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Subsurface structure and magnetic
parameters of Fe-Mo-Cu-B metallic

glass
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Abstract. Subsurface properties of >’Feg;MoyCu,; By metallic glass were studied by conversion electron and conver-
sion X-ray Mossbauer spectrometry. They were applied to both surfaces of the ribbons. Deviations in structural
surface features are exhibited via different contents of crystalline phases, which were identified as bcc-Fe and
magnetite. The presence of small ferromagnetic particles was also suggested from magnetic measurements. An
influence of irradiation with 130-keV N* ions on surface properties of the as-quenched alloy is also discussed.
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Introduction

Recently, Fe-based metallic glasses (MGs) have been
suggested as candidates for magnetic cores of accel-
erator radio-frequency (RF) cavities to improve their
performance [1]. For this particular application,
they are exposed to ion irradiation caused by beam
losses. During the machine operation, all construc-
tion materials are exposed to radiation caused by
lost beam particles. The lost primary beam particles
interact with the material of the beam-pipe walls
and produce secondary particles, such as light frag-
ments and neutrons. At high beam intensities, even
low-level beam losses may cause high radiation load.

Originally, it was expected that MGs should resist
the radiation damage due to their homogeneous
disordered structure [2]. They were considered as
appropriate materials in radiation-exposed environ-
ments. However, results obtained during the last
two decades pointed out that irradiation can induce
changes of properties in MGs.

Pronounced changes in magnetic hyperfine in-
teractions were revealed by irradiation of a FeqZr),
amorphous alloy with 209 MeV 3Kr ions with the
fluence of 3 x 10'*ions/cm? [3]. The modification in
the magnetic anisotropy introduced by swift heavy
ion irradiation has been investigated in ferromag-
netic MGs Fe;sB,5Siy and Fe,oNissMo,Byg irradiated
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with 100 MeV 1 ions at different fluences from
5 x 10" to 7.5 x 10" ions/cm? [4]. The magnetic
anisotropy has been studied by measuring the rela-
tive line intensity ratio of Mossbauer sextets.

Irradiation with 120-MeV Ag and 350-MeV Au
ions of FeolgsNolls and Fe73.9CUQ.9Nb3,1Si13,2B3,9 amor-
phous films resulted in gradual removal of anisotropy
and a decrease in coercivity, which was attributed to
relaxation of internal stresses [5]. This demonstrates
that swift heavy ions can be used for controlled mod-
ification of magnetic properties of thin films. At the
fluence of 5 x 10" ions/cm?, the in-plane anisotropy
completely disappeared.

In general, it can be concluded that ion irra-
diation of MGs may influence their thermal stabil-
ity, crystallization processes, magnetic anisotropy,
shapes of hysteresis loops, Curie temperatures,
surface crystallization, and others.

A majority of investigation deals with bulk prop-
erties of MGs. However, due to apparent differences
of the surfaces, which stem from the production
process via rapid quenching on a rotating wheel,
differences both in structure and hyperfine mag-
netic parameters are expected [6]. One of the main
goals of this study is closer inspection of surfaces
of NANOPERM-type MG. Surface regions can be
effectively studied to the depth of about 200 nm
and slightly less than 10 pum by conversion electron
Mossbauer spectrometry (CEMS) and conversion
X-ray Mossbauer spectrometry (CXMS), respec-
tively. At the same time, we are interested in the
impact of microstructure on magnetic properties of
the investigated alloys.

Experimental details

Ribbons of ’Feg;MoyCu; By MG were prepared by the
method of rapid quenching. The casting was done in
the air, that is, no protective atmosphere was used.
The width and the thickness of the ribbons were
about 1 mm and 20 pm, respectively. Their chem-
ical composition was checked by optical emission
spectrometry with inductively coupled plasma (Mo
and B) and flame atomic absorption spectrometry
(Fe and Cu). As-quenched and partially crystallized
samples were studied by CEMS and CXMS. For pro-
duction of our sample, we have used iron enriched
to about 50% in the >’Fe isotope that facilitates the
use of the CEMS and CXMS techniques.

