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Influence of surrounding atmosphere on crystallization
of as-quenched Fe-Ni-Zr ribbon
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Abstract

We have investigated the influence of surrounding atmospheres on crystallization of the
as-quenched Fe-Ni-Zr ribbon prepared by a melt-spinning technique. The heat treatment of
samples was carried out in various atmospheres — pure hydrogen, argon and ambient (air)
atmosphere — and in vacuum (~ 1072 Pa). Phase compositions of as-quenched and annealed
states were studied by X-ray powder diffraction and Mossbauer spectroscopy. Temperature
dependence of magnetic moments of samples was used for determination of critical tempe-
ratures of phase transitions. Temperature dependence of electrical resistivity was applied for
determining the activation energy of crystallization. Kinetics of crystallization and final phase
composition strongly depends on surrounding atmospheres used during heat treatments.
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1. Introduction

The Fe-Zr based alloys are interesting as basis of
materials for hydrogen storage and also due to their
ability of easy production of amorphous state. The
crystalline FesZr and FesgZr phases exhibit the abil-
ity to remove and purify tritium in the fuel cycle
of nuclear fusion reactor, to store hydrogen and to
protect materials against oxidation. According to the
equilibrium phase diagram, the Fe-Zr system con-
sists of a-Fe, FesZr, FeZr, and FeZrs stable phases
and FesZr(Feq3Zrg) metastable phases [1, 2]. The
FezZr(FegsZrs) phase may be stabilized by oxygen.
The Fe-rich phases, especially FeZrs and FeZrs, can
be recognized by combination of the M&ssbauer phase
analysis and X-ray diffraction. Difficulties of the phase
analysis of the Fe-Zr alloys are documented in [3]
where FeZro phase with diamond lattice is reported
in contrary to the tetragonal phase (type CuAly) de-
scribed in [1, 2]. All of the mentioned Fe-Zr phases are
able to absorb hydrogen. The storage of hydrogen is
connected with disproportionation and reproportion-

ation of the phases. In the material saturated by hy-
drogen the nonstoichiometric a-Fe, FesZr, and ZrHs
phases were recognized [4].

Chemical compositions of as-quenched ribbons
based on Fe-Zr or Fe-Zr-Ni produced by means of a
melt-spinning technique are close to the eutectic con-
centration (~ 10 at.% Zr) [1]. Previous studies of sim-
ilar materials [5] have shown that as-quenched ribbons
prepared in an inert atmosphere are homogeneous,
~ 30 pm thick with a shade of nanocrystalline phase.
It was confirmed by selective area diffraction carried
out in transmission electron microscopy (TEM). More
detailed investigations revealed short range order fluc-
tuations of the atomic ordering. The differential scan-
ning calorimetry measurement has shown two steps
of crystallization. The «a-Fe phase crystallized in the
first step followed changing the residual amorphous
phase in direction to a-Fe and FegZr. The first crys-
tallization step was confirmed by a steep increase of
magnetic moment at 840 K observed in temperature
dependence of magnetic moment [6]. The magnetic
properties and hydrogenation of the Fe-Zr based as-
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-quenched ribbons were topic of several papers, e.g.
[6-9]. Low-temperature measurements indicate Curie
temperature (T¢) around 200 K of the materials with
the chemical composition near the eutectic concentra-
tion. The second magnetic transition occurs around
70 K. The corresponding critical temperature is usu-
ally labelled as freezing temperature (Tt). This mag-
netic transition was described by several theories. One
of them claims that the amorphous material exhib-
its a short-range ferromagnetic order below T¢ and
a complex magnetic ordering form below T¢ which
is described by the two-component model. The first
part has the short-range aspheromagnetic order and
the second part is the spin glass [7]. The other model
proposes that the magnetic behaviour is superposition
of three magnetic states: spontaneous magnetization
causing of single-wave transition, fluctuation of local
magnetization, and fluctuation of spin density [9]. The
general magnetization of these components transforms
in dependence on temperature and external magnetic
field. The coercivity of the materials is increasing with
decreasing temperature [6, 7]. An electrochemical hy-
drogenation causes an increase in T¢ and a decrease
in Tf [6, 8].

In this paper we describe the influence of sur-
rounding atmospheres on crystallization of Fe-Zr-Ni
as-quenched ribbons from the point of view of changes
in kinetics of crystallization and in phase composition
of crystalline state.

