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Abstract—The effect of accelerated Ar* ions on the crystallization process and magnetic properties of nano-
crystalline Fe,, sCu;Nb,Mo; 5Sij4Bg alloy has been studied using X-ray diffraction analysis, transmission
electron microscopy, thermomagnetic analysis, and other magnetic methods. Irradiation by Ar* ions with an
energy of 30 keV and a fluence of 3.75 x 10> cm~2 at short-term heating to a temperature of 620 K (which is
150 K below the thermal threshold of crystallization) leads to the complete crystallization of amorphous alloy,
which is accompanied by the precipitation of the o-Fe(Si) solid solution crystals (close in composition to
Feg,Siyy), FesSi stable phase, and metastable hexagonal phases. The crystallization caused by irradiation
leads to an increase in the grain size and changes the morphology of grain boundaries and volume fraction of
crystalline phases, which is accompanied by changes in the magnetic properties.
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INTRODUCTION

At present, soft magnetic nanocrystalline materials
are manufactured in commercial quantities. Never-
theless, these materials are not completely studied
and, on the contrary, up to now, nanocrystalline elec-
trotechnical alloys are of substantial interest as objects
for physical research. The alloys under consideration
contain elements, which favor the formation of amor-
phous structure in ribbons 20—25 um thick during
rapid quenching from the melt. Alloys that have
undergone nanocrystallization contain elements that
assure the formation of nanosized grains during crys-
tallization of an amorphous precursor. The classic soft
magnetic nanocrystalline FINEMET alloy, the com-
position of which is Fe,; sCu;Nb;Si;; sBg, meets all the
aforementioned requirements. Its components, such
as Si and B, ensure the formation of amorphous pre-
cursor; Cu and Nd allow one to obtain crystallites no
more than 20 nm in size after heat treatment [1]. The
average nanograin size is about 10 nm; the chemical
composition of nanograins corresponds to the
o-Fe(Si) solid solution, which allows the coercive
force to be decreased by several orders of magnitude,
i.e., to a value of 1 A/m [2—4].

To reach the required magnetic properties,
FINEMETs are subjected to heat treatment in a vac-

uum (or in a protective atmosphere). The partial sub-
stitution of Mo for Nb allows one to design the
Fe;, sCu;Nb,Mo, 5sSi,4By alloy, the high magnetic per-
meability of which is achieved by heat treatment in air
[5, 6]. Subsequent studies showed that the substitution
of Mo for Nb decreases the activation energy of nano-
crystallization and increases the fraction of crystalline
phase in the alloy [7, 8].

Modern applications of soft magnetic materials
and, therefore, the range of required combinations of
properties (such as the coercive force, saturation mag-
netization, and hysteresis loop shape and others) are
constantly widening. Therefore, the necessity to
develop efficient methods of controlling the properties
of electrotechnical alloys increases. Recent studies
have indicated that ion-beam treatments show prom-
ise as the method of controlling the properties of
alloys. At the same time, it is safe to say that processes
taking place in soft magnetic materials in the course of
exposing them to accelerated ion beams are still poorly
understood.

The majority of studies related to the problem are
based on the intuitive assumption that changes in the
structure and properties of objects exposed to irradia-
tion are limited only by ion-penetration zone and its
nearest vicinity. In particular, it was found in [9, 10]
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that the irradiation of the Fe,;MogCu,;B;s and
Fe,4sNb;Cu, Si B, alloys by the ions N™ with energies
of 110—130 keV affects the chemical short-range order
at the irradiated surface to a depth of to 200 nm. Under
irradiation conditions used in [9, 10], no changes at
the unirradiated side of ribbon were found.

First, studies indicating the existence of structural
changes in materials were performed by authors in
[11—20]. The substantial effect of ion-beam treatment
on the magnetic properties of the FegNi;, alloy was
found in [11—14]; the analogous effect on the atomic
and the magnetic structure and electrotechnical prop-
erties of electrical steel strips (to 0.35 mm in thick-
ness), as well as of the permalloy, amorphous and
nanocrystalline ribbons made of soft magnetic materi-
als, was found in [15—18].

The substantial effect of irradiation with N* and
Ar* ions, which was performed in continuous and
pulsed-periodic modes (the effect is different for dif-
ferent irradiation conditions), on the hyperfine mag-
netic structure of Mossbauer spectrum of the FegoNis,
alloy was shown in [11—14]. This effect is explained by
the accelerated redistribution of atoms and the forma-
tion of short-range atomic order in the volume of foils
30 um thick during ion irradiation with heating, which
is insufficient for the occurrence of diffusion pro-
cesses. The analogous changes of hyperfine magnetic
fields at atomic nuclei of the alloy were previously only
observed under conditions of ultrahigh pressure,
whereas traditional heating to 200°C does not change
the shape of the spectrum.

