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Abstract. The primary regularities in the formation of the structure and phase composition of Fe-Ti system materials, which are
promising for hydrogen storage under explosive compaction of titanium and iron powder mixtures, are considered. It has been
established that under a loading regime ensuring shock-wave compression pressure P = 11.5 GPa and heating in the falling shock
wave to 777 °C, the powder mixture is compacted to an almost non-porous state due to the uniform plastic flow of particles
in a direction perpendicular to the direction of shock compression. Under more severe loading conditions (P = 12.5 GPa and
t =831 °C), a monolithic state is also achieved, but the deformation character of the powder mixture component particles changes
fundamentally: plastic deformation of the particles is localised in their surface layers and has a pronounced jet character with the
formation of specific “vortices”. The influence of the plastic deformation mechanism of powder particles on the formation process
of the metastable intermetallic phase Ti,Fe with increased hydrogen capacity has been discovered. It has been established that solid
layers of Ti,Fe up to 20 um thick are formed at the contact boundaries of iron and titanium particles only in the case of jet flows
of surface layers of particles. It has been shown that the cause of this effect is the local heating of the contact areas to a tempera-
ture above 1085 °C, which according to the phase diagram of the Ti—Fe system, is the minimum temperature for the existence
of a liquid phase in it. It has been demonstrated that an effective method for producing materials based on Ti,Fe is the combination
of explosive compaction of Fe and Ti powder mixtures and subsequent heat treatment with heating to 1100 °C (reactive sintering
in the presence of a liquid phase).
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AHHOTayms. PaccMOTpeHbI OCHOBHBIE 3aKOHOMEPHOCTH (hOPMUPOBaHMs CTPYKTYpHI U (pazoBoro cocrasa MarepuanoB cuctemsl Fe—Ti,

MEePCIICKTUBHBIX JJIsl XpaHEHHs BOJIOPO/A, IIPU YIUIOTHEHHH B3PBIBOM ITOPOIIKOBBIX CMECEH THTaHa M jKeje3a. YCTaHOBJICHO, Y4TO
IIPU HCIIOJB30BAaHUN PEKMMa Harpy)KeHHUs, 00eCIeUNBAIOIIEro JaBlIeHUe yrapHo-BoiHOBoro cxarus P =11,5TTla u pasorpes
B Majiarorieii ynapHoi Bosiue 10 777 °C, IPOUCXOIUT YIIOTHEHUE MTOPOIIKOBOM CMECH JI0 MPAKTUYECKU OECIIOPHCTOrO COCTOSIHUS
3a CYeT PaBHOMEPHOTO IJIACTUYECKOr0 PACTEKaHUsI YaCTHI[ B HAIIPABJICHUH, EPICHIUKYIISIPHOM HAIPABICHHIO YIApPHOTO CHKaTHsL.
[Tpu Gonee xectkom Harpyxkenun (P = 12,5 I'Tla u = 831 °C) Takxke JOCTUTAETCs] MOHOJIMTHOE COCTOSIHHE, HO XapakTep aedop-
MalUH 4aCTUIl KOMIIOHEHTOB ITOPOLIKOBOM CMECH NPHHIUITNAIBHO U3MEHSSTCS: IUIACTUYECKAs 1e()OpMaIlHsl YaCTHIL JIOKAIN3YeTCs
B UX ITOBEPXHOCTHBIX CJIOSX M MMEET SPKO BBIPQKCHHBII CTPYIHHBINA XapakTep ¢ 00pa3oBaHHEM CHEHH(DUUSCKHX «3aBUXPEHHI.
OOHapy>KeHO BIUSIHUE MEXaHM3Ma IUIACTUYECKOTo e opMUpPOBaHHS YaCTHI] IIOPOIIKA Ha IIPOIecC 00pa30BaHUsI METaCcTaOHIbHON
HMHTEPMETAIUTUIHOM (a3bl TizFe C MOBBILIEHHON BOJOPOAHON EMKOCTBIO. YCTaHOBIICHO, YTO CIIOUIHBIE IPOCIONKU TizFe TOJIIIUHOMN
110 20 MKM (hOPMUPYIOTCS Ha TPaHMI[AX KOHTAKTUPOBAHMS YAaCTHUII JKeJle3a M TUTaHa JIMIIb B CIIy4Yae pealn3alny CTpyHHBIX TeUeHUH
MIOBEPXHOCTHBIX CJIOEB YacTull. [Toka3aHo, YTO MPUYMHON MOTOOHOTO d(deKTa SBISETCS JOKAUIBHBIA PAa30rpeB MPUKOHTAKTHBIX
obacrteit 10 Temrnepatypsi Bbiie 1085 °C, siBnsiroliieiics, B COOTBETCTBHU C JHArpaMMOii cocTostHus cuctembl Ti—Fe, MUHUMaTbHOM
ISl CyIECTBOBAHHs B Hel xuiKoi (asbl. [Tokazano, 4To 3 PeKTHBHBIM METOIOM MOy YEHHs MaTepuanos Ha ocHose Ti,Fe aBnsercs
COBMeIIIEHHE B3PBIBHOTO IpeccoBanus cmecu nopouikos Fe u Ti u nocnenyromeit Tepmudeckoit 0opabotku ¢ Harpesom 10 1100 °C

