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The review of the work of the Laboratory of High-Temperature Synthesis and Technology of
Inorganic Materials, ICP NAS of Armenia, is presented. For the first time, more than 200 binary and
multicomponent hydrides and deuterides of metals and alloys were synthesized by the method of
self-propagating high-temperature synthesis (SHS). These studies became the physico-chemical
basis of SHS processes in Me-H systems and led to the formulation of technological works having
huge industrial prospects. Hydrides of transition metals and alloys are of great value as condensed
hydrogen carriers. Further studies of hydrides synthesized in the SHS regime made it possible to
develop yet another fundamentally new method for the synthesis of alloys and intermetallides of
transition metals, which we called the "Hydride cycle-HC" method. The method is based on reactions
of interaction of two or more metal hydrides, for example, xMe'H. + (1-x)Me"H, — alloy MeMe(.x) +
H,1. It is shown that when a compacted mixture of two or more hydrides, as well as hydride and
metal powder (for example, TiH, and Al) is heated, the removal of hydrogen from the compacted
charge at temperatures slightly above the dissociation temperatures of the hydrides leads to the
formation of strong, nonporous, compact binary, ternary alloys of these metals. More than 100 alloys
and intermetallics in Ti-Zr systems were synthesized in the HC mode; Ti-Hf; Ti-Nb; Ti-V; Zr-Hf; Ti-Zr-
Hf; Ti-Ni; Zr-Co; Ti-Al; Nb-Al, etc. Some of the obtained compact alloys without preliminary grinding
interact with hydrogen in the SHS mode, forming hydrides with a high hydrogen content.

Figs. 18, tables 4, references 25.

1. Hydrides of transition metals

When the reserves of fossil fuels such as oil, natural gas and coal are depleted
and disappear, they will be replaced by water decomposed to hydrogen and oxygen.
Hydrogen is a fuel of the future. Although it was shown that hydrogen has a great
future, its accumulation, storage and usage is dangerous. Gaseous hydrogen is stored
in gas cylinders at a pressure of 150 atm with explosion hazard. Hydrogen is
liquefied at temperatures between -253— -259°C and stored in special containers —
tanks.
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It is worth noting that at present, the modern technology offers a more
advantageous way of hydrogen storage by incorporation it into a metal, storage
without loss for a long time at ambient temperature and pressure, and extraction at a
right time applying heating. The extracted hydrogen is of as high purity as 99.99%
because at the temperature of its extraction no other gases or impurities are released
from the metal. There is a huge literature devoted to metal-hydrogen compounds
named hydrides. Actually, the term “hydrides” combines a very broad class of
substances with cardinally different properties, chemical composition and type of
inter-atomic bonds.

Fig. 1 shows the elementary crystal lattice of titanium hydride, TiH,.

The hydrides of transition metals and alloys having "metallic bonds", the so-
called metal hydrides, are the subject of the present article. Hydrogen, embedded in
the metal can radically change the properties of the latter. The interaction of
transition metals with hydrogen results in formation of structures, in which the
hydrogen atoms are located in the interstices of the metal sublattice, for example, in
tetrapores.

Hydrides of transition metals are of wide interest as a large class of compounds
with unique physical and chemical characteristics. Table 1 presents some
characteristics of several hydrides of transition metals and hydrogen containing
materials.

Table 1

The most important characteristics of some transition
metal hydrides and hydrogen containing materials

Compound Atomic contz:zentration (3)f H,, |Content of Hy,| Dissociation
Npx10at. H/cm wt. % temperature, °C
ZrH, 7.34 2.01 800-1000
TiH, 9.5 4.02 600-800
MgH, 6.7 7.6
VH, 11.4 3.78
ZrVoH, 5 7.06 1.85 550-600
ZrNiH; 7.73 1.96 250-350
ZrCoH; 7.64 1.95 250-350
TiFeH, 5.5 1.5 80
LaNisH; 7.6 1.5 30-50
Mg,NiH, 5.9 3.8 200-250
Gaseous H, at 100 atm 0.65 - -
Liquid H, 4.2 - -
H,0 6.7 - -
Lithium borohydride, -
LiBH, y 7.6 18.5
Polystyrene, (CgHg), 5.4 1.05 -
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Me,H,
Fig. 1. Elementary crystal lattice of TiH..

The data in Table 1 show that the hydrogen content in a unit volume of metal

hydride is much higher than in a unit volume of many hydrogen-containing
materials including liquid hydrogen and water. Consequently, hydrides of transition
metals and alloys are of great value as condensed hydrogen carriers.

The interest in hydrogen and metal hydrides is associated with two global

problems: protection of environment and depletion of fossil carbon and hydrocarbon
fuels. Metal hydrides are multifunctional materials. The range of application of
hydrides of metals and alloys is very wide.

1.

In hydrogen energy, the metal hydrides serve as hydrogen accumulators and are
promising as components of environmentally pure fuel. In this sense, the
hydrides with dissociation temperatures below 300°C are of particular interest
[1].

In nuclear power, the metal hydrides are used as biological protection against
ionizing radiation and fast neutron flux. The mass of hydrogen atom is closer to
the mass of neutron than the mass of any other element; therefore, upon
interaction with neutron, it exhibits a unique property: is the most effective
absorber of neutron energy. The content of hydrogen atoms in volume unit,
Npx10% at. H/cm®, is the most important characteristic determining the
effectiveness of any protective material in slowing down neutron flux. The data
in Table 1 show that this characteristic for metal hydrides is the best [2].

In powder metallurgy, the metal hydrides are used as most convenient
compounds for dispersing the refractory metals. It is known that the
introduction of hydrogen into the crystal lattice of a metal brings to its
embrittlement [3]. The hydrides of transition metals can be easily ground to
micron and submicron grain sizes, besides they consist of crystallites of
nanoscale sizes. In metallurgy, the term "hydrogen fragility" is known. In steel
and cast iron, this very undesirable phenomenon can appear due to the hydrogen
impurity even not exceeding 0.1wt.%.