Mossbauer effect experiments were performed
with a constant acceleration spectrometer using a
>Co/Rh source. Calibration was done using a thin
(12.5 um) a-Fe foil at room temperature. Evalua-
tion of the spectra was accomplished by the Confit
software [7].

Measurements of soft magnetic properties com-
prising hysteresis loops and temperature dependence
of magnetization were carried out by a VersaLab
(Quantum Design) system in a wide temperature
range using different external magnetic fields.

As-quenched alloys were irradiated by 130-keV
nitrogen ions to the air side of the ribbons, that is,
the ones that were in contact with the surrounding

atmosphere during the rapid quenching process of
their preparation. The irradiation was performed
using a cascade accelerator at the Slovak University
of Technology [8]. The parameters of the particle
beams and their ranges were calculated [9] using
the SRIM2008 and S*M codes.

Results and discussion

The inspection of the as-quenched ribbons of the
S"Feg;MooCu; By MG revealed traces of crystalliza-
tion at their both sides. The wheel side of the ribbon
refers to the side that was in direct contact with the
quenching wheel during the production, whereas the
air side was exposed to the surrounding atmosphere.
As demonstrated by Fig. 1, quite a remarkable amount
of bce-Fe and magnetite crystalline phases is found,
namely, at the wheel side of the ribbons in near-surface
regions (down to the depth of about 200 nm) that
were scanned by conversion electrons (CEMS). The
corresponding Mossbauer subspectra of magnetite
are green (A-sites) and dark green (B-sites), whereas
those of bcc-Fe nanocrystals are blue. Broad cyan
components represent Fe atoms located at the sur-
faces of the nanograins, the so-called interface regions
[10]. The relative contents of bec-Fe (including the
interface regions) and magnetite are of 12% and 16%,
respectively. The deeper subsurface regions that were
examined by conversion X-rays (CXMS) show only
traces of bce-Fe. This indicates that magnetite resides
mostly inside the surface imperfections (cavities) that
are observed at this side of the ribbons and which
are caused by small gas bubbles trapped between the
wheel and the quenching melt during the production.
In addition, surface roughness of the wheel can also
be stamped into the ribbon’s exterior.

On the other hand, the air side, which is visually
shiny, exhibits a smooth surface without any obvious
imperfections. Consequently, only very tiny amounts
of bce-Fe crystallites are found in the shallow sub-
surface layers as seen from the respective CEMS
spectrum in Fig. 1. It is noteworthy that no traces of
crystallization were identified in deeper subsurface
regions by CXMS.

Apart from the crystalline subspectra, all Moss-
bauer spectra in Fig. 1 show a rather broad central
doublet. The latter can be ascribed to the amorphous
matrix of the investigated alloy that is paramagnetic
at room temperature. This behavior is confirmed by
measurements of magnetic properties. For exam-
ple, the normalized magnetization plotted against
temperature in Fig. 2 for the as-quenched sample
falls to low values at room temperature (300 K) but
not to zero. The magnetization data were acquired
in the field of 10 mT. This means that the alloy
should contain some amount of ferro/ferrimagnetic
phases with high Curie points. Using the results of
Mossbauer spectrometry, these magnetically active
phases were shown to be bce-Fe and magnetite that
are, moreover, located only at the surface regions.

After annealing at 370°C and 450°C, an increased
contribution of ferromagnetic nanocrystalline phas-
es is expected. This is demonstrated by still higher
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velocity (mm/s)
Fig. 1. Mossbauer spectra and their crystalline components (see text for details) recorded by CEMS (top) and CXMS
(bottom) techniques from the wheel (left) and air (right) sides of the >Feg;MoyCu,By metallic glass ribbons in the
as-quenched states.
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Fig. 2. Normalized magnetization plotted vs. temperature
for a >Fes;MoyCu; By alloy in an as-quenched state and
after annealing at 370°C and 450°C.
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Fig. 3. Mossbauer spectra and their crystalline components recorded by CEMS (top) and CXMS (bottom) techniques
from the wheel sides of the >"Fes;Mo0,Cu;B, metallic glass ribbons annealed at 370°C (left) and 450°C (right).
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values of normalized magnetization toward higher
measuring temperatures in Fig. 2.