(peakMOHHOE CIICKaHKe B IIPUCYTCTBUH KUAKON (a3bl).

Kniouesbie croBa: mpeccoBaHUe IOPOLIKOB B3PBIBOM, METaCTaOMIbHbIA MHTepMeTammua Ti,Fe, BonopoaHas eMKOCTb, TepMHUYECKas
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Introduction

The development of hydrogen energy imposes ever-
increasing demands on hydrogen storage systems [1].
One of the most promising and safe methods for hydro-
gen storage is the use of hydride-forming intermetal-
lics [2]. For example, the volumetric density of hydro-
gen in hydrides based on intermetallics ranges from
approximately 60 to 100 kg/m?, whereas in the gaseous
state, even at a pressure of 400 bar, it is only about
20 kg/m® [3]. Such high values of hydrogen capa-
city enable the creation of anode materials for metal
hydride batteries with a discharge capacity reaching
400 mA-h/g [1].

In addition to the currently most widespread inter-
metallic LaNi,, one of the most attractive materials for
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hydrogen storage is the intermetallic TiFe, which is
characterized by low cost and the ability to operate at
low pressures and ambient temperatures [1].

Currently, many researchers [4-11] are focused
on studying the possibility of solving the “activation”
problem of this material [12—15]. The issue is that
TiFe is very sensitive to air and forms a passivating
layer that prevents hydrogen absorption. The classical
activation method involves heat treatment, which con-
sists of cyclic exposure to elevated and room tempera-
tures at high hydrogen pressure [16]. However, other
methods are now considered more promising, such
as mechanical treatment (ball milling, cold rolling,
high-pressure torsion) [8; 17-20], the use of increased
(compared to stoichiometric) Ti content [5; 9], and
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the addition of alloying elements such as Mn, Cr, Zr, Y,
etc. [6; 10; 21-23].

When using an excess of Ti and alloying, it was
found [5; 6; 9; 10; 21-23] that in addition to TiFe,
a solid solution based on B-Ti (referred to in some
works as the BCC phase or Ti,Fe phase) and the inter-
metallic Ti,Fe appear in the structure of the material,
which act as a kind of “gate” for hydrogen [6-8].
Several studies [4; 5; 9-11] also note a general increase
in the hydrogen capacity of materials during primary
hydriding, indicating hydrogen absorption not only
by the main TiFe phase but also by the secondary B-Ti
and Ti,Fe phases. Statistical analysis of data obtained
by various authors for three-phase materials based
on TiFe, which do not require activation and contain
excess amounts of Ti and/or Mn and Zr, showed that
their hydrogen capacity during primary hydriding
follows the law of additivity and can be described
by the equation [24; 25]

H = 0.01537[TiFe] +0.03213[Ti,Fe] +
+0.03847[Ti,Fe],

where H is the hydrogen capacity of the material,
wt. %; [TiFe], [Ti,Fe], and [Ti,Fe] — are the contents
of the respective phases, wt. %.

