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ABSTRACT: Devitrification of mechanically alloyed amorphous FezZrs, at. %
compound consists on a two-step process: amorphous - amorphous + bcc Fe + Fe,Zr
- FeyZr + FeysZrg. This sequence is inferred from the evolution of the Mdésshauer
spectra, the thermomagnetic experiments and the X-ray diffraction (XRD) patterns.
Hyperfine parameters for both intermetallics have been obtained from Mdssbauer
spectroscopy in correlation with the phase identification from XRD results. The
broadening of the stable compositional range of Fe,Zr intermetallic above 1000 K is
responsible for a strong dependence of the phase fractions on heating and cooling rates.
Despite the overlapping of the two processes involved in the devitrification, the

individual Avrami exponents of each one have been estimated.

KEYWORDS: Fe-Zr intermetallics, amorphous alloys, crystallization Kkinetics,

nanocrystalline alloys, Mdssbauer spectroscopy.

1. INTRODUCTION

Fe-Zr binary metallic glasses have received significant attention because of the stability
of the phases [Grain size stabilization of mechanically alloyed nanocrystalline Fe-Zr
alloys by forming highly dispersed coherent Fe-Zr-O nanoclusters; In situ studies on

superior thermal stability of bulk FeZr nanocomposites] their very complex and rich
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magnetic behavior, including ferromagnetism, invar and re-entrant spin-glass behavior
[1-3]. Magnetic properties of these materials strongly depend on compositional changes
[4, Enhanced magnetocaloric properties of FeZr amorphous films by C ion
implantation] and on the local atomic order [5]. Therefore, the preparation method
appears to be decisive to explain the different magnetic responses. The presence of two
eutectic points in the Fe-Zr binary phase diagram (24 and 90 at. % Fe) [6, 7] limits rapid
solidification procedures to produce completely amorphous samples only for reduced
concentration ranges around the eutectic compositions. To extent these compositional
ranges, other ways to produce amorphous samples are used. For example, mechanical
alloying technique allows the production of amorphous samples for Fe content in the
range 30-78 at. % [8]. This method has also been widely used in order to produce many
other systems, such as Nb-Al [9], Cu-Cr [10] or Fe-Cu [11]. Thus these mechanically
alloyed amorphous offer new homogeneous starting points to promote the

crystallization of intermetallics with different compositions to that of the eutectic points.

The amorphous Fe-Zr alloys are the compositional base of the FeZr-based
nanocrystalline soft magnetic materials [12], which are usually obtained after a suitable
thermal treatment of the amorphous precursor. Therefore, the study of the crystallization
process of the amorphous precursors have an important interest in order to control
parameters such as the thermal stability of the amorphous phases against the appearing
of intermetallics, the size of the crystallites or the transformed fraction. This control
plays a decisive role in the magnetic properties because of the close link between the
magnetic softness in nanocrystalline materials and their microstructure. In fact,
crystallization of binary Fe-Zr amorphous ribbons close to the composition FegyZrip has
been profusely studied [13-15]. Also some studies focused on the crystallization of the

Fe-Zr amorphous alloys with Fe content lower than 90 at. % can be found in the
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literature [16, 17]. In the case of FezoZrsg at. %, amorphous system produced by milling
can be found in the literature for partially amorphized samples [5], including some
previous works of the authors [5, 18-20]. However, the study of the devitrification
process of this system have not been reported. Apart from their interest as magnetic
materials, the intermetallic phases in Fe-Zr system play an important role in the nuclear
industry. In fact, Fe-Zr alloys with a high content of Zr are used as structural materials
for light and heavy water based thermal reactors due to their low neutron absorption

cross section and good mechanical and corrosion properties [21, 22].

In this work, with the aim of complementing a systematic study on the magnetic
properties and crystallization behaviour in Fe-Zr amorphous alloys, we present a
detailed study on the correlation between the magnetic behavior and structural changes
taking place during the crystallization of Fe;qZrso at. % amorphous powder produced by
mechanical alloying. The products of the crystallization process have been studied by
X-ray diffraction, Mdssbauer spectroscopy and magnetometry. Avrami exponents of
each transformation have been obtained applying the classical nucleation and growth

kinetic theory extended to overlapped processes.