Taking into account the damaging (the formation
of defects in the surface layer to several tens of nano-
meters in thickness) and radiation dynamic (shock-
wave action at a multiple depth) effects of ions [20],
irradiation conditions for 3424 anisotropic electrical
steel (Fe—3 wt % Si) were optimized in [16] in order to
form the specific atomic [15], defect, and magnetic
domain structures (the domain structure is substan-
tially finer than the initial domain structure). This
irradiation treatment (by Ar* ions with the energy £ =
20 keV; the ion current density isj = 50—100 uA/cm? and
the fluence is (1—2) x 10'® cm~—2) allowed the authors
to decrease the magnetization reversal losses at oper-
ating frequencies of 400—5000 Hz and an induction of
1.5 T from 6 to 20%. The depth of changes in the mag-
netic structure (to 5—10 um) exceeds projective ranges
of accelerated Ar* ions by several orders of magnitude.

The improvement of magnetic properties of the
anisotropic electric steel results from the complex
combination of various causes, such as the increase in
the degree of atomic structure perfectness at the
expense of more complete ordering during irradiation
annealing [16], the formation of a specific multilayer
domain structure that consists of narrow domains per-
pendicular to the direction of easy magnetization
([001]), etc.
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A detailed study of the effect of conditions of irra-
diation treatment on the magnetic properties of
Fe;; sCu;Nb;Si ; sBy amorphous ribbons with acceler-

ated Ar* ion beams was performed in [17, 18]; the irra-
diation treatment was performed after the standard
finished heat treatment that ensures the formation of
the nanocrystalline structure and the best properties
of the ribbons (annealing at 530°C for 0.5 h). As a
result, the optimum irradiation conditions were deter-
mined, which allowed the authors to additionally
decrease the magnetization reversal losses by an aver-
age of 10% at frequencies of 50—10000 Hz at the
expense of the formation of a perfect structure.

A method of combined ion-beam and thermomag-
netic treatment of permalloy (Fe—70 wt % Ni) and
transformer steel (Fe—3 wt % Si) was patented [19].
The irradiation dynamic action of accelerated-ion
beam, which is realized before the thermomagnetic
treatment, leads to the deep refining of the structure of
these materials with respect to impurities and defects
[18] and, therefore, to the improvement of magnetic
properties. The decrease in the coercive force (com-
pared to the level achieved by only thermomagnetic
treatment) for permalloy is 27%. The additional
decrease in the magnetization reversal losses at the
expense of combined treatment of anisotropic elec-
tric steel is about 15%.

X-ray diffraction analysis was used in [21] to study
the effect of irradiation by Ar* ions with an energy of
E =30keV at an ion current density j = 50 uA/cm? and
a fluence of 1.5 X 10'® cm~2 on the crystallization of
Co-based amorphous alloys. It has been shown that,
after irradiation, the temperature of the onset of crys-
tallization decreases by 200—300 K, and new crystal-
line phases appear that are not formed during tradi-
tional temperature-induced crystallization. The thick-
ness of studied layer was 6.2 um, which substantially
exceeds the projective ranges of accelerated Ar* ions in
the aforementioned alloys.

The effect of the ion-irradiation-induced decrease
in the crystallization temperature was observed previ-
ously for pure copper plates subjected to severe plastic
deformation [22]. The analogous effect was observed
for molybdenum [23]. Thus, ion-beam irradiation can
improve the atomic and the magnetic structure of
alloys. Under certain conditions, due to the irradiation
dynamic action of the ion beam [20], which is related
to the propagation of postcascade powerful elastic and
shock waves, the depth of the magnetic domain struc-
ture changes and, as was shown above, exceeds the
projective ranges of Ar* ions by several orders of mag-
nitude [16]. In this case, the result of the action is
determined by both ion beam parameters and, to a
large degree, by the initial state of material.

In the present study, we investigated the effect of
irradiation by Ar ions with an energy of 30 keV on the
nanocrystallization process and magnetic properties
of soft magnetic Fe,, ;Cu,Nb,Mo, 5Si;,B, alloy.
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EXPERIMENTAL

The Fe,;, sCuNb,Mo, sSi;,By alloy was melted
using a vacuum induction furnace. An amorphous rib-
bon 25 um in thickness and 10 mm in width was pre-
pared by rapid quenching from the melt (in the form of
plane jet). Ribbon samples were subjected to irradia-
tion with continuous Ar* ion beams with an energy of
30 keV using an ILM-1 implanter equipped with a
PUL’SAR-1M ion source based on cold hollow-cath-
ode glow discharge [24], which allows one to operate in
both continuous and pulse-periodic modes. Continu-
ous ion beams of round cross section (S > 100 cm?)
characterized by constant ion current density over the
beam cross section were used. A collimator was used to
cut from the round-section Ar* ionbeama 2 x 10-cm?
section of a stripwise ion beam; a specific device and
vacuum chamber were used to move alloy ribbons
above the ribbon beam at a rate of 1 cm/s. The density
of the ion current was j = 300 uA/cm? and the irradia-
tion dose (fluence) was D = 3.75 x 10" cm~2. In the
case of this fluence, each point of the moved ribbon
was exposed to the beam for ~2 s. To monitor the tem-
perature of the ribbon sample, a thin chromel—alumel
thermocouple was used, which was connected to an
Adam 4000 (Advantech) automated digital-signal reg-
istration system. In the course of irradiation, samples
(moved ribbons) were briefly heated with an ion beam
(within the irradiation zone) to 350 = 10°C (~620 K).
The initial and irradiated samples, namely, flat rib-
bons and ribbons turned in the form of rings 24 mm in
inner diameter and 23 mm in outer diameter were
annealed in air at temperatures of 730—840 K for 1 h.
To obtain reproducible data on the structure and
properties, three samples were simultaneously irradi-
ated under the aforementioned conditions. Other pilot
irradiation conditions were also used, based on which
the aforementioned regime was selected and realized.