As follows from the given equation, the hydro-
gen capacity of the TiFe phase in the multiphase
TiFe-Ti,Fe-Ti,Fe material is about 1.54 wt. % H
(which is quite close to the experimental value
of 1.70-1.85 wt. % H for the TiFeH hydride given
in [10]), the capacity of the BCC solid solution Ti,Fe
is 3.85 wt. % H (slightly exceeding the known capa-
city of 3.7 wt. % H for the Ti,FeH, hydride [9]), and
the capacity of Ti,Fe is about 3.21 wt. % H (also slightly
higher than the theoretical estimate of 3.09 wt. % H
for the Ti,FeH, ., hydride given in [9]). It is interes-
ting to note that in the presence of secondary B-Ti and
Ti,Fe phases, the main TiFe phase apparently does not
form the TiFeH, hydride with the maximum possible
capacity of 1.8-1.98 wt. % H [10], which is more than
compensated by the contribution of B-Ti and Ti,Fe.

Another important fact from the statistical analy-
sis [24; 25] and consistent with the conclusions of [9]
is that increasing the content of B-Ti in Ti and Fe-based
materials reduces their reversible hydrogen capacity,
indicating that the saturation of this phase with hydro-
gen is irreversible. The ability of the intermetallic Ti Fe
to release stored hydrogen depends on the content
of alloying elements: in their absence or with a small
amount of Mn, hydrogen saturation is reversible [25],
but with Zr alloying, ensuring maximum Ti,Fe content
in the material’s structure, it is irreversible [9; 25]. This

leads to the conclusion that the most promising way
to improve Ti—Fe system materials, capable of dou-
bling their reversible hydrogen capacity, is to increase
the Ti,Fe content in their structure without using alloy-
ing. However, known attempts to solve this problem,
based on melting the components followed by annea-
ling [16; 26; 27], have failed [5].

This work explores the possibility of using explo-
sive compaction of iron and titanium powder mixtures
for this purpose. The starting point for choosing this
method was the well-known fact of frequent interme-
tallic formation during explosion welding of steels and
titanium alloys [28; 29], as well as the fact that during
explosive compaction of powders and explosion wel-
ding, the area of intense plastic deformation on the sur-
face of the joined components forms similarly [30; 31].
Using powder significantly increases the surface area
in the material volume and reduces the effective diffu-
sion paths of elements during interfacial interactions.

Materials and methods

To produce the materials, titanium powder
grade PTM-1 and PZhV powder with particle sizes
up to 200 pm from a commercial supplier in as-received
condition were used. The Ti powder particles had
a spongy shape, while the Fe particles were rounded
with a pronounced polycrystalline structure (Fig. 1, a).
The component content in the powder mixture was
36 wt. % Fe and 64 wt. % Ti, which is nearly stoichio-
metric for Ti,Fe (see Fig. 1, b) and ensures equal volu-
metric content of Fe and Ti in the mixture.

Explosive compaction was performed by placing
the initial powder mixture on the surface of a steel
substrate and loading it with a flat, normally incident
detonation wave through an intermediate layer separat-
ing the detonation products from the powder (Fig. 2).
The calculation of the physical compression param-
eters implemented in the experiments was performed
using the (P, U)-diagram method [33]. The calculation
results are presented in the Table.

The phase composition, structure, and chemical
composition of the phases of the obtained samples
were investigated by X-ray phase analysis using a D8
Advance X-ray diffractometer (Bruker Optik GmbH,
Germany) and scanning electron microscopy using
a Versa 3D microscope (FEI, Czech Republic) with an
integrated Apollo-X energy-dispersive X-ray micro-
analysis system (EDAX, USA).