2. EXPERIMENTAL

An amorphous alloy with FezZrs at. % composition was prepared by high energy ball
milling after 50 h at 350 rpm in a planetary ball mill Fritsch Pulverisette Vario 4.
Further milling parameters and a detailed microstructural evolution of the sample with
the milling time can be found elsewhere [18].

Differential thermal analysis (DTA) was carried out in a Perkin-Elmer DTA?7 unit under

Ar flow for both isothermal and non-isothermal experiments. Different heating rates
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(B=5, 10, 20, 40 and 60 K/min) were used for non-isothermal treatments. In order to
follow the progress of the transformations, heating at 10 K/min up to different
temperatures (from 883 to 1223 K) was also performed. In the case of isothermal
experiments, the amorphous sample was annealed 5 hours at 888 K, 10 K below the
onset temperature obtained for f=10 K/min, in order to study the crystallization process
from an initial value of the transformed fraction X/~9,,,=0. The corresponding baselines
were obtained repeating the same treatment after the complete crystallization of the
sample.

Powder diffraction pattern, recorded in a Bruker D8 Advance diffractometer (Cr-Ka,
1=2.28970 A) in a Bragg-Brentano geometry at room temperature, has been used to
follow the crystallization process of the sample. Rietveld refinements were performed
by TOPAS software (Version 6).

Magnetic properties were measured using a Lakeshore 7407 Vibrating Sample
Magnetometer (VSM) under a constant applied magnetic field of 0.1 T. The local
environment of Fe atoms was analyzed at room temperature by Mdssbauer spectrometry
(MS) in transmission geometry using a °’Co(Rh) source. Values of the hyperfine
parameters were obtained by fitting the measured spectra with the NORMOS program
[23] and isomer shifts were measured relative to that of a standard foil of pure Fe at

room temperature.

3. RESULTS and DISCUSSION

3.1. Characterization of Crystallization Products

Figure la shows the non-isothermal DTA plot taken at 10 K/min for the as-milled
amorphous sample. All the features found in the curve were irreversible as they vanish

in a second heating, which was used as the corresponding baseline. Two overlapped

4


https://doi.org/10.1016/j.jallcom.2020.154021

Journal of Alloys and Compounds 825 (2020) 154021

exothermic peaks, which should correspond to two different crystallization events, can
be clearly observed. No experimental deconvolution is obtained in the heating rate
range from 5 to 60 K/min (see figure 1b). However, it can be observed that the fraction
ascribed to the second peak decreases with the increase of the heating rate. The obtained
values of effective activation energy, E,=2.931+0.17 eV/at from both peaks (inset of
Fig. 1b), were calculated by Kissinger’s method [24]. This value is similar to those
reported by Mishra et al. (E,=2.724+0.10 eV/at) [5] for the same Zr containing alloy
obtained by mechanical alloying.

Figure 2a shows the XRD patterns taken at room temperature of as-milled amorphous
powders and those of crystalline samples after heating them at 10K/min up to the
indicated temperatures to evidence the formation of the crystalline microstructure. In the
as-milled powders, the characteristic peaks of bcc Fe and hcp Zr pure phases of the
initial mixture disappeared completely, leading to the formation of a broad halo
distinctive of the amorphous phase near 26=42°. Heating above 883 K leads to the
emergence of several diffraction peaks superimposed to the amorphous halo and the
progressive disappearance of it. The peaks appearing at lower temperatures (after
heating up to 883 K) can be assigned to the Fe,Zr crystalline phase (space group Fd-
3m). In a second stage (after heating up to 993 K), peaks attributed to the FeysZrg
crystalline phase (space group Fm-3m) appear. Seme—traces—can—be—aseribed—to
zirconivm—oxides—in—the—totalhy—erystalline—sample—These results agree with those
reported by Garitaonandia et al. [25] for the crystallization of the FessZrys at. %
amorphous alloy produced by mechanical alloying. They also found that the
crystallization involved the formation of the Fe,Zr and Fe,3Zrg intermetallic phases as

final products. However, Gorria et. al [16], for the same compound, reported that the
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Fe,Zr intermetallic is just an intermediate and not a final product in the crystallization
process.

