiB; is
expected to be stable in these corrosion media. Electro-
chemical properties of amorphous nanocrystalline TiB»
films in 3% NaCl solution simulating the influence of sea
water were investigated.!??-121 The samples studied were
shown to have a great advantage over coarse-grained
samples; also, a pitting corrosion was revealed.

Interest in research on the influence of irradiation on the
properties of boride compounds is first of all due to the use
of borides as neutron-absorbing materials in nuclear power
engineering. A study !'?? of structural changes in Ti;_ By
films (0.5 < x < 0.8) irradiated by fast and thermal neu-
trons (maximum fluence to 7.7 x10%* and 10?3 neu-
tron m—2, respectively; the maximum dose was equal to
~0.5 displacement per atom) showed that irradiation acti-
vates manifestation of the (0001) texture and revealed the
appearance of reflections attributable to orthorhombic
phases (TiB or TizB4) in addition to conventional diffrac-
tion reflections from TiB,. When carrying out neutron
irradiation experiments with boron and boron compounds,
one should take into account not only conventional defor-
mation effects, but also damage due to the appearance of
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lithium and helium as a result of transmutation. An estima-
tion 22 showed that at a thermal neutron fluence of
102 neutron m—2, nearly 19% of '°B atoms will be trans-
muted in the (n, o) reaction and thus the stoichiometric TiB,
will transform to TiB; ¢ and may assist formation of TiB or
Tiz;B4 phases. Also, the concentration of helium generated
from the (n, o) reaction was estimated to be nearly 19 at.%,
which causes an increase in the lattice constants and devel-
opment of internal stress.

Experiments with irradiation of TiB, (films and hot-
pressed samples) and HfB; (sintered samples) with different
ions at irradiation devices made it possible to reveal specific
features of deuterium desorption from various media and to
revise the laws of swelling and hardening in the irradiated
samples.!?3-124 Taking into account the results of studies on
the influence of irradiation on the properties of nanostruc-
tured monolayer and multilayer nitride films,!25- 126 one can
expect that nanosized diboride samples will also be charac-
terized by low swelling and radiation hardening owing to
accelerated removal of radiation-induced defects along
numerous interfaces.

The behaviour of titanium diboride under shock com-
pression and high-energy ball milling was studied.'?7-12% On
the one hand, no phase transformations at pressures up to
120 GPa was observed.!?” On the other hand, a SEM and
HR TEM study of the structural evolution of TiB» under
high external stresses revealed the presence of lamellar
nanotwins and dislocations that can be treated as evidence
of plastic deformation in microcrystals.!?8

1V. Conclusion

Information on nanostructured titanium, zirconium and
hafnium diborides presented in this review is of different
type and quality and mainly concerns the development of
methods for synthesis of nanopowders and films. Data on
consolidation of powders and on the role of the size effects
in these processes are still scarce and empirical. Since
nanomaterials based on transition-metal borides have a
potentially wide field of application, the highest-perform-
ance methods for the synthesis of boride nanopowders
should be optimized and the possibility of consolidation of
these materials with retention of nanostructure should be
considered in detail.

Seemingly, prospects for basic research are also great.
For comparison, mention may be made that, theoretically,
studies on magnesium diboride nanotubes and diamond
films are more advanced and fruitful; they led to establish-
ment of correlations between the stability of physical
properties and the size effects (see, e.g., Refs 129 and 130).
Investigations of the low-temperature electronic heat
capacity and paramagnetic susceptibility of nanoscale
diborides could contribute largely to understanding a pos-
sible evolution of the electronic energy spectrum; these
parameters can be used to refine the density of states at
the Fermi level in these systems. The need for other
physicochemical studies was emphasized above.

Undoubtedly, extension of research on nanostructured
Group IV transition-metal diborides will not only provide
useful information that is necessary for deeper insight into
the nature of nanostructures, but also be basic to significant
extension of applied R&D in various areas of technology.
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