Experimental results

The study of the materials obtained through explo-
sive compaction showed that using this method,
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Fig. 1. View of Fe and Ti particles in the
initial powder mixture (a) and phase equilibrium diagram (b)
in the Fe—Ti system [32]
Puc. 1. Bux yactun Fe u Ti B cX0HOM NOPOIIKOBOI cMecH (a)

u nmuarpamma (b) cTabuIbpHOTO (Ha30BOTO PAaBHOBECHS
B cucteme Fe—Ti [32]

which ensures a shock-wave compression pres-
sure of P=11.5GPa and a heating temperature
up to 777 °C, the powder mixture is compacted into an
almost monolithic material (Fig. 3, @). In this process,
the deformation of the particles occurs due to uni-

Fig. 2. Scheme of explosive loading [33]
I — electric detonator; 2 — detonating cord; 3 — explosive charge;
4 — intermediate gasket; 5§ — powder; 6 — substrate; 7 — sand pad
Puc. 2. Cxema B3pBIBHOTO Harpyxenus [33]

1 — 5IEeKTPOAETOHATOP; 2 — NETOHUPYIOLIHUH LIHYP;
3 — 3apsiJ] B3pHIBYATOTO BELIECTBA; 4 — IPOMEKYTOUHAS TIPOKIIAIKa;
5 — nopomIOK; 6 — MOAJTIOXKKA; 7 — ecUaHas MoayIKa

form plastic flow, resulting in noticeable flattening
in the direction of shock compression and spreading
in the transverse direction. No traces of changes in
the initial phase composition were detected (Fig. 3, ¢).
Even in the immediate vicinity of the interfacial bound-
aries, the chemical composition of the phases remained
practically unchanged (Fig. 3, b).

Under more severe shock-wave compression con-
ditions (P = 12.5 GPa and 7 = 831 °C) the deformation
character of the component particles of the powder
mixture changes fundamentally. Plastic deformation
localizes in their surface layers and exhibits a pro-
nounced jet character with the formation of specific
“vortices,” as described in detail in [33; 35].

At the interfacial surfaces, solid layers up to 20 pm
thick of an intermetallic compound (Fig. 4, b) are
formed, which, based on its chemical composition
(Fig. 4, ¢) and crystalline structure (Fig. 4, d), can be
identified as the metastable phase Ti,Fe.

Detailed examination of the microstructure in
the interaction zone of the original powder mixture
components indicates its chemical heterogeneity,
expressed as periodic (with a period of 1.5-2.0 pm)
composition oscillations of the intermetallic compound
(Fig. 4, d) The deviation from the average stoichiomet-
ric ratio of components reaches up to 7 %.

Parameters of shock-wave compression of powder mixture

HapaMeTle YAapHO-BOJIHOBOI'O CKATHUA IIOpOlIIKOBOﬁ CcMecH

Charge Powder layer Gasket Detonation velocity | Powder heating ISR i
i i i : o reflected
height, mm | height, mm | thickness,mm | of explosive, km/s | temperature, °C
waves, GPa
70 777 1.5
7.0 15 42
85 831 125
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obtained under loading conditions: t =777 °C, P=11.5 GPa

Puc. 3. Crpykrypa (a), xumuueckuii (b) u $as3oBslii (¢) cocTaBbl MaTepHaIIOB,
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Fig. 4. Structure (a, b), chemical composition (¢, d) and phase (e) composition of materials
obtained under loading conditions: = 831 °C, P =12.5 GPa

Puc. 4. Crpyxkrypa (a, b), xumudeckuii (¢, d) n $ha3oBblii (€) COCTaBbI MaTEePHAIIOB,
MIOTyYeHHBIX B peXkuMe Harpyxenus: ¢ = 831 °C, P=12,5TTla
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Results and discussion

The data obtained from the conducted studies
indicate that the mechanism of plastic deformation
of titanium and iron particles during explosive com-
paction significantly influences the process of forming
the metastable phase Ti,Fe. Several hypotheses can be
suggested about the nature of this influence. The most
plausible hypothesis is that the intermetallic compound
forms when a liquid phase is generated in the material
during shock-wave treatment. This assertion is prima-
rily supported by the experience of explosive welding
of titanium alloys and steels [28; 29; 36].