Figure 2b shows the room temperature XRD pattern corresponding to the fully
crystallized sample after heated up to 1223 K at 10 K/min. Satisfactory Rietveld
refinement were obtained (<GOF>=3.5, R,,=4.2 %). From the fit, it can be concluded
that the main crystalline phase present in the sample at room temperature is Fey3Zrg with
59.2(6) wt.% and a cell parameter a=11.701(1) A. The Fe,Zr is clearly detected and it
reaches 25.2(5) wt.% and has a cell parameter a=7.055(1) A. Final crystal size is clearly
larger for Fe,3Zrg phase, for which a value of 46(3) nm is achieved, meanwhile a value
of 18.2(6) nm is obtained for the Fe,Zr crystalline phase. The other 15 wt.% is divided
into the ZrO and ZrO, phases, which are formed despite the imposed controlled
atmosphere. Atomic position and the fractional coordinates of the intermetallic phases,
along with the site occupancies obtained from the refinement of the diffraction pattern
in the figure 2b are given in Table 1. It is worth noting that values lower than one were
obtained, leading to Fe,Zrq g and Fe,3Zrs g stoichiometries. Therefore, both intermetallics
have a lower content on Zr than the theoretical one.

Figure 3 shows room temperature Mdossbauer spectra of as-milled and heat treated
samples up to the indicated temperatures at =10 K/min. The spectra show the different
stages of the crystallization process. A quadrupolar distribution was used to describe the
paramagnetic contributions, assigned to the amorphous phase. This distribution is the
unique contribution that exhibits the as-milled sample. The spectrum of the sample
heated up to 883 K shows the initial stages of the crystallization, where the decrease of
the contribution of the paramagnetic phase is compensated by the appearance of a
hyperfine field distribution with low hyperfine fields (<Bp>=7.1(1) T). Besides the

quadrupolar and the hyperfine field distributions, a sextet with hyperfine field
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HF=32.41(6) T appears (area fraction reaches ~6 %), which can be assigned to the
formation of the a-Fe phase. The small area fraction of this contribution explains why it
is not detected from XRD. In fact, it is known that MS is a more sensitive technique
than XRD in order to detect small fractions of Fe phases when paramagnetic and
ferromagnetic phases coexist [18].

After heating up to 973 K, the sample is totally ferromagnetic at room temperature,
evidenced by the absence of any quadrupolar distribution. Four ferromagnetic sites,
including the contribution of the a-Fe phase (Bn=32.6(3) T), were used to fit the
ferromagnetic spectra. Beyond the site corresponding to the a-Fe phase, two well
defined contributions can be observed (Bn=20.72(6) and 17.77(6) T). The fitted
hyperfine values are in good agreement with those reported in the literature for the
Fe,Zr phase [17]. The last and wide site used at this temperature (Bn=13.7(1) T) cannot
be still assigned to any crystalline phase and should correspond to the remaining
amorphous or interface contributions.

Above 973 K, the increase and refinement of other contributions, corresponding to the
Fe,sZrg phase, shows the advance of the crystallization. This can be followed from the
Madossbauer spectra as a decrease of the peaks around +6 mm/s, corresponding to the a-
Fe phase, and the emergence and enhancement of peaks between 2 and 4 mm/s with the
increase of the heating temperature. In fact, the sextet assigned to the a-Fe phase
disappears after heating up the sample to 1073 K and new well defined sites emerge.
These results are in agreement with the DTA and XRD results, showing that
independent transformations simultaneously occur during the crystallization process.
The hyperfine parameters obtained from the fit of the Mdssbauer spectrum at room
temperature of the sample heated up to 1223 K are summarized in table 2 along with

those reported in the literature for samples prepared by different methods and
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compositions [17, 25]. The final fitted hyperfine values for the Fe,Zr are in agreement
with those reported in the literature for this intermetallic obtained as a solidification
product from arc-melting of the same composition [17] and about 2 T higher than those
reported for the crystallization of an amorphous alloy with Fe;sZr,s composition [25]. It
has to be noted that the hyperfine field is strongly dependent on the Fe content [17].