Metal hydrides can serve as sources of the purest hydrogen, = 99.4444%.

Metal hydrides are successfully used as catalysts in the chemical industry.

Many other original and unexpected applications of metal hydrides have been

described in the literature.
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The current method of metal hydride producing consists in the heat treatment of
metal at high temperature (~ 1000°C) in inert atmosphere and stepwise cooling it in
the hydrogen atmosphere. The process lasts from 10 to 40 hours, depending on the
metal. For preparation of hydride of stoichiometric composition, multiple cycling,
deep purification of hydrogen, etc. are required. The obvious difficulty of producing
hydrogen rich, single-phase metal hydrides hinders their wide application in
industry, studying their physical and chemical properties for finding new areas and
expanding application fields [4].

The SHS method has appeared a perspective direction for the synthesis of metal
hydrides.

The essence of SHS method consists in the usage of heat of exothermic reaction
after local instantaneous initiation of combustion in a thin layer of non-heated
mixture of metal and solid metalloid (C, B, Si), or metal and gaseous metalloid (N,).
The heat of the initiated exothermic reaction creates a front of high temperature,
which propagates with a constant linear velocity through the mixture at the expense
of transferring the heat from layer to layer. The process proceeds exclusively at the
expense of heat of chemical reaction without input of external energy [5].

At the Institute of Chemical Physics of the AS of Armenian SSR in the
Laboratory of high-temperature synthesis, the SHS processes in Me-H systems were
predicted and implemented for the first time [6-9]. The study of metal combustion in
hydrogen in the SHS mode resulted in the synthesis of hydrides of transition metals.
Therefore, a promising SHS method for the synthesis of hydrides of transition
metals and alloys was elaborated. The interaction of a transition metal with
hydrogen occurs with release of significant heat. For example, Ti + H, <> TiH, + Q
(AH of TiH, formation is equal to 39 kcal/mol). The released heat ensures the
propagation of the combustion front along the unheated metal tablet with constant
linear velocity.

Fig. 2 shows the scheme of the exothermic reaction flow in the Ti-H, system.

Fig. 3 shows the photo of titanium hydride formed in SHS mode.

Fig. 4 shows the thermograms of combustion of zirconium, titanium and ZrCo
intermetallic in hydrogen atmosphere at P = 3 atm.

Before reaction Initiation of Combustion front The vield of
initiation reaction propagation reaction
@ @ @ @ o @ e
— [l ) () DNOOOOOTaga
wire for I
initiation of
reaction < ’
S H,,
2 2 |' THL
Ixlablel ' combustion The reaction
wave time <1 min

Fig. 2. Scheme of exothermic reaction in Ti-H» system.
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' TiH:

Fig. 3. Photo of non-crushed SHS-synthesized TiH, sample.
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Fig. 18. The pictures of: a — Tio5Alp.2sNbo 25 alloy; b — its hydride.
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Fig. 4. The thermograms of combustion of zirconium (1), titanium (2) and ZrCo intermetallic (3)
in hydrogen atmosphere at P = 3 atm.

Numerous hydrogen-containing systems, such as Me-H, Me-Me'-H, Me-

nonmetal (C, N) - H have been investigated, including:

1. 111, IV and V group and rare earth metals — hydrogen (or deuterium) [6];

2. 1V and V group metals — carbon — hydrogen [7];

3. IV and V group metals — nitrogen — hydrogen [8];

4. ZryNi, Zr,Co, ZrNi, ZrCo, Ti,Co and other intermetallics — hydrogen [9].

The implemented researches resulted in:

synthesis of more than 200 compounds: binary hydrides and deuterides of I11-V
group transition metals and lanthanoides (TiH,, ZrH,, HfH,, NbH; 3, PrH,,
etc.), as well as of carbohydrides, hydridonitrides, hydrides of intermetallics,
based on titanium, zirconium, nickel, cobalt, etc. [6, 9, 10];

elucidation of the scientific basis for SHS processes proceeding in hydrogen
atmosphere in various condensed systems [10];

clarification of the factors, controlling the characteristics of combustion wave,
velocity of its propagation, the temperature and completeness of combustion
and other conditions demanded for production of compounds of given chemical
and phase composition [11];

proof of a two-stage mechanism of combustion and formation of hydrides in
SHS: in the first stage, a solid solution of hydrogen in metal is formed in the
combustion front; this stage is followed by the second stage, when a
stoichiometric hydride is formed by saturation of sample with hydrogen (after-
hydrogenation) [6-11];

description ofthe physical and chemical characteristics of synthesized hydrides
(heat resistance, dissociation Kinetics, etc.) [6-11].

Fig. 5 shows the diffraction patterns of TiH,, NbH.;3 TiCos H;» and

Ti NO.ZlH 1.34 hydl’ides.

Fig. 6 shows the microstructure of synthesized in SHS mode niobium hydride.
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Fig. 5. X-ray patterns of SHS hydrides: a) TiH2, b) NbH3 3, ¢) TiCo.4H12, d) TiNg21H1 34.
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Fig. 6. Microstructure of SHS-synthesized niobium hydride, NbH; 2s.

Tables 2 and 3 show some characteristics of SHS-synthesized binary hydrides,
deuterides, carbohydrides and hydridonitrides.

