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ABSTRACT

This paper presents a Madssbauer spectroscopy study of the behavior of
Fe753Nio.gCro.9Sis7B143 ferromagnetic alloy after thermal annealing, cw laser and
high-energy electron beam irradiation. Thermal annealing at 450 °C caused
structural relaxation of the alloy system, supported by an increase in the average
magnetic hyperfine field and width of the field distribution, accompanied by a
significant out-of-plane reorientation of the magnetic moment directions. Thermal
annealing at temperatures of 550-750 °C determined crystallization of the bulk of
the specimens and a-(FeNiCr), (FeNiCr)3(BSi) and (FeNiCr).(BSi) crystalline phases
were identified. At the highest treatment temperature, (FeNiCr)z(BSi) partially
decomposed into a-(FeNiCr) and (FeNiCr);(BSi). Cw laser irradiation essentially
preserved the preferred in-plane orientation of the magnetic moment directions,
with a slight tendency of an out-of-plane reorientation. Irradiation of the
Fe753Nio.gCro.0Sig.7B14.3 alloy system with 11 GeV electrons maintained the in-plane
direction of bulk magnetization in the beam dump sample and caused an even more
pronounced in-plane direction of the magnetic moments in the target platform
sample. This is due to the low value of the magnetostriction constant of the
Fe753NiosCro.oSig7B143 system. Both laser and electron beam irradiation were
demonstrated to keep the amorphous phase of the Fe7s3NiosCro.oSis7B143 alloy,
making it a strong candidate for radiation-resistant materials.
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INTRODUCTION

Amorphous ferromagnetic alloys (often called metallic glasses) are fascinating materials that
combine the magnetic properties of ferromagnets with the structural disorder of glasses [1-8].
Unlike metals, these alloys have a disordered atomic structure, which eliminates grain
boundaries and defects. They exhibit low coercivity, high magnetic permeability, and low core
losses, making them excellent soft magnetic materials. Their high electrical resistivity reduces
eddy current losses, especially at high frequencies. The alloys’ structure gives them superior
mechanical strength and resistance to deformation and many compositions show excellent
resistance to oxidation and corrosion.

A significant number of studies [9-20] have identified Mdssbauer spectroscopy as the technique
of choice for the characterization and description of the phase composition and magnetic
properties of the ferromagnetic alloys after different types of processing. Recently, FeNiCrBSi
compositions have been investigated in the amorphous state only [21] and nothing is known
about the behavior of the alloy under thermal annealing or irradiation with laser and particle
beams. The latter provide unconventional pathways for the amorphous-to-crystalline phase
transformation of the metallic glass and test the suitability of the system for the development
of radiation-resistant materials.

In this study we present a comprehensive Mdssbauer spectroscopy characterization of an
Fe75.3NiosCro.sSis7B143 amorphous ferromagnetic alloy in the as-quenched state and after
thermal annealing in the range 450-750°C, cw COz laser and 11 GeV electron beam irradiation.
Critical information on the phase composition and magnetic texture was obtained from the
transmission Méssbauer spectra and the magnetic hyperfine field distributions extracted from
them.

MATERIALS AND METHODS
Amorphous ferromagnetic alloy with the composition Fe7s3Nio.sCro.9Sis.7B14.3 was obtained by
rapid quenching from the melt by Spang Co. using a conventional melt-spinning technique. The
as-obtained alloy had the following parameters: maximum induction Bmax=1.5 T,
magnetostriction constant ls=12 ppm, magnetic permeability m=7000, Curie temperature
Tc=460° C and density g=7.38 g/cm3. Samples cut from the ribbon foils were isochronally
processed at 450, 550, 650 and 750° C in a thermal annealing furnace for 1 hour.

