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Abstract

Changes in the phase composition of hanocrystalline Zr—Fe powders prepared by spark synthesis were investigated in dependence of the
heat treatment in vacuum and hydrogen atmosphetsshbhuer spectroscopy, X-ray diffraction and magnetic measurements were applied
for phase analysisx-Fe, Fe embedded in ZgOZrO,, and iron oxides were found in the as-prepared powder. After annealing in hydrogen,
a-Fe and ZrQ dominate and minor Fe atoms embedded in Za@d FgZr were detected. Zr—Fe phases were transformed gradually into the
«-Fe and ZrQ during the repeated annealing in vacuum and hydrogen. The ability of hydrogen absorption is decreasing with the annealing
steps and is connected with the decrease of thEh#hase content.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction hydrogen led to a disproportionation and reproportionation
of FeZrp and FeZg. Hydrogen absorbed at room temperature
Zr—Fe-based alloys are studied for magnetic properties andformed ZpFeHs hydride. The disproportionation of Afe
for the capability of hydrogen absorption in a broad tempera- was unstable and it was very quickly followed by a repro-
ture range. The nanopatrticles of pure Zr and its intermetallic portionation. This unusual behaviour was explained by the
phases are sensitive to oxidation and they can be used as axistence of an unstable ZrFe phase which is not described in
getter protecting iron against oxidation during the heat treat- any equilibrium Zr-Fe phase diagram. Nanocrystalline mate-
ment by preparation of magnetic nanocomposites in form of rials usually exhibit different physical properties in compar-
a-Fe nanoparticles embedded in a Zn@atrix. ison with coarse polycrystals. The formation of metastable
According to the equilibrium phase diagram the Fe—Zr phases and pronounced hydrogen absorption can be expected
system consists of the stable phasdse, FeZr, FeZr, and [4-T7].
metastable phases Feand FgZr(FeysZrs) [1,2]. For some Spark erosion is a possible alternative among the meth-
Fe—Zr compositions the amorphous state can be fixed easilyods for preparing a new Zr—Fe phase simultaneously yielding
by rapid quenching from the melt. Amorphous Fe—Zr ribbons nanocrystalline particles. This method was used for the prepa-
are interesting because of their magnetic properties and relatation of amorphous, nanocrystalline or crystalline powder
tively high capacity of hydrogen absorption. Zr-based alloys materials. The conditions of erosion are characterised by
and compounds are well known as materials for hydrogen high temperature (above 4B) and pressure~280 MPa)
storage. Hydrogenation of Zr—Fe alloys was describg8]in in a plasma channel, where a synthesis of the materials of
It was shown that the ability of Zr-rich phases of absorbing of electrodes with the surrounding occurs, and high cooling rate
(~10°K s~1)[4,5]. It allows to overcome the solubility limits
reached by classic alloying treatments and to synthesise new
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its composition by varying the parameters of sparks (e.qg., T 1 T T T
voltage or time) and/or chemical composition, temperature
and density (pressure) of the gaseous or liquid dielectrics.

In this paper we will describe some results obtained by the
synthesis of Zr-Fe alloys with the aim of preparing nanocom-
posite materials consisting of iron and zirconium nanoparti-
cles, focussing on the investigation of their phase composition
in as-prepared and annealed state.
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2. Experimental details 0.992

The nanopowder was prepared by spark synthesis of elec- |
trodes of pure Fe (99.99%) and Zr (99.9%) in a hydrogen -8
atmosphere serving as dieleci®;9]. The as-prepared pow-
der was compacted (pressed) into pellets for heat treatmentsy 1 wpsshauer spectrum of the as-prepared sample recordgd=at
and magnetic measurements. The first annealing was carriecos K,
out in pure hydrogen (better than 5N) atmosphere at 1030 K
for 1 h. Subsequent annealing for hydrogen charging and dis-ticles. Two doublets witht§ = 0.30 mm/s,A = 0.61 mm/s,
charging was carried out in hydrogen atmosphere and in al = 0.17 ands = 0.95mm/s,A = 0.28 mm/s,/ = 0.49 are
vacuum (10?2 Pa), respectively. explained as F¥ and Fé+. Those atoms were embedded

5’Fe Mossbauer spectra were collected by a standardin ZrO; in agreement witlj11]. The iron atoms included in
transmission method at room temperature usifgGo/Rh the ZrQ probably stabilise its tetragonal structure which is
source. The calibration of the spectra is referred relative to not stable at room temperature in a pure form. The doublet
a-Fe at room temperature. The computer processing of thewith § = —0.36 mm/s,A = 0.23 mm/s,I = 0.01 represents
spectra was done by the CONFIT pack§t@] yielding by FeZr. The last component represents fcc iron in Zu@th
intensitied of the components (atomic fraction of Fe atoms), § = —0.08 mm/s and/ = 0.31. The high content of oxides
their hyperfine field®y¢, isomer shifts and quadrupole split-  is due to rapid oxidation of the as-prepared material during
tings A. the opening of the preparation chamber. In some cases an

Magnetic measurements were carried out using a vibratingincrease of temperature of the powder was observed.
sample magnetometer (VSM). The thermomagnetic curve The change of the magnetic moment with temperature is
was measured in the temperature range 293-1093 K with theshown inFig. 2 Critical temperatures of the magnetic phase
sample in vacuum~+10~1 Pa). transition (Curie temperatures) of & at 520 K andx-Fe