Table 2
Characteristics of SHS-synthesized binary hydrides and deuterides
Metal | Hz Dacontent, |~ o structure Lattice parameters, A Calculated
wt.% formula
S 4.25 FCC a=4.782 ScH,
3.01 FCC a=4.698 SCDO’73
v 3.255 HCP a=3.661; c= 6.630 YH,q
4.41 FCC a=5.197 YD,y
Ti 401 FCC a=4.460 Tin
703 FCC a :451 TlDlygz
7r 2.16 tetragonal a=3.527;c=4.476 ZrH,
4,16 tetragonal a= 3.520; c= 4.476 ZrD; g5
Hf 1.09 tetragonal a=4.911; c= 4.405 HfH,
2.11 tetragonal a=4.911; c= 4.405 HfDy.o3
\Y% 1.71 tetragonal a= 3.310; c= 3.339 VHgg
Nb 0.95 orthorhombic | a=4.451; b=4.878; ¢=3.453 NbH
Nd 1.78 FCC a=5.446 NdH,6
3.61 FCC a=5.364 NdD, 5
Sm 1.87 HCP a=3.771; c=6.782 SmH;
Ho 1.78 HCP a=3.653 HoH;
Gd 1.79 HCP a=3.373; ¢=6.71 GdH, gg
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Table 3
Characteristics of SHS-synthesized carbohydrides and hydridonitrides

Formula Content, wt.% Elrc{if:?lpztrr:r?]greer:}nlg teawlgsé?g'lﬁtrle(),gc
H, | C N,

TiCo4H12 2.2 | 8.45 — HCP, a=3.09; c=5.08 400-840

TiCo4sHos 0.95/10.08 | — FCC, a=4.296 380-840

ZrNgsHys; 152 — 3.81 | HCP, a=3.27; c=5.519 370-795

TiNggH1 33 22| — 7.6 | HCP, a=3.044; c=5.09 455-610
Tio7Vo.3Cose — (1442 - FCC, a=4.272 —
Tip7V03CosoNoso | — [12.65| 6.78 FCC, a=4.205 —
Tig7VosCo7Ho1s (0.28|14.57 | - FCC, a=4.249 —
Tip7Vo3No.soHo.2 - 11439 | 3.35 FCC, a=4.252 —
Tig7V03Co7Ng13Ho1 [0.17| 14.42 | 3.1 FCC, a=4.249 —
ZrosNbosCosoNoss | — | 5.17 | 4.34 FCC, a=4.57 —

The study of combustion in hydrogen of various condensed systems permitted
the elucidation of the physical and chemical basis of SHS process in metal-hydrogen
systems and led to the carrying out technological researches having enormous
industrial prospects. High-performance technological processes for the synthesis of
various hydrides have been developed, which have no analogues in the world. The
developed methods can provide production of large assortment of cheap high-quality
hydrides. At the experimental plant “ArmNIItsvetmet” (Yerevan) more than 20 tons
of titanium and zirconium hydrides were produced.

The SHS method for the synthesis of hydrides has several significant
advantages over traditional methods: high productivity, high quality of hydrides,
practically no energy consumption, ecological purity and safety of the process, etc.
The SHS synthesis of hydrides excludes a number of laborious operations demanded
in the traditional methods, such as preliminary activation of the metal, deep
purification of hydrogen, fine dispersion of metal powders, etc.

A special advantage of SHS is the possibility of metal sponge, chips and other
industrial waste utilization using them as raw material. It means that the SHS
hydrogenation can be applied in the high-efficiency recycling of the waste of
refractory metals (Ti, Zr, Hf, Nb, V, etc.) and alloys, formed in huge quantities
during their mechanical processing. This is a very cheap way of synthesis of
valuable hydrides of expensive metals.

2. Synthesis of alloys and intermetallics of transition metals by hydride cycle
method

Further study of SHS synthesized hydrides of transition metals brought to the
development of a fundamentally new, early unknown method for formation of the
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alloys and intermetallics of transition metals, which we called the "Hydride cycle"
(HC) method.

The hydrogen-rich metal hydrides are very plastic. It means that they can be
effectively pressed (compacted). Fig. 7 shows the microstructures of the initial
powder of titanium hydride and of the surface of the tablet compacted from TiH,.
The tablet has a very dense structure. The particles perfectly conform with one
another.

w3 X i 3
SEN MAG: 400 x DET. SE Detector SEM MAG 1.00 kx DE

W00k DATE: 042908 200 um Vega OTesca MV 200KV DATE: 022206 100 um Vega OTesca
Aoy Device: Vega TSS130MM REMA Group IEM RA: Newrasov Device: Viega TS5130MM RSMA Group IEM RA

a b

Fig.7.The initial surface of titanium hydride powder (A) and the microstructure of surface of the
pressed from it tablet (B).

We used the compatibility of hydrides for elaboration of method for the
synthesis of alloys. It was shown that upon heating a compacted mixture of powders
of two (for example, TiH, and ZrH,, TiH, and NbHy, TiH, and VHX, etc.) or more
hydrides, as well as powders of a hydride and metal (for example, TiH, and Al, TiH,
and Fe, TiH; and Re, ZrH, and Y, etc.), hydrogen was removed a little above the
hydride dissociation temperature (far below the melting points of the used metals).
This process brought to the formation of strong, nonporous, compact binary (or
ternary) alloy of taken metals. In HC mode, more than 100 alloys and intermetallics
were synthesized in Ti-Zr, Ti-Hf, Ti-Nb, Ti-V, Zr-Hf, Ti-Zr-Hf, Ti-Ni,Zr-Co and
other systems [12-16], among them — the alloys with structure of a-, B-, y- and ®-
phases.