The ideal site occupancy of Fe atoms in the Fe,3Zrg phase suggests the existence of four
subspectra with different hyperfine fields with an intensity ratio 32:32:24:4, as has been
reported in [25]. However, the strong overlapping between the different ferromagnetic
sites, with a very similar number of Fe atoms as near neighbors (8, 8, 10 and 9 for Fel,
Fe2, Fe3, Fe4, respectively), makes very difficult to distinguish such number of
subspectra. In fact, if our results for this phase are considered just as the mean values of
both Fel and Fe2, and Fe3 and Fe4 sites, respectively, they are in good agreement with
those reported in [25].

Fe,Zr phase has two different magnetic sites with 3:1 population ratio when it is in the
magnetic state. However, results in table 2 do not show the expected ratio between both
contributions. The higher linewidth of the site 2 of this phase could explain this fact,
suggesting that overlapping between different ferromagnetic sites corresponding to both
intermetallic phases jeopardizes the quantitative agreement. In fact, when the ideal 3:1
population ratio is considered, an estimation of the contribution of each intermetallic
can be done, resulting ~35 and 65 wt. % for Fe,Zr and FeysZrg, respectively. These
results are in good agreement with those obtained by Rietveld refinement when the
contributions of the oxides are not considered.

Figure 4 shows the temperature dependence of the magnetization M(T) at 0.1 T of the
as-milled amorphous alloy on two consecutive heating-cooling cycles from room

temperature up to 1200 K. On the first heating (red hollow symbols), the magnetization
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remains with almost zero values up to around 600 K, indicating the paramagnetic
behavior of the amorphous sample above room temperature, in agreement with the
results reported for this composition [19]. Above this temperature, a slow increase of
the magnetization is observed, followed by a large change in the magnetization slope
around 800 K {iragreement-with-thefirst DTA-exetherm), suggesting the formation
and the progressive growth of a ferromagnetic phase with a Curie temperature higher
than the measurement temperature. It is worth noting that the heating rate in the case of
the VSM experiment, f~1.5 K/min, is lower than those used in DTA and showed in
Figure 1. The increase of the magnetization (and the beginning of the crystallization
process) at lower temperatures that those observed in Fig. 1 is expected for thermally
activated process. The magnetization curve displays a maximum for T~930 K and a
quick decrease at higher temperatures, reaching almost zero values above 1043 K,
associated which the ferro-paramagnetic transition of the a-Fe phase at this
temperature. On cooling down from 1200 K (8~1.5 K/min), the M(T) curve exhibits
nearly zero values down to 1000 K, where an increase occurs, suggesting the existence
of a magnetic transition around this temperature. The shape of the curve is not a single
Curie transition, but compositional changes of the Fe,Zr strongly affect its magnetic
behavior at this temperature range (see inset of Fig. 4). A new transition at ~480 K can
be clearly observed, which could be assigned to the Fe,3Zrs phase. These results agree
with the Mdossbauer spectra, suggesting the existence of two different ferromagnetic
phases at room temperature and the existence of the a-Fe phase as an intermediate and
not final product. Second heating-cooling cycle gives rise to a reversible behavior up to
~800 K of the magnetization curves. However, above this temperature, heating curves
show a phase arrangement due to the compositional range broadening of the Fe,Zr

phase (see inset Fig. 4). The magnetization changes are coherent with an enhancement
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of Fe content in this intermetallic phase (and an enhancement in its magnetic response
[17]). However, during the second cooling (at ~1.5 K/min) the system tends to a more
stable situation and only two Curie transitions at 483 and 970 K appear, corresponding
to FexZrg and Fe,Zr phases, respectively, which are the phases detected at room
temperature.