2. Experimental details

The as-quenched ribbons (FeggNiyZrg) were pre-
pared by melt spinning technique in an inert atmo-
sphere. The heat treatments were carried out in va-
cuum (1072 Pa), in hydrogen (5N), argon (4N) and
ambient atmosphere. The temperature dependences of
magnetic moment (thermomagnetic curves) and hys-
teresis loops were carried out by the vibrating sample
magnetometer (VSM) in the temperature range 293—
1093 K in vacuum (~ 107! Pa). Electrical resistiv-
ity was measured by the four-point method. °7Fe
Méssbauer spectra measured using >’Co/Rh source
were carried out in the transmission geometry (MS)
and in the scattering geometry using detection of con-
version electrons (CEMS). MS gives information on
the ribbons in their whole thickness while conversion
electrons originate from a ~ 300 nm thick surface layer
only. Calibration of the Mdssbauer spectra was done
relative to a-Fe at room temperature. For computer
processing of the spectra, a CONFIT package was
used [10] yielding the values of the relative spectrum
area A and values of the hyperfine parameters includ-
ing hyperfine magnetic induction Byg, isomer shift 4,
quadrupole splitting AEq, and quadrupole shift eq
[11-13]. X-ray diffraction measurements (XRD) were

performed with Siemens D5005 using CuKa radiation
equipped with diffracted beam monochromator. Qual-
itative analysis was performed with Diffrac-Plus soft-
ware package (Bruker AXS, Germany, version 8.0) and
JCPDS PDF-2 database releases 2004. Topas, version
2.1 with structural Rietveld models based on ICSD
database was used for quantitative analysis of XRD
patterns.

3. Results and discussion

The chemical composition of the as-quenched rib-
bon was checked by conventional Energy Dispersive
X-ray analysis (EDX) and it gave 84 wt.% Fe, 14
wt.% Zr, and 2 wt.% Ni. The Mdssbauer phase ana-
lysis revealed 99.8 % of the amorphous (paramagnetic)
phase represented by doublet with broad distribution
(6 = —0.07 mm/s, AEqg = 0.2 mm/s). A weak sextet
(A =0.002, Byt ~ 33T, 6 =0.0 mm/s, and eq = 0.0
mm/s) was ascribed to traces of the crystalline a-Fe
phase. The CEMS spectra confirmed about 4 % of the
crystalline a-Fe with 2% Ni on the both surfaces of
the ribbon. The examples of the Mdssbauer spectra
are shown in Figs. 1 and 2. XRD powder diffraction
revealed the mixture of an amorphous phase with a
small amount of a-Fe with 2% Ni with the mean size of
crystallites (coherent domain of diffraction) of about 9

m [14]. More accurate determination of weight frac-
tion of this a-Fe with 2% Ni phase is not possible.
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Fig. 1. Transmission Mossbauer spectrum (bottom) and

conversion electron Mossbauer spectrum (top) of the as-

quenched ribbon. The crosses label the experimental data

and the solid curves the total fitted function. The dashed
curves represent the crystalline component.
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Fig. 2. Transmission M6ssbauer spectra of the as-quenched

ribbon taken at 170 K and at 23 K. The dashed and dotted

curves correspond to the Zr-rich and Fe-rich parts of the
amorphous phase, respectively.
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Fig. 3. The temperature dependence of hyperfine induction
of the as-quenched ribbon. Determination of Tc at ~ 185
K is indicated.

Commonly used method of an internal standard could
not be applied in the case of as-quenched ribbons. The
Tc of the ribbon was determined by temperature scan
of Mossbauer spectra down to 23 K. The data derived
from the spectra are drawn in Fig. 3. From these data
Tc = 185 + 3 K can be derived which is in a good
agreement with the data reported in [4-7].