The HC process is based on the reactions:

1. The interaction of hydrides of two metals [12-15]:

xMe'H; + (1-x)Me"H, —Me'\Me" 1.qalloy+ Ha 1

For example, TiH, + ZrH, <> TiZr + H,? or TiH, + NbHyx <> TiNb + Hy1 etc.
These reactions resulted in synthesis of TiyZrq.), TixHfay, ZrHfa), TixNDa-y),
TixV (1%, etc. binary alloys.
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2. The interaction of hydrides of three metals [16]:

xMe'H, + yMe"H; + zMe""H, — Me'\Me" Me"", alloy + H,?1

For example, TiH, + ZrH, + HfH,—>TiggeZro22Hfo 12+ H21 ternary alloys
formed

3. The interaction of hydride of any metal of III, IV, V groups with any metal of
11, VI, VII, VIII groups [17-19]:

xMe'H; + (1-x)Me"— Me'\Me"1.galloy + Hot (Me” can be: Al, Mn, Co, Ni,
Fe, Re).

For example, TiH, and Al, TiH, and Fe, TiH,and Re, ZrH, and Y, ZrH, and Co
(Ni), ZrH, and Al, etc. These reactions resulted in formation of ZrCo, ZrNi, TiFe,
TiAl, ZrAl, etc. intermetallics.

In [12-20], HC method is described and the experimental results of synthesis of
alloys of IV-V group metals are presented. The influence on the characteristics (the
crystal structure, density, adsorption properties, etc.) of the synthesized alloys and
intermetallics of various parameters: ratio of metal hydride and metal in the reaction
mixture; grain size in hydride powder (micro- and nanoscale); compaction pressure,
conditions of dehydrogenation and sintering (temperature and rate of heating) was
defined. Based on the experimental results, the following mechanism of HC-
formation of alloys and intermetallics was suggested. During heating of the
compacted mixture xMe'H, + (1-x)Me-H,, due to breaking of the Me-H bonds at
800-1100°C, the metals become strongly activated. Simultaneously, hydrogen
atmosphere reduced the oxide film, which usually exists on the surface of fine
powders. The "open bonds" and the cleaned surface of the powders ensure the solid-
phase diffusion of refractory metals at relatively low temperatures. For a more
precise description and confirmation of the mechanism of formation of alloys and
intermetallics in the HC, a differential thermal analysis (DTA) of the initial charge
was carried out under conditions close to the HC. The comparison of these two
processes clarified the nature of thermal effects at dissociation of hydrides and
formation of alloys.

As starting powders, the metals of high purity were used: zirconium (98.9%),
niobium (99.9%), titanium (98.9%), nickel (99.5%), cobalt (99.1%) and aluminum
(99.7%). The hydrides of titanium (TiH,, H, content 4.01 wt.%), zirconium (ZrH,,
H, content 2.0 wt.%) and niobium (NbH; 23, H, content 1.31 wt.%) were synthesized
and crushed down to <50 wm particles. In SHS hydrides of transition metals of Ill,
IV, V and RE groups, the hydrogen content is very high, between 2-4 wt.% (60
at.%). As it was mentioned above, due to introducing of hydrogen into the crystal
lattice, the metal becomes brittle, it can be easily crushed to micron, submicron grain
sizes, consisting of nanoscale crystallites [21]. The powders of one (or more)
hydride(s) of transition metals and the same with aluminum, nickel or cobalt were
carefully mixed and pressed in collet molds into cylindrical tablet with a diameter of
22-25 mm and a height of 8-10 mm by hydraulic press, using pressing force between
of 20000-45000 kgf.
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The alloys were produced in a specially designed hermetic unit consisting of a
quartz reactor, a furnace, and devices for monitoring the vacuum and temperature in
the reactor. A tablet sample was placed into the reactor, evacuated and heated. The
HC process was carried out at temperatures of 600-1100°C. The samples were
identified using the chemical, differential-thermal (Derivatograph Q-1500) and X-
ray diffraction (Diffractometer DRON-0.5) methods. DTA was carried out by
heating the samples up to 1000°C at a rate of 20°C per minute.

2.1. Synthesis of alloys in Ti-Nb system.

Synthesis of alloys in Ti-Nb system proceeds in accordance with the reaction:
XTng + (1'X)NbH2 — Tlbe (1.X)a”0y + HzT

Fig. 8a shows the thermograms of HC-formation of Tige¢Nbg4 alloy [13]. At
heating of 60%TiH, + 40%NbH; ,;3 charge up to 1000°C, no thermal effect was
registered on the HC thermogram. The sample was kept for about 30 min at this
temperature, and the heater was turned off. According to XRD data, the sample,
cooled down to the ambient temperature, represented a single-phase TiygNbg 4 alloy.
Obviously, during heating to 1000°C, the TiH, and NbH 3 hydrides dissociated, but
because of the high rate of heating, these processes were not reflected on the
thermogram in Fig. 8a.

At the heating of the same charge at thermal analysis (Fig. 8b), DTA curve 2
shows three endo-effects at 130, 470 and 580°C, reflecting dissociation of titanium
and niobium hydrides. No other thermal effects were registered at the temperature

increasing up to 1000°C (8b, curve 1).
T°C 0 6TiHA0 4NKH, o al'C

TigsNb oy 1000 -

0 800
1000°C
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a b

Fig. 8. (a) thermograms of HC-formation of TiNb alloy from TiH, + NbH »3; (b) DTA curves at
heating of the same charge up to 1000°C.

Fig. 9 shows the diffraction patterns of TiH, + NbH; ,3 mixture, of two Ti-Nb
based alloys and their hydrides.

The superconductivity of HC synthesized Ti-Nb-based alloys was investigated.
Fig. 10 shows the dependences of reistance on the temperature of Tig4Nbgg and
TigsNbgs alloys with BCC crystal lattice. In excellent accordance with the literature
(Tc = 9.5-10.5K), the critical temperatures (transformation to overconductivity) of
the studied alloys were registered at Tc = 9.8 and 9.9K.
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TigsNbgs-based alloys without preliminary crushing interacted with hydrogen
in SHS mode and formed reversible hydrides. For example, TigsNbgs + H, <
TigsNbosHoge. Fig. 11 shows the thermogram of combustion in hydrogen of
Ti0.5Nbo.5a”0y.