As-quenched amorphous samples were subjected to a model Synrad 48-2 cw CO2 laser having
the wavelength of 10 mm, delivering a power of 25 W with a beam radius of 0.14 mm.
Irradiation was performed for a time of 30 ms/spot with small overlaps, providing a laser
energy density of about 10 J/mm? on the samples. In a different experiment, the foils were
exposed to the prompt high radiation environment created by an 11 GeV electron beam
incident on the foils in Hall C at the Thomas Jefferson National Accelerator Facility. A uniform
dose of 0.1 Mrad of ionizing radiation was received by both beam dump and target platform
foils. The radiation dose was determined using special dosimeters located with the samples.

A SeeCo model W302 constant acceleration spectrometer using a 5’Co gamma ray source
diffused in a Rh matrix was used to perform room temperature transmission Mdssbauer
measurements. The spectra were analyzed with the WINormos SITE and DIST package of
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programs, which provided the hyperfine magnetic field parameters as well as the distributions
extracted from the spectra after least-squares fitting.

RESULTS AND DISCUSSION
Figure 1 (a) shows the room temperature transmission Mdssbauer spectrum of the
Fe75.3Nio.sCro.9Sis7B14.3 amorphous ferromagnetic alloy in the as-quenched state. The six-line
pattern is due to the nuclear Zeeman effect and exhibits broadened resonances, due to
fluctuations of the hyperfine parameters from site-to-site in the amorphous structure. These
fluctuations give rise to a magnetic hyperfine field distribution, which is described by the plot
given in Figure 1 (b).
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Fig 1: Transmission M6ssbauer spectrum of the Fe753Nio.sCro.0Sis.7B14.3 ferromagnetic alloy (a) in
the amorphous as-quenched state and (b) the corresponding magnetic hyperfine field
distribution.
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The relative intensity of lines 2 to 1 in the amorphous spectrum is given by R21=4
sinZa/[3(1+cos?a)], where a is the angle between the magnetic moment direction and the
direction of propagation of the gamma rays. R21 takes values from 0 to 4/3 when a changes
from 0 to 90° and for a completely random distribution of the magnetic moment directions
takes the value 0.67. We can introduce the angle q=90°-a as the angle between the average
direction of the magnetic moments and the sample plane. The least-squares fitted values of the
magnetic texture parameter Rz1 and angle q of 25.59¢ are listed in Table 1 and are consistent
with a preferred in-plane orientation of the magnetic moment direction in the as-quenched
specimen, close to the sample surface. The average magnetic hyperfine field <Bne> of 22.82 T
and width of the field distribution DBn=5.27 T were extracted from the spectrum at the same
time with the least-squares fitting and are in a range typical for ferromagnetic alloys. The
magnetic hyperfine field distribution is bimodal, in excellent agreement with that given in [21]
for a series of FeNiCrSiB amorphous alloy compositions.

Figure 2 (a) shows the room temperature transmission Mossbauer spectrum of the
Fe75.3NiosCro.sSis7B14.3 ferromagnetic alloy after thermal annealing at 450° C for 1 hour and
Figure 2 (b) displays the magnetic hyperfine field distribution extracted from this spectrum.
The angle q of 33.56° indicates a pronounced out-of-plane reorientation of the magnetic
moment direction. Moreover, the increase in the average magnetic hyperfine field to <Bnr> of
23.52 T and width of the field distribution to DBnrof 5.57 T (Table 1) are consistent with the
process of structural relaxation of the as-quenched amorphous as effect of the thermal
annealing performed.
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Fig 2: Transmission Méssbauer spectrum of the Fe753Nio.sCro.0Sis7B14.3 ferromagnetic alloy (a)
annealed at a temperature of 450° C and (b) the corresponding magnetic hyperfine field
distribution.