The thermomagnetic curve is drawn in Fig. 4. The
heating part of the curve shows an increase in mag-
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Fig. 4. The temperature dependence of magnetic moment
of the as-quenched ribbon. Curie temperatures of the crys-
talline phases are labelled by the arrows.

netic moment at ~ 770 K corresponding to crystalliz-
ation of the amorphous phase followed by decreasing
steps at Curie temperatures of hematite (T¢ ~ 920
K) and a-Fe with 2% Ni (T¢ ~ 1033 K) [15]. On the
cooling part of the curve, magnetic transition at Curie
temperatures of a-Fe with 2% Ni (T¢ ~ 1033 K), mag-
netite (T¢ ~ 830 K), Ni-rich Ni-Fe (T¢ ~ 630 K), and
FesZr (Tc ~ 530 K) can be observed. These phases
were subsequently confirmed by following Mé&ssbauer
and XRD phase analysis. The atomic fractions of
Fe atoms in the phases derived from the MS spec-
trum were following: 0.88 in a-Fe with 2% Ni, ~ 0.10
in FeyZr, ~ 0.01 in FesO4 and the remaining part
(~ 0.01) in other paramagnetic phases, which can-
not be distinguished unambiguously, e.g., iron atoms
in Zr oxides. The a-Fe with 2% Ni solid solution is
represented in MS spectrum by three sextets with A
= 0.95, 0.03, and 0.02, Bys = 33.0, 31.5, and 34.0 T,
0 =0.01, —0.05 and —0.01 mm/s, and eq = 0.01, 0.02,
and —0.01 mm/s. Their intensities and parameters of
hyperfine fields correspond well with the solid solution
model for Ni content close to the nominal composition
of the as-quenched ribbon (2 wt.%). From XRD data,
the a-Fe with 2% Ni solid solution with particle size
~ 29 nm was determined only. The lattice parameter
of the a-Fe with 2% Ni solid solution was very similar
to a-Fe (2.86 nm).

The results of the measurements of tempera-
ture dependences of electrical resistivity in vacuum,
hydrogen, argon are shown in Fig. 5. By inter-
pretation of experimental data standard presump-
tions have been used: (i) linear growth of resistiv-
ity in dependence on temperature, (ii) sharp de-
crease of resistivity with start of crystallization, (iii)
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Fig. 5. Heating parts of the temperature dependences of
electrical resistivity by annealing of the as-quenched rib-
bon in vacuum, argon and hydrogen.

Table 1. The crystallization temperatures determined
from the temperature dependences of electrical resistivity

Temperature (K)

Atmosphere

start 50%

of crystallization  of crystallization
TCr TO. 5Cr

ambient 678 755
argon 708 770
hydrogen 682 764
vacuum 696 768

an increase in resistivity due to formation of ox-
ides.

A linear increase in resistivity with increasing tem-
perature (temperature sweep ~ 5°C/min) was ob-
served in all applied atmospheres as well as in va-
cuum up to beginning of crystallization which star-
ted at ~ 700 K. In the surrounding of this tempera-
ture the resistivity increase was stopped and followed
by decrease due to increase in fraction of the crys-
talline phase. The Mossbauer phase analysis of the
sample taken from this annealing state showed that a-
Fe with 2% Ni phase was formed there. The crystalliz-
ation temperatures determined from the measurement
of electrical resistivity are collected in Table 1. Above
the crystallization temperature, electrical resistivity
decreased continuously until the complete crystalliz-
ation of the amorphous phase. The end of crystal-
lization is characterized by a strong increase in res-
istivity. Contrary to the annealing in vacuum, hydro-

gen, argon, an ambient atmosphere annealing caused
the decrease in resistivity already at a slightly lower
temperature which was probably caused by nucleation
and growth of oxides particles which induced crys-
tallization of other phases. The content of oxygen
in the surrounding atmosphere was the most impor-
tant factor influencing the start of crystallization and
its kinetics. The lowest oxygen concentration was in
vacuum and hydrogen atmosphere and the increase
in resistivity was less pronounced. No changes which
could be ascribed to phase transitions were observed
on the cooling part of the electrical resistivity curves.
This difference in comparison with the thermomag-
netic measurement can be explained by the domin-
ating content of the a-Fe with 2% Ni phase in the
crystalline sample, which has not another magnetic or
structural phase transition below T¢. The phase com-
position after this heat treatment is given in Tables 2
and 3. In the sample annealed in ambient atmosphere,
hematite (a-Fe3Og3) and magnetite (FesO4) were re-
cognized. A prevailing amount of a-Fe with 2% Ni
solid solution and a lower amount of FeyZr were re-
cognized in the MS spectra of the samples after the
measurement of resistivity in argon, in hydrogen, and
in vacuum. Two forms of ZrOs besides the Fe contain-
ing phases — the stable monoclinic and the tetragonal
— can be determined from the XRD measurements.
The tetragonal ZrOs phase is metastable in pure form
at room temperature and we expected that the stabil-
ization of this phase in our samples was due to Fe ions
embedded in ZrOs.

