NUKLEONIKA 2015;60(1):43-46
doi: 10.1515/nuka-2015-0011

DE DE GRUYTER
e OPEN

G

X-ray diffraction and Mossbauer
spectroscopy studies

Elzbieta Jartych,
Ludmila M. Kubalova,
Victoria I. Fadeeva

of a mechanosynthesized Fe;;B,s alloy

Abstract. In this work, the process of formation of metastable phases was investigated for the Fe;sB,s com-
position. Mechanical synthesis was performed in a MAPF-2M high-energy planetary ball mill under an argon
atmosphere. X-ray diffraction (XRD), differential scanning calorimetry (DSC), and Mdssbauer spectroscopy
(MS) were applied to recognize the phases. After 6 h of milling, the material consisted of two phases, that is,
metastable tetragonal ¢-Fe,B and amorphous phases. During further thermal processing, the metastable phase

was transformed into the stable Fe,B phase.
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Introduction

Mechanical synthesis of iron with p-elements (Al, Si,
Ge, and B) often leads to the formation of metastable
phases. Based on many works, it may be stated that
the probability of formation of metastable phases
during mechanical synthesis depends on the dif-
ferences in atomic radii of constituents as well as
electronegativity [1]. Recently, it was observed that
for near-equiatomic composition of Fe-X, alloys
(X, Al, Si, Ge, and B) the formation of solid solu-
tions, silicides, germanides and borides depends on
the strength of covalent bonding of the p-element
[2]. In the case of a metal-metal system with free
electrons, that is, Fe-Al alloys, disordered solid
solutions are mainly formed. Mechanical synthesis
of Fe with semimetals (Si and Ge) with a high level
of covalence leads to the formation of the ordered
phases, that is, FeSi, FeGe,, 3-FesGe; and FeGe [2].

In this work, the process of formation of meta-
stable phases was investigated for Fe;sB,s, that is,
a metal-nonmetal system, where B has covalent
bonding. X-ray diffraction (XRD), calorimetry
and Mossbauer spectroscopy studies were used as
complementary methods in order to obtain informa-
tion about structure, thermal stability and hyperfine
interaction parameters of the material.

Experimental details

Powders of iron (purity: 99.9%) and amorphous
boron (purity: 99.88%) were mixed in suitable
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proportions to obtain the Fe;sB,s composition. Me-
chanical synthesis was performed in a water-cooled
high-energy planetary ball mill of the type MAPF-2M
under an argon atmosphere. Stainless steel balls
were used, the ball-to-powder weight ratio was 6:1,
and the total mass of the mixture was 9 g. The energy
consumption during milling of ~10 W/g caused the
increase in the temperature up to 80-230°C; hence,
the cycle of work was interrupted every 3 min.

The samples were examined using XRD (DRON-
-4-07 system, Cuk, radiation) and differential
scanning calorimetry (DSC; NTZSCH STA). The
DSC measurements were carried out under heat-
ing in a helium atmosphere at the rate of 20 K per
min. Mossbauer spectroscopy measurements were
performed at room temperature in transmission ge-
ometry using a source of ¥Co in a rhodium matrix.
The chemical composition of the sample after 6 h
of milling was determined by means of a Camebax-
-Microbeam microanalyzer in a scanning mode using
the characteristic spectra of K-series of Fe.

Results and discussion

During milling, systematic fragmentation of powders
occurs, which leads to broadening of diffraction lines
(Fig. 1). In every sample, after 0.5, 1 and 2 h of mill-
ing times, iron is present as a crystalline phase (the
most intensive diffraction line near 44° is visible in
all the patterns). The arrangement of Bragg peaks
changes after 2 h of milling, and patterns registered
after 4, 5 and 6 h have practically the same shape.
After six hours of milling, alloy composition changes
and becomes Fe;ssB,; ». The increase of Fe content in
the obtained powder is due to abrasion of the steel
balls and the mill container. At the same time, the
loss of boron in the sample may be due to sublima-
tion of boron from the surface of the grains during
the milling process and local increase of temperature
(this effect was observed for a Fe-B system and re-
ported in Ref. [3]). The detailed analysis of the XRD
pattern of the sample milled for 6 h (Fig. 2) revealed
the existence of two phases, namely, an amorphous
phase and the metastable tetragonal ¢-Fe,B phase.
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Fig. 1. XRD patterns of Fe;sBys after various milling times.
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Fig. 2. (a) XRD pattern of Fe;sB,; after 6 h of milling; posi-
tions of lines for the tetragonal ¢-Fe,B phase are marked
according to JCPDS card-file No 39-1314; (b) deconvolu-
tion of the main peaks of Fe;sBys after 6 h of milling; peaks
numbers 1-4 are from the #-Fe,B phase, and peak 5 is from
the amorphous phase.

In Fig. 2a, the angular positions of diffraction lines
agree well with the database for the metastable
tetragonal ¢-Fe,B phase (JCPDS card-file No. 39-
-1314). The average crystallite size of the ¢-Fe,B
phase estimated from the broadening of diffraction
lines is D ~ 10 nm. The determined values of the
lattice parameters are as follows: a = 0.5130 nm and
¢ = 0.8532 nm. They are different, especially the c
value, in comparison with the parameters for the sta-
ble Fe,B phase C16 (see Table 1). Deconvolution of
the XRD pattern (Fig. 2b) allowed us to determine
the phase relationship. The relative contribution is
53% for the metastable ¢-Fe,B phase and 47% for the
amorphous phase.