His-wel-known-that Intermetallics phases in the Fe-Zr system are ferromagnetic above
room temperature [26]. However, the broad stable compositional range that the Fe,Zr
phase exhibits at high temperature (see inset of Fig. 4) [27] is the responsible of
discrepancies of the magnetic properties reported in the literature ferthis-intermetathic.
In this sense, Mattern et al. [17] reported a variation of the Curie temperature of non-
stoichiometric Fe,Zr from 629 to 821 K for 67 to 79 at.% Fe, respectively, for samples
produced by arc-melting. Fe-Zr phase diagram [26] shows that compositional range of
Fe,Zr becomes thinner when the temperature is lowered. This fact could explain the
behavior of the magnetization curves showed in figure 4 at high temperatures (>800 K),
when a broader compositional range is admitted. After a second heating cooling cycle,
magnetization curves become smoother and the magnetic transition of the ferromagnetic
Fe,Zr phase into the paramagnetic state occurs at ~970 K. The second magnetic
transition, assigned to the Fe,3Zrs, occurs at 483 K. It is worth noting the increase of the
phase fraction of the Fe,3Zrs phase after the second heating. This fact can be correlated
with the DTA results, showing the increase of the phase fraction of Fe,3Zrg intermetallic

with the timelength of the sample at high temperatures, i.e. as heating rate decreases.

3.2. Crystallization Kinetics

Figure 5a shows the experimental Avrami exponent as a function of the transformed

fraction in isothermal and non-isothermal regimes. In the first case, the transformed
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fraction was obtained as X = AH;,,(t)/AHES,,, where AH;s,(t) is the enthalpy at a
time t and is obtained from integrating the isothermal DTA peak up to this time, and
AHSe | is the total enthalpy of the crystallization process. The Avrami exponent is then

calculated, from JMAK equation, as:

_ d(n[-In(1-x)))
T ddn(t-ty))

1)

For non-isothermal regime, the transformed fraction was approximated to the
normalized transformed enthalpy, X = AH(T)/AHS%; %, where AH (T) is the enthalpy
developed up to temperature T and AH2"75° s the total enthalpy of the crystallization
process. In this case, Avrami exponent was studied using a direct approach to non-

isothermal processes of the JIMAK theory [28] as:

d(In[-In(1-X)]) _ Eq .o Ty
d(ln[T_pTO]) a n{l + RT 1 T } @)

where E, is the activation energy, R the universal gas constant and T,=T, /2, being T,
the peak temperature, is an effective onset temperature that minimizes the error of the
approximation performed [29]. As can be observed in the figure, the values obtained in
the isothermal case are close to the unity along the transformation, typical of
nanocrystallization processes for which growth is severely impinged [30]. In fact,
Rietveld fit of the XRD spectra after isothermal treatment (Fig. 5b) leads to a crystal
size of 13.3(10) and 39(7) nm for Fe,Zr and Fe,3Zrg phases, respectively, lower than
those obtained in the case of non-isothermal regime. It is also worth mentioning that in
this case, the majority phase is the Fe,Zr (almost 50%), in contrast with the non-
isothermal regime. This is in agreement with the DTA curves, confirming the high
dependence of Fe,3Zrs phase fraction with the heat treatment and with the crystallization

sequence concluded from XRD and Md@ssbauer spectrometry. It has been determined
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that Fe,Zr intermetallic is formed during the first exothermic peak whereas FeysZrg
phase is a product of the second transformation process.