Mossbauer spectrometry experiments confirm
this assumption. In Fig. 3, we present the CEMS
and CXMS spectra taken from the wheel sides of
the annealed ribbons. In contrast to the as-quenched
alloy, the presence of magnetite is observed also in
deeper regions of the ribbons as seen from the cor-
responding CXMS spectra. Their content increases
with temperature of annealing. More importantly,
higher contents of ferromagnetic crystallites (both
bce-Fe and magnetite) polarized the originally par-
amagnetic amorphous matrix. As a consequence,
some of the amorphous regions exhibit weak
magnetic interactions that were refined during the
fitting procedure by distributed magnetic sextets.
They are shown in Fig. 3 by light grey broadened
spectral components. Possible superparamagnetic
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Fig. 4. Hysteresis loops measured at temperatures
from 50 K to 400 K (AT = 50 K) on an as-quenched
57F631M09CU1B9 alloy.
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Fig. 5. Magnetization plotted versus temperature for a
STFeg;MooCu; By alloy in an as-quenched state, measured
at specified external magnetic fields.
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relaxation of the fine ferromagnetic particles would
be demonstrated by their rather broad spectral lines
[10], which is, however, not the present case.
Examples of isothermal hysteresis loop measure-
ments performed in a temperature range from 50 K
to 400 K (AT = 50 K) are shown in Fig. 4 for an as-
-quenched alloy. The same soft magnetic behavior
was also observed in the annealed samples. More-
over, the decrease of maximum magnetization with
temperature observed from the hysteresis loops
was also demonstrated in Fig. 2 with the help of
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Fig. 6. Mossbauer spectra and their crystalline components

relative emission

normalized magnetization. The latter shows only
the tendency of the temperature behavior of the
magnetization, whereas from Fig. 4, the absolute
values of maximum magnetization can be derived.

The effect of external magnetic field on the
temperature dependence of magnetization for
the as-quenched alloy is shown in Fig. 5. An increase
of magnetization with the applied magnetic field
is observed that is a typical behavior of ferromag-
netic materials.

Mossbauer spectra of the as-quenched alloys that
were exposed to irradiation with 130-keV nitrogen
ions to the total dose of 2.5 x 107 N*/cm? are pre-
sented in Fig. 6. The maximum of the penetration
profile was calculated using the SRIM code to be
at the depth of 147 nm. Because the irradiation
was accomplished on the air side of the ribbons,
we do not expect any changes at the wheel side of
a 20-um-thick ribbon. Indeed, as seen in Fig. 6 left,
both CEMS and CXMS spectra are similar to those
of the non-irradiated as-quenched alloy from Fig. 1.

A drastic effect of ion irradiation was found at
the air side. A remarkable increase in the bcc-Fe
content is identified, which can be a consequence
of a local heating during the irradiation even though
the whole material was cooled by vapors of liquid ni-
trogen. Nevertheless, possible formation of nitrides,
which is indicated by additional spectral lines, is
clearly visible.

Conclusions

Surface properties of a NANOPERM-type
S"Feg;Mo0oCu; By alloy were investigated with the
help of CEMS and CXMS techniques that provide
information from the depths of about 200 nm and
less than 10 um, respectively. Formation of bcc-Fe
and magnetite crystalline phases was revealed in
the as-quenched alloy, especially on the wheel side
and close to the surface by CEMS. In deeper layers,
CXMS unveiled only a small amount of crystalline
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recorded by CEMS (top) and CXMS (bottom) techniques

from the wheel (left) and air (right) sides of the ’Fes;Mo,Cu; B, metallic glass ribbons in the as-quenched states after

ion irradiation with the dose of 2.5 x 10'7 N*/cm?.
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bcce-Fe phase. The same small contribution of crys-
talline bee-Fe is seen at the air side by CEMS while
no traces of crystalline phases are found by CXMS.

Magnetic measurements indicated the presence
of some contents of ferromagnetic phases. These
were actually confirmed by the aforementioned
results of Mossbauer spectrometry.

Irradiation with 130-keV N* ions affected mostly
the side of the ribbon through which they penetrated
into the material (i.e., the air side). The opposite
(wheel) side was practically unchanged.
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