(a)

TiH+NbH, ® NbH, FCC
= Till, FCC
© NbH, Orthorhombic

(e)
w

Nb,.Ti,. BCC Im3m
a=3.282A Ti,Nb, H, FCC Fm3m
a=4.524A

TTTTTT T T T TTTT TTTTTTTT T T TTTTTTT
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(C]

Ti, Nb, H,, FCC Fm3m
a=4.524A

TTTTTT T T T TTTTT TTTT T T T T[T T TTTTT | B
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28.deg. 20.deg.

Fig. 9. Diffraction patterns of TiH, + NbH; 23 mixture (a), two Ti-Nb based alloys (b, ¢), and the
hydrides of these alloys (d, €).

506



T°C

500 - 515°C
350 -
250 -
150 -
50
T T T T T T
0 200 400 600 800 1000 1200

t/sec

. Fig. 11. Thermogram of combustion in hydrogen of TigsNbgs alloy.

Fig. 12 shows the pictures of TigsNbgsalloy and its hydride.

Similarly, the alloys were formed in the systems: xTiH; - (1-x)ZrH,; xTiH, - (1-
x)HfH,; xTiH,-(1-x)VHgg; xTiH,-yZrH,-zHfH, etc., where the HC alloy formation
takes place in solid phase mechanism, excluding melting [12-16]. Fig. 13 shows the
diffraction pattern of HC synthesized Tig,Zry 4Hfo 4 alloy.

Fig. 14 shows the microstructure of Ti,Zr alloy, taken on a thin section of flat
surface of a sample by scanning electron microscope.
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Fig. 13. Diffraction patterns of HC-synthesized alloys of Tig 2Zro 4Hfo 4.
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Fig. 14. Microstructure of Ti,Zr alloy: a — surface relief (surveyed in secondary electrons); b —
image of the surface in the phase contrast mode (surveyed in reflected electrons).

2.2. Investigation of HC processes in Ti-Al, Zr-Al and Nb-Al systems. Synthesis
of Ti, Zr and Nb based aluminides

A distinctive feature of aluminum containing systems is that the formation of
aluminides in HC proceeds via exothermic reactions. Fig. 15 shows the thermograms
of HC formation of aluminides of titanium, zirconium, hafnium (a, b, ¢) and the
DTA curves (d, e, f) registered upon heating up to 1000°C of three compositions: 75
at% TiH, + 25 at.% Al (TizAl); 75 at.%ZrH, + 25 at.% Al (Zr;Al) and 75
at.%NbH, 3 + 25 at %Al (NbsAl).

On the HC thermograms of all three compositions in Fig. 15 a, b, c, the exo-
effects are registered at the temperature interval of 670-940°C. The registration of
these exo-effects indicates that the reactions of aluminide formation are exothermic.
On the DTA curves (Fig. 15 d, e, f), in the temperature interval of 140-600°C, the
endo-effects are registered at temperatures corresponding to the dissociation of
titanium, zirconium and niobium hydrides. Only in the case of 3NbH;3; + 25%Al
system (Fig. 15f) on curve 2, the additional endo-effect is observed at 660°C due to
aluminum melting. Simultaneously, on the HC thermogram of the same composition
(Fig. 15c), no endo-effects, corresponding to the dissociation of the initial hydrides
and/or the aluminum melting were registered.

DTA curves 3 in Fig. 15 d, e, f manifest sharp loss of weight by all the samples
due to the dissociation of hydrides and liberation of hydrogen. On the HC
thermograms (Fig. 15 a, b, ¢) and DTA curves 2 (Fig. 15 d, e, f), the temperatures of
the exo-effects due to interaction of aluminum with titanium, zirconium and niobium
coincide for the same compositions (Fig.15aand d, b and e, ¢ and f).
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Fig. 15.The thermograms of HC-formation of aluminides (a, b, ¢) and DTA curves (d, e, f) upon
heating up to 1000°C of three compositions: (a, d) — 75at.%TiH, + 25at.%Al(TizAl), (b, €) —
75%ZrH, + 25%Al(Zr;Al) and (c, f) — 3NbH1 3 + 25%AI(NbsAl).

Each of the titanium, zirconium and niobium hydrides shows its own specific
feature of interaction with aluminum. The process of titanium aluminide formation
in HC (Fig. 15 a) upon heating the initial mixture can be described by:

75at.%TiH; + 25at. %Al — 75at.%Ti + 25at.%Al + H,1— TizAl

The dissociation of titanium hydride is reflected in the endo-effect at 600°C,
which smoothly turns to the exoeffect at 640°C (DTA curve 2 in Fig. 15d) [17].

The behavior of ZrH; is different (Fig. 15e) [18]. When the temperature of the
charge reaches 540°C (endoeffect on curve 2), the hydride partially decomposes to
ZrH;s. A phase transition occurs: the tetragonal crystal lattice transforms to FCC
lattice. The future temperature increase brings to the exo-effect at 630°C, indicating
the formation of zirconium alumo-hydride. The latter decomposes at 790°C
(reflected in the endo-effect), resulting in ZrzAl formation.
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3ZrH,(FCT)+Al 59°C_, 37rH, ((FCC)+Al + H,630°C
ZrsAlH, 5(FCC) —79°C 7, Al+H,1.

As it was noted above, only in the 3NbH; 3-25%Al system, beside the endo-
effect due to dissociation of NbH;,3, an endoeffect due to aluminum melting is
observed at 660°C (Fig. 15f). Then, on DTA curve 2, the exoeffect at 940°C
indicates the formation of NbzAl (proved by X-ray analyses) [19]. These results
from the differences in the conditions of the HC and DTA processes.