Table 1: Mossbauer parameters of Fe7s5.3Nio0.8Cro.9Sis.7B14.3 amorphous ferromagnetic
alloy (relative intensity of lines, average magnetic moment direction, average magnetic
hyperfine field and width of the field distribution)

Sample Ry 8 <Bue> ABx¢
(deg) (T) (T)
as quenched 0.914 25.59 22.82 5.27
450°C 0.709 33.56 2352 5.57
cw laser 0.903 26.01 23.04 5.38
beam dump 0.920 25.35 22.92 5.36
target platform 0.960 23.79 2294 5.36
Errors +0.001 =0.01 +0.01 =0.01

Figures 3, 4 and 5 present the room-temperature transmission Mdssbauer spectra for the
Fe7s3Nio.8Cro.oSis.7B14.3 ferromagnetic alloy after thermal annealing for 1 hour at 550, 650 and
750° C, respectively. The refined values of the hyperfine parameters extracted from these
spectra are given in Table 2.
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Fig 3: Transmission Mossbauer spectrum of the Fe75.3Ni0.8Cr0.95i8.7B14.3 ferromagnetic
alloy annealed at a temperature of 5500 C.
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Fig 4: Transmission Moéssbauer spectrum of the Fe75.3Ni0.8Cr0.95i8.7B14.3 ferromagnetic
alloy annealed at a temperature of 6500 C.
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Fig 5: Transmission Méssbauer spectrum of the Fe75.3Ni0.8Cr0.9Si8.7B14.3 ferromagnetic
alloy annealed at a temperature of 7500 C.

Table 2: Mossbauer parameters of Fe7s.3Nio.8Cro.9Sis.7B14.3 annealed ferromagnetic alloy
(magnetic hyperfine field, isomer shift vs. Fe, quadrupole shift, relative areas,
assignment of phases)

Sample Bus d 2e Relative areas Assignment
(T (mm/s) (mm/s) (%) of phases
550 °C 31.95 0.076 -0.012 32.8 o~(FeNiCr)
28.75 0.076 0.053 15.4 (FeNiCr):(BSi)
23.08 0.097 0.021 51.8 (FeNiCr), (BSi)
650 °C 31.98 0.078 -0.026 31.1 o-(FeNiCr)
28.67 0.080 0.030 15.1 (FeNiCr)s(BSi)
23.16 0.132 0.020 53.8 (FeNiCr)2(BSi)
750 °C 32.07 0.073 -0.026 339 o-(FeNiCr)
28.89 0.080 0.030 11.3 (FeNiCr)s(BSi)
23.28 0.129 0.038 54.8 (FeNiCr)»(BSi)
Errors +0.01 +0.001 +0.001 +0.1

The sharp resonances in the spectra are consistent with the onset of bulk crystallization in the
thermally annealed alloy samples. All spectra were fitted with three sextets, corresponding to
a-(FeNiCr), (FeNiCr)3(BSi) and (FeNiCr)2(BSi) crystalline phases. Phase identification was
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performed based on the values of the magnetic hyperfine fields and isomer shifts. At the highest
annealing temperature, (FeNiCr)3(BSi) partially decomposed into a-(FeNiCr) and
(FeNiCr)2z(BSi), as shown by the trend in the relative areas.

Figure 6 (a) shows the room temperature Mossbauer spectrum of the Fe7s3Nio.8Cro.9Sis.7B14.3

ferromagnetic alloy after irradiation with the cw CO2 laser and Figure 6 (b) presents the
magnetic hyperfine field distribution extracted from the spectrum.
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Fig 6: Transmission Méssbauer spectrum of the Fe753Nio.sCro.0Sis7B14.3 ferromagnetic alloy (a)
after cw laser irradiation and (b) the corresponding magnetic hyperfine field distribution.