X-ray powder diffraction (XRD) was performed using Co at 1043 K can be identified. E2&r was recognised neither in
Ka radiation. Qualitative analysis was performed with the X-ray diffractions nor in the Mssbauer spectrum. Two rea-
HighScore software and the JCPDS PDF-2 database. For a
gquantitative analysis of the XRD patterns we used Powder- 0.008 7 T T T
Cell for Windows, Version 2.3 with structural models based
on the ICSD database. i T
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3. Results and discussion

The analysis of X-ray diffraction of the as-prepared pow-
der material revealed iron, iron oxides (hematite, magnetite),
tetragonal and monoclinic ZeOphases. In its NMssbauer
spectrum Fig. 1) four sextets and four nonmagnetic com-
ponents were recognised. The first sextet Bith=33.01T,

8§ =0.01mm/s,A = —0.01 mm/s andl = 0.09 represents
purea-Fe phase, the secongy ~ 51.4 T, § = 0.38 mm/s, -
A = —0.08 mm/s, andl = 0.07), third and fourth sextets
with (Bnt ~ 48 and 46T, = 0.28 and 0.66 mm/sA = S [ | ! | . |
—0.08 and 0.03mm/s, anfl=0.02 and 0.01) can be as- 00 TE‘;\?&ER ATURES%(] 1000
cribed to iron oxides (hematite and magnetite). The exact

Content. and hypgrfine parameters of iro_n OXiqu cannot berig. 2. Temperature dependence of the magnetic moment of the as-prepared
determined relatively small (nanocrystalline) size of the par- sample.
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Table 1
Phase composition derived from thédssbauer spectra measured after the heat treatment steps
Step Heat treatment a-Fe FeZr FeZp Fe?t and Fe3t in ZrO, fcc Fe FeO3 Fe304
0 As-prepared 0.09 — 0.01 0.49 0.31 0.07 0.03
1 750°C/1hin H 0.78 0.06 - 0.12 0.04 - -
2 787°C/1 h in vacuum 0.72 0.11 - 0.12 0.04 - -
3 785°C/1hin H 0.91 0.03 - 0.04 0.02 - -
4 785°C/1 h in vacuum 0.88 0.06 - 0.03 0.03 - -
5 800°C/10hin K 0.9 0.04 - 0.04 0.02 - -
T T
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Fig. 3. Mossbauer spectrum of the sample recordefl &t295 K after annealing in b(left) and after annealing in vacuum (right).

sons for it can be expected: (i) the nanocrystalline characterthe monoclinic stable form (baddellyite). Other phases were
of the phase particles may cause that the size of coherent volbelow the detection limit of the experiment.
umes are below the detection limit of X-ray diffraction, (ii) The above results based orobtsbauer phase analysis do
a strong overlapping with the other components and super-not confirm the hydrogen-induced disproportionatiopF&r
paramagnetic behaviour disable its analysis in tlisshbauer ~ and FeZr phases to 4fFe described if8]. We have observed
spectrum. A slight increase in coercivity and remanence canthat the magnetic phase #& transformed in consequence
be observed in the hysteresis loops measured before and afef hydrogenation to pure-Fe and nonmagnetic phases (Fe,
ter the thermomagnetic curve. This change can be ascribed td=€** and Fé* in ZrO,).
the increase in the mean size of the particles of the magnetic
phases.
The phase analysis after the first heat treatment step —4. Conclusions
annealing in hydrogen at 750 for 1 h — shows important
changes in phase composition (SEeble 1. The compo- Nanocrystalline Zr—Fe powder prepared by spark synthe-
nents of the iron oxides have diminished and the new sextetssis of the pure Zr and Fe electrodes in hydrogen consists
with B ~ 7and 5T8 = 0.5 and 0.2 mm/sA = —0.3 and of a mixture of amorphous and nanocrystalline components
0mm/s, and = 0.04 and 0.02 appeared. It can be ascribed to that are able to absorb hydrogen. The phasé®, Fe em-
FexZr according to the phase transition (Curie) temperature bedded in ZrQ, ZrO,, Fe,03, and FgO4 were found in the
found in temperature dependence of the magnetic moment.as-prepared state. After the first annealing in hydrogefe,
However its hyperfine field significantly differs from the stoi- ZrO,, Fe atoms embedded in Zs(and FeZr were detected.
chiometric (bulk) FeZr phase probably due to small particle Fe—Zr phases transformed irte-e and ZrQ during the sub-
volumes and broad particle size distributid2]. sequent annealing in vacuum and hydrogen. The ability of
The next two steps of annealing in vacuum followed by hydrogen absorption was decrease with the annealing steps.
annealing in hydrogen caused fine changes in the phase comThe loss of the ability to absorb hydrogen is connected with
position only. Examples of the &6sbauer spectra are shown the decrease of the F&r phase content.
in Fig. 3. They are characterised by a decreasing content of
Fe after annealing in vacuum in favour of the other magnetic
components. The contents of the other phases have decreaseticknowledgements
in all steps of the heat treatment. It is probably due to a segre-
gation of Fe atoms and the formation of largeFe particles. This work was supported by the Czech Ministry of Ed-
This explanation can be also supported by X-ray diffraction ucation, Youth and Sports (FRVS 1528, ME636) and the
after the steps of heat treatment. Zrkas transformed into ~ Academy of Sciences of the Czech Republic (K10101040).
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