Judging by the HC thermograms (Fig. 15 a, b, c) and the DTA curves (Fig. 15
d, e, f), the formation of binary and ternary aluminides of titanium, zirconium and
niobium proceeds identical to the alloy formation in HC. At heating of
corresponding charge in the reactor, the initial hydrides dissociate. As a result, the
metals became activated and quickly interacted exothermically with aluminum in
solid-phase mechanism, without aluminum melting. At first, regardless of the
aluminum content, solid solution of aluminum in metal is formed. It is worth noting
that, according to the phase diagrams, the melting points of aluminum solid
solutions in titanium, zirconium and niobium are much higher, in the interval of
1680-2100°C. Hence, the temperatures registered as exo- endo-effects in the DTA
curves do not reflect the aluminum melting. This is evidenced by the external view
of the samples — no trace of melting is seen. An exception is 3NbH/ »3-Al system
(Fig.15 c), in which an endo-peak is observed on the DTA curve at 660°C due to
aluminum melting.

In the HC mode, more than 30 binary aluminides are synthesized: single-phase
titanium aluminides: ap-TizAl, y-TiAl and TiAl; [17]; solid solutions of aluminum in
zirconium of ZrzAl composition, accompanied by various zirconium aluminide
phases (Zr;Alz, ZrAl and Zr,Als); single-phase zirconium aluminides ZrAly; ZrAl;
[18]; single-phase niobium aluminides NbAl;, Nb,Al and NbsAl, containing about
10% Nb,Al [19]. Some of aluminides reacted with hydrogen in the SHS mode
forming reversible hydrides.

2.3. The HC-formation of ternary aluminides

The processes of HC-formation of ternary aluminides were studied in the
following systems: xTiH,+yAl+zNbH, ;3 — Ti,AlNb,+H,1 (where x+y+z=1) and
xTiH,+(1-x)ZrH,+Al (Al content between 25-75 at.%)

Depending on the TiH,/NbH; 3 and TiHy/ZrH; ratios, single or double phase
bimetallic aluminides formed with FCC (DO0,3) and (D0,,), orthorhombic O-phase,
BCC, B or B, structures. The experiments resulted in the synthesis of the following
aluminides:  TigssZrosAloos;  TigssZro2Alozs;  Tig1sZroaAlozs;  Tig1Zro1sAlg7s;
TiosAlo23NDg27; TioasAlo3aNbo3s; Tio125Alo75NDg 125, Tios2Alg1sNbo 33, TiAlgNb;
Tig25AlosNbg2s; TigasAlg2sNbgo7; etc. [20, 22]. Fig. 16 shows the diffraction
patterns of Tig1Zrg.15Alp.75 (2) and Tig 2Zro.0sAlp 75 () three-aluminides.
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Flg 17 shows the diffraction patterns of Ti0_5A|0_23Nb0.27, Ti0.333A|0_333Nb0_334
and Ti0_125A|0_75Nb0_125 aluminides.
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It was shown that some aluminides reacted with hydrogen in the SHS mode at
Py = 5-10 atm (Tcomp.= 300-500°C), forming reversible hydrides, which dissociated
with one endo-effect at ~300-380°C.
Tig375Al0.25Z10 375 + Ha <> Tig 375Al0.25Z10 375H0.90.
TigsAlg 25NDg 25 + Ha <= Tig sAlp 25Nbg 25H0 89
Fig. 18 shows the pictures of TigsAlg25Nbg 25 alloy and its hydride.

2.4. Synthesis of Ti, Zr and Ni, Co based aluminides

The other example of HC-process is the reaction of a metal (titanium or
zirconium) hydride interaction with any metal of VII or VIII groups (Ni, Co, Mn)
[23-25]: TiH, + Ni — TiNi + H,1; ZrH, + Ni — ZrNi + H,1; TiH, + Co — TiCo +
Ho1; TiH, + ZrH, + Ni — Ti44_522r40_32Ni15 + HyT; TiH, + 1.2VH + 0.8Mn —
TiV12Mngg + H,1; etc. The synthesized compact intermetallics in the combustion
(SHS) mode (T¢mb.= 480-600°C) interacted without crushing with hydrogen at a
pressure of 10-30 atm. These interactions brought to the formation of reversible
hydrides of intermetallics with rather high hydrogen content (Table 2). For example:

TiNi+H, < TiNiHs; TiVllgMno_g + Hy,oTiVoMnggHs3 7

Table 4
Characteristics of intermetallics and their hydrides
Compound H,content, Crystal structure and lattice Dissociation
wt.% parameters, A temperature, °C
Ti,Co - Cubic,a=11.31 -
Ti,CoH3 1.7 Cubic, a=11.89 240 — 360
Zr,Co - Tetragonal, a=6.387, ¢=5.542 -
Zr,CoHs 2.02 Tetragonal; a=6.906, c=5.55 190 - 360
ZrCo - Cubic, a= 3.197 —
ZrCoH; 1.68 Orthorhombic, a= 3.37, b=10.57, 300
c=4.318
Zr,Ni - Tetragonal, a=6,54, ¢c=5.34 -
Zr,NiHg 2.08 Tetragonal, a=6,86, c=5.657 170-250
ZrNi Orthorhombic,
B a= 3.29, b=9.998, c= 4.080 B
ZrNiH; Orthorhombic,
1.96 a=3.53, b=10.62, c=4.328 220-260
Ti,Co - Cubic, a=11.31 -
Ti,CoHs 1.7 Cubic, a=11.89 220-260
Ti44_5ZZr40_32Ni16 210-2.15 C14 hexagonal Laves phase -
TI44_5ZZr40_32NI15 H3 ' ' - 170'260
TiV,Mngg - BCC, (HCP traces); a =3.039 (6) -
TiV1,2MnggH3 67 2.36 | BCT- monohydride, a = 3.069(6), 280; 330
c=3.510(5)