In the case of the non-isothermal regime, a bimodal behavior of the Avrami exponent
can be observed, in agreement with the DTA and XRD results, that shows two
overlapped transformations during the crystallization process (formation of the Fe,Zr
and FeysZrg crystalline phases). In order to obtain the JMAK parameters of the
individual transformations, a procedure previously proposed for two amorphous
FegoZrip and (Feo7C0o3)90Zr0 melt-spun ribbons [31] was applied. Following it, the
local Avrami exponents obtained for transformations implying multiple processes can

lead to the actual parameters of the individual processes as:

ny =n" =2 (1- X)In(1 - X) 3)
where n* is the value of the experimental effective local Avrami exponent of the
complete transformation (showed in Fig. 5a) and n, is the Avrami exponent of the last
process. On the other hand, it is possible to obtain the corresponding fraction of the last

process fy as:

In(fy) = == (1 = NIt = OP - ©)

Figure 6a shows dX/dT vs X for a sample heated at 10 K/min where the vertical lines
mark the corresponding X range (X=0.63-0.72) for which nearly constant values of
n,=2.010.2 (see Fig. 6b) and £,=0.47+0.03 (see Fig. 6¢) were obtained. Once the final
fraction of each process is known, it is possible to directly obtain the local values of the
individual processes in the regions not affected by the overlapping. This is shown in
figure 7 along with the effective local Avrami exponent n* for comparison. The average
value of the Avrami exponents for the crystallization of the Fe,Zr phase is

<n,>=1.4240.05. It should indicate the presence of quenched nuclei in the alloy and
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three dimensional growth controlled by diffusion. Similar results are obtained in the
case of the crystallization of the FeysZrs phase, with values obtained starting from ~1.5,
but only for X below ~0.8 and rapidly decreasing, even below ~1. Although these
deviations are typically found and generally ascribed to baseline determination artifacts,
this result is in qualitative agreement with the theoretical predictions of the multiple
process interpretation of the nanocrystallization [30]. Moreover, it is also worth noting
that a decreasing of the activation energy along the crystallization could imply an
underestimation of the Avrami exponents [28].

On—the—other—hand; The differences between isothermal and non-isothermal kinetic
results for the individual processes could be ascribed to a stronger impingement in the
growth of the intermetallic phases in isothermal regime (lower temperatures imply
slower diffusivities), in agreement with the XRD results, that show smaller crystallite

size for the isothermal treatment.

4. CONCLUSIONS

The crystallization products and crystallization kinetics of amorphous Fe;oZrs at. %
alloy prepared by high energy ball milling have been studied. The combination of X-ray
diffraction, Mdssbauer spectroscopy and thermomagnetic experiments shows that the
crystallization takes place in a two-overlapped processes. During the first step, Fe,Zr
and a-Fe phase coexist with a remaining amorphous matrix. The second step involves
the formation of the Fey3Zrg crystalline phase along as the remaining amorphous matrix
and the a-Fe phase disappear. The results obtained from the different techniques agree
between them and allow us a clear assignment of microstructural and hyperfine
parameters at room temperature as well as the Curie temperatures to each intermetallic

phases. The broadening of the compositional range of Fe,Zr phase at high temperatures
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explains the evolution of the magnetization curves and the high dependence of the

phases fraction on thermal treatments.

JMAK theory has been used to describe the crystallization process in both isothermal
and non-isothermal regimes. In the case of the non-isothermal regime, the local Avrami
exponent of the independent transformations have been obtained using a procedure to
describe simultaneous processes leading to the formation of different phases. A stronger
growth impingement in the isothermal regime can explain the lower Avrami exponent

found with respect to those obtained for non-isothermal treatments.
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Figure 1. a) Non-isothermal DTA scan at 10 K/min for the as-milled sample. Arrows
indicate the corresponding temperatures up to which different samples have been
heated. b) Non-isothermal DTA scans for as-milled samples at different heating rates in
the region of the DTA exotherm. The inset shows the Kissinger’s plots for both peaks.
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Figure 2. a) XRD patterns taken at room temperature of as-milled amorphous powders
and of samples heated at 10 K/min up to the indicated temperatures. These temperatures
correspond to those marked by arrows in Figure la. b) Experimental (points) and
Rietveld calculated (lines) patterns from room temperature XRD of the fully crystallized
sample heated up to 1223 K at 10K/min. Symbols correspond to the position of the