o

As can be seen in Table 1, the average magnetic hyperfine field increases to 23.04 T and the
width of the field distribution also increases to 5.38 T, results which are consistent with a
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degree of structural relaxation of the as-quenched amorphous, known to precede the onset of
crystallization in the irradiated specimen. The average angle q describing the direction of bulk
magnetization increases to 26.01°, which shows that the magnetic moment directions maintain
a preferred in-plane orientation, with a slight tendency of rotation out of the ribbon plane.
These results show that cw laser processing essentially preserves the amorphous nature of the
Fe753Nio.8Cro.oSis7B14.3 ferromagnetic alloy system.
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Fig 7: Transmission Mdssbauer spectrum of the Fe7s53Nig.gCro.0Sis7B14.3 ferromagnetic alloy (a)
beam dump sample after 11 GeV electron beam irradiation and (b) the corresponding magnetic
hyperfine field distribution.
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Fig 8: Transmission Méssbauer spectrum of the Fe753Nio.sCro.0Sis.7B14.3 ferromagnetic alloy (a)
target platform sample after 11 GeV electron beam irradiation and (b) the corresponding
magnetic hyperfine field distribution.

Figure 7 (a) shows the room temperature transmission Mdssbauer spectrum of the
Fe753Nio.8Cro.oSis7B14.3 beam dump ferromagnetic alloy sample after irradiation with 11 GeV
electrons and Figure 7 (b) displays the magnetic hyperfine field distribution obtained from the
spectrum. Both the average magnetic hyperfine field and width of the field distribution show
small increases to 22.92 and 5.36 T, respectively, but the angle q maintains the in-plane
orientation of the as-quenched amorphous (Table 1). Figure 8 (a) presents the room
temperature transmission Mossbauer spectrum of the Fe7s3Nio.sCro.9Sis.7B143 target platform
alloy sample after irradiation with 11 GeV electrons and Figure 8 (b) presents the magnetic
hyperfine field distribution extracted from the spectrum. While the average magnetic

Services for Science and Education - United Kingdom 22



Sorescu, M., Corcovilos, T. A., Higinbotham, D., & Stutzman, M. (2025). M&ssbauer Spectroscopy Study of Fess.3 Nio.s Cro.o Sis.7 B14.3s Ferromagnetic Alloy
After Thermal Annealing, Laser and Electron Beam Irradiation. European Journal of Applied Sciences, Vol - 13(04). 13-24.

hyperfine field and width of the field distribution (Table 1) exhibit small increases to 22.94 and
5.36 T, respectively, the value of the angle q of 23.79° suggests an even more pronounced in-
plane direction of the magnetic moments compared to the as-quenched specimen. This result
can be ascribed to the low value of the magnetostriction constant of the Fe7s3Nio.8Cro.9Sis.7B14.3
alloy of only 12 ppm, such that the magnetoelastic effects cannot cause an out-of-plane
reorientation of the magnetic moment directions as in the case of the highly magneto strictive
Fes6C024Nb4B13Si2Cu1 composition studied previously [22]. Just as in the case of laser
irradiation, these results show that high-energy electron beam irradiation essentially preserves
the amorphous phase of the alloy and recommends it for radiation-resistant materials
applications. While other techniques such as electron microscopy and X-ray diffraction cannot
provide useful information, it may be noted that Mdssbauer spectroscopy is a powerful tool,
able to detail subtle changes in the structural and magnetic parameters of the irradiated alloys.

CONCLUSIONS

This paper provides a comprehensive Mossbauer spectroscopy investigation of the
Fe75.3NiosCro.sSis7B14.3 amorphous ferromagnetic alloy subjected to thermal annealing, laser
and high-energy electron beam irradiation. Thermal annealing at a temperature of 450° C was
found to induce structural relaxation in the alloy sample. Thermal treatment at temperatures
in the range 550-750° C caused amorphous-to-crystalline phase transformation in the alloy and
a-(FeNiCr), (FeNiCr)3(BSi) and (FeNiCr)2(BSi) crystalline phases were identified. Cw laser
irradiation was found to preserve the in-plane orientation of the magnetic moments, with a
slight tendency for an out-of-plane direction. Irradiation with 11 GeV electrons induced an
even more pronounced in-plane orientation of the average direction of bulk magnetization.
Unlike thermal treatment, irradiation by laser and electron beams is more likely to preserve
the amorphous phase of the alloy, making it an intriguing candidate for radiation-resistant
materials.
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