2.5. The applications of alloys and intermetallics

Interest in alloys is associated with their numerous and important practical
applications. They are used in the high-tech areas of nuclear and hydrogen power
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engineering, aerospace, shipbuilding, chemical, automotive, metalworking, machine
and machine tool industry, tool manufacturing, radio and electrical engineering,
electronics, as composite materials in nuclear power plants, as biocompatible
materials in medicine, etc. Particularly, the titanium- and zirconium-based alloys are
interesting for the production of construction materials that can work in various
chemically active environments (sea water, steam, gas turbines), at low temperatures
(for example, in liquid oxygen). The main advantages of titanium alloys are
lightness and corrosion resistance. Alloys of zirconium and hafnium are used in
nuclear reactors.

In modern materials science, the problem of development of new light, heat-
resistant alloys with operating temperatures higher than 550-600°C is acute. From
this point of view, transition metal alloys and intermetallics are very promising
construction materials. Their advantages are low density, high melting points, high
mechanical strength, high heat and electrical conductivity, superconductivity, heat
and corrosion resistance, etc. These characteristics condition their use in aerospace
and ground engine construction, in the defense industry, in many branches of
machine building, chemical and food industry, electronics, medicine, etc. Titanium
aluminides are used in the first wall of thermonuclear reactor (TNR) as constructive
materials. Aluminides of IV-V group metals are 3 times cheaper than such
competing materials as, for example, nickel alloys. The aluminides are known as
construction materials and can absorb high amounts of hydrogen and serve as
hydrogen storage materials.

The current methods for producing binary and multicomponent alloys and
intermetallics are based on melting (induction, electric arc, electron beam), powder
metallurgy and mechano-chemistry. Each of these methods bears considerable
laboriousness and instrumental complexity. The powder metallurgy methods are
characterized by long-duration processes: the interaction of metals in the initial
mixtures is mainly determined by the diffusion rates in the solid state. Specific
difficulties in obtaining high-quality alloys and intermetallics are associated with the
presence of a dense oxide film on the surface of refractory metal particles, which
hinders the process of mutual diffusion. In the mechano-chemical methods of
producing alloys and intermetallics, the initial components are mixed in drums for
10-40 hours or more, when the sticking of the reaction components to the drum wall
can occur changing their ratio; besides, the contamination of the reaction mixture by
the ball and drum materials can occur.

The differences in melting and evaporation temperatures, in densities of
titanium, niobium, zirconium and aluminum also complicate the current
technologies. Therefore, new effective methods for producing binary and
multicomponent alloys with given physical and technical properties are urgently
demanded in modern materials science. The described in the present work Hydride
Cycle method can be such a promising technique.

The significant advantages of "Hydride Cycle” method over the above
presented traditional methods are listed below.
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1. The alloys and intermetallics are formed in lower temperatures (600-1200°C
instead of 1800-2600°C) and with a shorter duration (1.5-2 hours instead of tens of
hours) processes. Because of alloy formation via solid-phase mechanism excluding
melting, the energy consumption is low.

2. The binary and multicomponent alloys and intermetallics of the defined
composition are produced in one technological stage.

3. The processes of formation of alloys and intermetallics are safe, wasteless
and highly effective.

4. Instead of the expensive fine-dispersed powders of refractory metals
demanded as starting materials, cheap SHS hydrides are used, formed in a highly
efficient, low-energy technological process, utilizing the wastes appeared during
machining of refractory metals.

5. More than 100 HC-synthesized alloys, intermetallics and their hydrides have
been produced. Among them — the alloys with structure of a-, B-, y- and w-phases.

6. The elaborated method for synthesis of alloys and intermetallics of transition
metals can be very attractive for industry and be of commercial interest. Hydrides of
synthesized alloys and intermetallics potentially can serve as hydrogen storage
materials.
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rmapuabl HEPEXOJHBIX METAJIJIOB U UX CIIJTABOB KAK HOCHUTEJIN
KOHAEHCHUPOBAHHOI'O BOJOPOJA

C.K. IOJIYXAHSH, A.T'. AIEKCAHSH, I'. H. MYPAISAH, A. I'. AKOIISIH,
H. H. ATAJI'KAHAH, H. JI. MHAIHAKAHSH u O. I1. TEP-TAJICTSH

Wncruryr xumudeckoit ¢pusukn uM. A.b. Han6annsana HAH PecnyOnukn Apmenus
Apwmenuns, 0014, Epesan, yn. I1. Ceaka, 5/2
E-mail: seda@ichph.sci.am