Bragg reflections. The observed-calculated difference is shown at the bottom of the
figure.
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Figure 3. Experimental room temperature Mdssbauer spectra (symbols) and model
fitting (lines) of as-milled sample and of heat treated samples up to the indicated
temperatures. These temperatures correspond to those marked by arrows in Figure la
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Figure 4. Magnetization versus temperature curves under a constant magnetic field of
0.1 T, on afirst heating (red hollow symbols)-cooling (blue hollow symbols) cycle up to
1200 K and a second heating-cooling cycle (filled symbols). Inset: Schematic diagram
of Fe-Zr system adapted from [27].
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Figure 5. a) Experimental local Avrami exponents as a function of transformed fraction
of the crystallization process for FezoZrs, at. % amorphous alloy for isothermal (5 h at
888 K) and non-isothermal (10 K/min up to T=1223 K) treatments. b) XRD patterns at
room temperature of samples submitted to each treatment.
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Figure 6. a) Rate of change of the transformed fraction with temperature as a function of
the transformed fraction. Vertical lines indicate the range shown in the lower panels. b)
Avrami exponent of the final process calculated from Eq. 3. ¢) Maximum transformed
fraction corresponding to the final process calculated from Eqg. 4. All the panels
correspond to the crystallization process at £=10 K/min.
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Figure 7. Calculated Avrami exponents for the first and second processes (solid lines) as
a function of the total transformed fraction. Values of the effective Avrami exponent for
the complete process (dotted lines) are also shown.
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Atom Wyckoff X y z occupation
position

Fe,Zr Fel 16d 0.625 0.625 0.625 1

Zrl 8a 0 0 0 0.80(1)
FexsZrs Fel 4b 0.5 0.5 0.5 0.85(3)

Fe2 24d 0 0.25 0.25 0.87(1)

Fe3 32f 0.378 0.378 0.378 0.88(1)

Fe4 32f 0.178 0.178 0.178 | 0.98(2)

Zrl 24e 0.203 0 0 0.85(1)

Table 1. Fractional atomic coordinates and occupancies for Fe,Zr and FeysZrg obtained
after Rietveld refinement to the XRD pattern taken at room temperature of the sample
heated up to 1223 K at 10 K/min.
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Technique Component Bhs (T) 6 (mm/s) Q A (%) | A(mm/s) Ref.
(mml/s)
Mechanical alloying Fe,Zr sitel 20.35(3) -0.159(3) 0.06(2) 25 0.37(1) This work
(Fes0Zrsg) + heating
FexsZrg sitel 16.70(2) -0.329(4) 0.01(2) 27 0.45(1)
site2 22.59(3) -0.059(3) 0.02(2) 18 0.40(1)
Mechanical alloying Fe,Zr sitel 18.3(1) -0.18(2) -0.03(2) 0.46(4) [25]
(FessZr,s) + heating
treatment site2 16.5(1) -0.19(2) -0.04(3) 0.46(4)
o-Fe sitel 33.0(2) 0.00(2) 0.00(2) 0.31(2)
site2 30.5(2) 0.03(3) -0.1(1) 0.63(2)
FeysZrg sitel 16.0(1) -0.18(1) 0.03(2) 0.47(3)
site2 16.6(2) -0.19(2) -0.01(1) 0.47(3)
site3 23.8(1) -0.04(1) -0.01(1) 0.47(3)
sited 21.5(2) -0.13(1) 0.02(2) 0.47(3)
Arc melting (FesoZra) | Fe Zr sitel 20.6 -0.193 0.114 75 0.470 [17]
+ heating treatment
site2 18.8 -0.190 -0.174 25 0.470

Table 2. Hyperfine parameters at room temperature of sample heated up to 1223 K at 10
K/min along with those of other FeZr alloys from the literature. Byt is the magnetic
hyperfine field, & the isomer shift relative to a-Fe, Q the quadrupole splitting, A is the
relative contribution of the component and A is the linewidth of each contribution.
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