The isotherms of electrical resistivity at tempera-
tures below the crystallization temperature were used
for determination of activation energy of crystalliza-
tion in argon and vacuum. The resistivity of annealed
samples in vacuum was continuously decreasing with
time. The point corresponding to the ~ 50% of crys-
talline phase on the isotherms was selected for the cal-
culation of the general rate of diffusion transformation
in vacuum by means of the Arhenius equation. It was
chosen as inflection point on the isotherm (S-curve).
The resistivity of the sample annealed in argon was
decreasing in the same way as in vacuum but after
some time the resistivity started to increase due to
nucleation of oxides on the surface. In this case the
minimum of resistivity was chosen for the point of
calculation of the general rate of diffusion transform-
ation. Using this procedure the activation energies of
crystallization in argon @ a, = 2 kJ and in vacuum Qy,
= 2.4 kJ were derived. The lower value of activation
energy in argon in comparison with the vacuum can
be ascribed in higher oxygen concentration in argon
and by influence of oxide formation on crystallization
of the amorphous phase. The phase composition de-
termined from MS data after the measurement of iso-
therms in vacuum was following: A = 0.55, 0.05, 0.04,
and 0.36 of a-Fe with 2% Ni, FeyZr, magnetite, and re-
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Table 2. Phase compositions according to Mossbauer phase analysis (in atomic fraction of Fe atoms) in transmission
geometry (MS) and in scattering geometry with detection of conversion electrons (CEMS)

Heat treatment Atmosphere a-Fe-2%Ni FeoZr FesO4 Fe2 03 Amorphous phase
ambient - - 0.05 0.95 -

Annealed at 1073 K/2 hrs argon 0.89 0.02 0.06 0.03 -

(MS) hydrogen 0.91 0.07 - 0.02 -
vacuum 0.83 0.08 - - 0.09

After isothermal argon 0.79 0.08 0.04 - 0.09

crystallization (MS) vacuum 0.55 0.05 0.04 - 0.36

Annealing at 1073 K argon 0.18 - 0.77 0.05 -

(CEMS) vacuum 0.96 0.03 - 0.01 -

Table 3. Phase compositions C (wt.%) and mean coherent length MCL (nm) determined from XRD

Atmosphere
ambient argon hydrogen vacuum
Heat treat ¢ Ph c MCL C MCL C MCL C MCL
cat treatmen ase (wt.%) (nm) (wt.%) (om) (wt.%) (om) (wt.%) (nm)
a-Fe-2%Ni - - 89 80 85 55 100 25
Fe304 5 30 - - - - - -
Annealed at 1073 K/2 hrs FexO3 75 90 - - 5 - - -
ZrO2-mon. 20 30 11 30 5 30 - -
ZrOsq-tetr. - - - - 5 20 - -
a-Fe-2%Ni - - 29 20 - 76 60
F6304 — — 45 30 — — —
After isothermal Fe205 B B 20 60 B o .
L ZrOz-mon. - - - - - 9 30
crystallization 7rOo-tetr _ _ 6 20 _ -~ B
v-Fe - - - - - 4 30
FeZrs — — — — — 11 40

sidual oxide and amorphous phases, respectively. The
samples after the measurements of isotherms in argon
atmosphere consisted of A = 0.79, 0.08, 0.04, and 0.09
of a-Fe — with 2% Ni, FeoZr, magnetite, and residual
oxide and amorphous phases, respectively.

4. Conclusion

It was shown that a surrounding atmosphere used
during the crystallization heat treatment influences
both kinetics and final phase compositions. Presence
of oxygen caused formation of iron and zircon ox-
ides and their amounts correspond to the oxygen con-
centration in the atmospheres applied during crystal-
lization annealing. The sample crystallized in ambi-
ent atmosphere (air) was fully oxidized to hematite
and ZrOs,. Besides the oxides, the contents of resid-
ual amorphous and FesZr phases changed for differ-
ent atmospheres. The argon atmosphere used dur-

ing the isothermal crystallization decreased activa-
tion energy in comparison to the vacuum anneal-
ing.
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