IIpencraBnen 0630p pabor Jlabopatopuu BBICOKOTEMIIEPATYPHOTO CHHTE3a H
TEXHOJIOTUM Heopranuuyeckux MarepuaioB XD HAH Apmenun. B nepBoil vacTu
CTaThH ONMCAHBI HCCIIEOBAHUS IIPOLIECCOB TOPEHHS EPEXOIHBIX METAIIIOB B BOJOPOJIE.
Brepsrre merogom CBC (camopacTipoCTpaHSIOMErocsi BBICOKOTEMIIEPATYPHOTO CHHTE-
3a) ObUTO cuHTe3upoBaHO Oosiee 200 OMHAPHBIX W MHOTOKOMIIOHEHTHBIX THIPUIOB U
JEHTEPHIOB METAJUIOB M CIUIaBaB. DTH HUCCIIEIOBaHMS CTAIN (PU3NKO-XHUMHUECKOH OCHO-
Boit CBC mponeccoB B cuctemax Me-H u nmpuBenu kK NOCTaHOBKE TEXHOJIOTHUECKUX pa-
00T, UMEIOIINX OTPOMHBIC NPOMBILIICHHBIE TTEPCHIEKTUBBL. Pa3paboTaHbl HE MMEIOLIHEe
aHAJIOTOB B MHUPE BBICOKONPOU3BOAUTENBHBIE TEXHOJIOTHUECKUE MPOIIECChl CUHTE3a pas3-
JIMYHBIX THIPUAOB, KOTOPBIE MOTYT 00ECIEYUTh CHHTE3 U MPOU3BOACTBO OOJBLIOTO ac-
COPTHMEHTa JELIeBBIX THUAPHAOB BBICOKOTO KadecTBa. Ha ombITHOM 3aBoje
ApmHUHnBer™er (r. EpeBan) Opmio m3rotomieHo Oomee 20 m THAPUIOB TUTaHA H
LIUPKOHUS. [WIpPUIBI NEpexXoMHBIX METANIOB W CIDIABOB IIPEJCTABISIOT OOJBIIYIO
LIEHHOCTh KaK KOH/ICHCHPOBAaHHBIE HOCHTENM Bojxopoxa. MHTepec Kk Bomopony u
METAIOTUAPHIAM CBS3aH C JIBYMS TJI00ANBHBIMH ITpoOJIeMaMH: OXpaHa OKpYXKaromen
Cpebl ¥ UCTOIIEHNE 3a1lacoB HCKOMIAEMOTO YIJIEPOIHOTO U YIJIEBOJOPOIHOTO TOILINBA.
CnexTp NpUMeHEeHHs THAPHUIOB METAJUIOB U CIUIABOB OYEHb IIHPOK.

JlanpHelmre ucciefnoBaHUS CHHTE3UpOBaHHBIX B pexume CBC  ruapumos
MTO3BOJIMJIM pa3paboTaTh elle OAWH, MPUHIUIHNAIGHO HOBBIH METOJ CHHTE3a CIUIABOB U
HHTEPMETAIUTUIOB MEPEXOAHBIX METAJIJIOB, HAa3BaHHBIH HaMU MeTOJOM «l MApPUIHOTO
ukina — ['». Bropas gacTe pabOThI MOCBSIICHA UCCICIOBAHUAM Mpoiiecca (HOpMUpOBa-
HUS CIUIaBOB U mHTepMeTauinIoB B ['1]. B ocHOBe MeToma nexar peaxyuu g3aumooeti-
cmeust 08yx u 6Gonee 2uopuoos memainos, Kak Hampumep, xMe'H, + (1-xX)Me"H, —
crnaB Me'\Me"” (1.4 + Hy1. IlokazaHo, 4To npu HarpeBe KOMIIAKTHPOBAHHOM CMECH JIBYX
u Oonee ruapumos, Hampumep TiH, u ZrH,, a taxxe ruapuma ¥ MeTATMYECKOTO
nopouika (Hampumep TiH, u Al) ynaneHue Bomopoa M3 KOMIIAKTHPOBAHHOM IIHXTHI
IIpU  TEMIIepaTypax 4dyTh BBIMIE TEMIIEPATyp MAWUCCOLAIMM THAPHIOB IPHBOIUT K
00pa3oBaHUIO TPOYHBIX, OECIIOPUCTBIX, KOMITAKTHBIX OHHApHBIX, TPOHHBIX CIUIABOB
yKa3aHHbIX MeTaiuioB. B pexxume 'Ll cunresupoBano 6oxee 100 cruraBoB U nHTEpMETAN-
munoB B cucremax Ti-Zr; Ti-Hf; Ti-Nb; Ti-V; Zr-Hf; Ti-Zr-Hf; Ti-Ni; Zr-Co; Ti-Al; Nb-
Al u 1p. HexoTtopsie moydeHHBIC KOMIAKTHBIE CIUIABBI 63 TPEABAPUTEIFHOTO H3MEITh-
YeHHs B3aUMOJEHCTBYIOT ¢ BoxopooM B pexnme CBC, obpa3ys ruapumsl ¢ BRICOKHM
COJlepyKaHWEeM BOJIOPOa. Y CTaHOBJICHO BIHSHUE MAPAMETPOB — COOTHOIICHHS THIPHIOB
METAJUIOB W IOPOIIKOB METaJUIOB B PEAaKIMOHHOW CMECH, pa3MepOB 3€pPeH IOPOIIKOB
THAPUIOB (MHKPO- M HAaHOPa3Mephl), JABJICHUS MPECCOBAHUS IIPH KOMIIAKTHPOBAHUU
THIPUJIOB, a TAK)KE PEKUMOB JIECTHAPUPOBAHMS M CHEKAaHUs (TeMIepaTypbl U CKOPOCTH
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HarpeBa) Ha XapaKTEPUCTHUKHU HOJyYCHHBIX CIUIAaBOB M MHTEPMETAJUINI0B — KPUCTAIILIHU-
YECKYyI0 CTPYKTYpY, INIOTHOCTD, a/ICOPOIIMOHHBIE CBOWCTBA M Ap. [IpeioxkeH MeXaHn3M
nx ¢opmupoBanus. IlepcnektuBer Merona [l mns cuHTe3a CIUTABOB W WHTEpPMETAN-
JIMJIOB MOTYT OBITh OYEHb NPHUBIECKATENbHBI I HHAYCTpHUU. PazpaboTaHHBIE TEXHOIIO-
ruu o meroxy 'Ll MOTYT HpencTaBisATh KOMMEPUYECKHI MHTEPEC, MOCKONBKY HMEIOT
OoJbIINE NIPENMYIIECTBA MIEPEN TPAJUINOHHBIMH.
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