A calorimetric study was performed to get infor-
mation about the thermal stability of the material
(Fig. 3). The exothermic peak in the DSC curve
corresponds to the crystallization of the amorphous
phase. Moreover, a weak endothermic effect in the
DSC curve in the temperature range of 800-850°C
may be observed. It can be associated with the
transition of metastable phases into the stable state,
which requires a supply of the thermal energy. Tran-
sition to the equilibrium state takes place as a result
of heating up to 1000°C.

From the DSC curve, the heating temperatures
were chosen for subsequent thermal processing of
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Table 1. Structural data for the phases obtained after heating up to 1000°C of a Fe;sB,s alloy milled for 6 h

a-Fe Fe,B (C16)
Lattice parameter a = 0.2866 nm a = 0.5107 nm; ¢ = 0.4241 nm
Coherent scattering domain D = 46 nm D = 60 nm
Medium lattice microstrain e =0.101% e = 0.027%

T=515.1°C
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Fig. 3. DSC curve of Fe;sB,; after 6 h of milling; T, — onset
crystallization temperature and T, — peak temperature.

the material. Results of XRD studies on the samples
heated in the calorimeter up to various temperatures
are shown in Fig. 4. Depending on the rate of sample
heating, characteristic temperatures can be shifted.
After heating up to 440°C, in the XRD pattern,
there is no amorphous halo; lines from a-Fe and
some nanocrystalline Fe,B phase (metastable) ap-
pear. The weak lines of the metastable cubic Fey;Bg
- t-phase and the lines of the Fe,B phase appear in
the diffraction pattern of the alloy after heating up to
650°C. Lines of the t-phase have very low intensity
and are indicated by arrows in the diffraction pat-
tern (Fig. 4). After heating up to 1000°C, the alloy
contains a-Fe and the stable tetragonal Fe,B phase
(C16 type). A characteristic feature of the transfor-
mation from the metastable Fe,B to a stable phase
is observed in the range of 20 angle from 54° to 60°
(see enlarged patterns in Fig. 4). The splitting of
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Fig. 4. XRD patterns of Fe;sB,s after 6 h of milling and
thermal treatment.

the line of the metastable phase does not occur (for
440°C and 650°C). Reflections indexed by (204) and
(105) merge into one line for which the interplanar
distance d = 0.1625 nm. The line of the stable Fe,B
phase with the C16 structure is split into two: (202)
withd = 0.1634 nm and (310) withd = 0.1615 nm.
This splitting is clearly observed in the diffraction
pattern of the sample after heating up to 1000°C.
The lattice parameters of phases recognized in the
material after the thermal process are listed
in Table 1 together with other structural data.

Mossbauer spectroscopy measurements per-
formed for the samples milled for 4 and 6 h revealed
the same shape of the spectra, which were the
superposition of two sextets (Fig. 5). Hyperfine in-
teraction parameters determined from the fitting of
each spectrum are listed in Table 2. The first sextet
comes from a-iron; however, the value of the hy-
perfine magnetic field for this component is slightly
increased as compared to the value for an ordinary
a-iron (33.0 T). It is known from the literature that
in the iron subjected to ball milling, the reduction
of grain sizes occurs down to the nanometer level.
This leads to the broadening of the spectral lines
as well as to the increase of the hyperfine magnetic
tield [4, 5]. Hence, this component was named
nano-Fe and may be hidden inside the amorphous
halo seen in the XRD pattern. The relative con-
tribution of the nano-Fe phase determined from
the area of the Mossbauer spectrum is about 5%. The
second sextet may be attributed to the metastable
t-Fe,B phase. The values of hyperfine interaction
parameters agree well with literature data [6, 7].
The significant broadening of spectral lines (I';,5s
in Table 2) testifies the fragmentation of the struc-
ture down to the nanometer level.
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Fig. 5. Room-temperature Mossbauer spectrum of Fe;sB,s
after 6 h of milling.
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Table 2. Hyperfine interaction parameters for Fe;;B,s after 4 and 6 h of milling. 5 — Isomer shift relative to a-iron;
A — quadrupole shift; By — hyperfine magnetic field; I', , 5 — half width at half maximum of spectral lines no. 1, 2 and

3, respectively; uncertainty of the 5, A and I'; , 5 parameters is 0.01 mm-s~!, 0.02 T for By

Milling time 5 A B¢ | P Component
[h] [mm-s™] [mm-s™] [T] [mm-s™]
4 0.02 -0.07 33.77 0.34; 0.35; 0.27 Nano-Fe
0.11 0.02 22.89 0.34; 0.35; 0.27 t-Fe,B
6 0.08 -0.02 33.25 0.36; 0.30; 0.23 Nano-Fe
0.11 0.02 23.22 0.36; 0.30; 0.23 t-Fe,B

Conclusions

The process of formation of phases during mecha-
nosynthesis and subsequent thermal treatment of
Fe;sB,s was monitored by XRD, differential scanning
calorimetry and Mossbauer spectroscopy. It was
shown that during mechanical synthesis of Fe;sB,s,
the nanocrystalline metastable ¢-Fe,B phase was
formed together with an amorphous phase. Moss-
bauer spectroscopy studies also revealed a small
amount of nanocrystalline a-iron. The metastable
t-Fe,B phase coexists with the nano/amorphous
phase in the relatively broad range of temperatures.
During heating up to 650°C, a small amount of the
Fe,;Bs — t-phase could be transformed from the
amorphous phase. An elevated heating temperature,
that is, 1000°C, allowed the metastable ¢-Fe,B phase
to transform into the stable C16 phase.
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