Given that the contact melting temperature in the
Ti—Fe system is low, at 1085 °C according to the phase
diagram (see Fig. 1), achieving this temperature at par-
ticle boundaries during explosive compaction under
conditions ensuring an average calculated heating tem-
perature of 831 °C, combined with jet flows of metal
and extreme temperature field heterogeneity, is quite
likely. The heterogeneity of the formed intermetal-
lic layer in this case could be a result of the simulta-
neous growth of its grains from a considerable number
of crystallization centers within the liquid phase under
rapid cooling due to heat dissipation into the “cold”
areas of the structure and the metal substrate.

XY 8

To test the proposed hypothesis, compacts obtained
under loading conditions ensuring uniform plastic flow
of the material particles without intermetallic phases
were heated to 1100 °C in a vacuum with a holding
time of 1 h, followed by cooling in an argon flow.
As a result, the initial components of the compacts
fully reacted with each other, forming a structure con-
sisting of the intermetallic compounds TiFe and Ti,Fe
(Fig. 5, a, b).

The associated impurity elements — carbon, oxy-
gen, and nitrogen — were bound in titanium oxycarbo-
nitrides (Fig. 5, ¢). Through coagulation and coales-
cence in the liquid phase, these formed relatively large
inclusions that were uniformly distributed throughout
the material (Fig. 5, a, b). The incorporation of part
of the Ti into these inclusions appears to be the main
reason why the TiFe intermetallic phase formed in
addition to the Ti,Fe phase in the material’s structure.
Addressing this issue requires increasing the Ti content
(above stoichiometric) in the initial powder mixture.

Another factor likely contributing to the presence
of the TiFe intermetallic phase in the structure of com-
pacts obtained by heat treatment is the significant
increase in the duration of the interfacial interaction
process when transitioning from purely explosive
treatment to a combination of explosive and heat treat-

4500

Ti c
3600 + Element | Weight, % | Atomic, % | NetInt. | Error, %
. CK 7.5 18.9 101.1 10.8
§ NK 11.0 239 144.9 11.1
. 2700 |-
= OK 4.2 8.0 22.6 20.9
2 TiK 76.6 487 43454 | 18
% 1800 - FeK 0.8 0.4 25.6 36.8
— o
Ti
900 - i
N
AC‘Fe Fe  Fe
Il L L 1 ] 1 L ] L
0 1.3 2.6 3.9 52 6.5 7.8 9.1 104  11.7  13.0
Energy, eV

Fig. 5. Structure (a), chemical composition of intermetallic phases (b)
and oxycarbonitride inclusions (¢) of materials obtained by heat treatment of compacts

Puc. 5. Crpykrypa (@), XAMUYECKHI COCTaB HHTEPMETaIUTHIHEIX (a3 (b)
M OKCUKapOOHHUTPUIHBIX BKIIOYEHHH (€) MaTepuaoB, MOJyYeHHbBIX TePMUIECKON 00paboTKOil IpeccoBOK
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ments. As a result, the likelihood of forming the stable
TiFe phase and dissolving the metastable Ti,Fe phase
increased.

Conclusions

1. Under conditions of explosive compaction of iron
and titanium powder mixtures that ensure uniform
deformation of the initial particles without jet flows,
the powder mixture compacts to an almost non-porous
state while maintaining the original phase composition.

2. Using compaction regimes with localized plastic
deformation and jet flows of the material particles in
the original powder mixture forms a chemically hetero-
geneous metastable intermetallic Ti,Fe as continuous
layers between iron and titanium particles.

3. An effective method for producing materials
with a high content of the metastable intermetallic
Ti,Fe is to combine explosive compaction of Fe and
Ti powder mixtures with subsequent heat treatment in
the intercritical temperature range (reactive sintering in
the presence of a liquid phase).
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