X-ray diffraction patterns were taken using a D8
DISCOVER diffractometer (Germany, Bruker), Cu
K, , radiation, Bragg—Brentano focusing geometry,
and a graphite monochromator mounted at the dif-
fracted beam. Data were processed using TOPAS 3
full-profile fitting software. The volume fraction of
amorphous component was estimated taking into
account the contribution of two diffuse maxima. We
used the Scherrer method (and the width at half-
height of diffraction maximum) to estimate the aver-
age size of crystallites; the shape correction factor was
0.89. No substantial differences were found in X-ray
diffraction patterns taken from irradiated and unirra-
diated sides of sample. This fact confirms the available
data on the long-range effect of accelerated ions on
metastable media [12—20]; the studied amorphous
ribbons prepared by rapid quenching are among them.

The structural state of samples was studied by
transmission electron microscopy using a JEM 200CX
microscope. Data for estimating the average grain size
and grain-size distribution histograms were obtained
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in analyzing dark-field images of 400—450 grains. The
temperatures of magnetic and structural transitions
were determined by thermomagnetic analysis. The
magnetic properties were measured using ring samples
and the magnetic measuring system, the performance
of which is based on the realization of the induction
pulse method.

RESULTS AND DISCUSSION

Figure 1 shows X-ray diffraction patterns for (a) as-
quenched ribbons and (b) samples subjected to heat
treatment at 800 K for 1 h, as well as for (c) as-
quenched ribbon irradiated with Ar* ions and (d) this
very ribbon, but additionally subjected to subsequent
heat treatment under the same conditions. The X-ray
diffraction pattern of the unirradiated (as-quenched)
ribbon indicates only a halo related to the amorphous
structure (Fig. 1a). After the heat treatment of the rib-
bon at temperatures above 750 K, the reflections of
crystalline phases, along with the halo, appear in the
X-ray diffraction patterns. In this case, as the tempera-
ture increases, the center of halo tends to shift to the
low angle range.

Figure 1b shows the X-ray diffraction pattern for
the unirradiated sample subjected to heat treatment at
840 K for 1 h. An analysis showed that the o.-Fe-based
solid solution is one of the formed crystalline phases;
the silicon content in the solid solution was estimated
using the crystal lattice parameter. The determined
lattice parameter equal to 0.2845 nm corresponds to a
composition of Feg,Si,,. The other crystalline phase is
the Fe;Si compound with a lattice parameter equal to
0.5670 nm.

The noticeable fraction of the crystalline phase
appears in unirradiated samples only at a temperature
of 770 K. At the same time, the crystallization over the
entire volume of ribbon takes place during irradiation
resulting in short-time heating to 620 K (the bottom
temperature of irradiation-induced crystallization was
not determined). Figure 2 shows the dependence of
the volume fractions of the (/) amorphous and
(2) crystalline phases, (3) Feg,Si,, solid solution, and
(4) stable Fe;Si phase and (5) the initial magnetic per-
meability 1L on the annealing temperature (7). The
initial relative magnetic permeability of as-quenched
amorphous ribbon is 950. After heat treatment at tem-
peratures of 730—790 K, the magnetic permeability
increases to 20000. At these temperatures, the struc-
ture of the ribbon is characterized by a dominant
amorphous phase; the increase in the magnetic per-
meability is related to the relaxation of internal stresses
induced in the ribbon by melt quenching. The increase
in the volume fraction of crystalline phase at tempera-
tures above 790 K correlates with the increase in the
magnetic permeability of alloy. It should be noted
that, over the temperature range under study, the vol-
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Fig. 1. X-ray diffraction patterns for the Fe;, sCu;Nb,Mo, 5Si;4Bg ribbon (a) in the as-quenched state, (b) after subsequent heat
treatment at 840 K for 1 h, (c) after irradiation (t;,, ~ 2 s) with Ar' ions, and (d) subsequent heat treatment at 840 K for 1 h; reflec-
tions of the amorphous phase (4), hexagonal phase (H), o.Fe(Si) solid solution (), and cubic Fe;Si phase () are indexed.

ume fraction of the Feg(Si,, solid solution exceeds that 100 100000
of the ordered Fe,Si phase. =1
>
After the irradiation of samples by Ar* ions with an < 80 80000 %
energy of 30 keV, during which the temperature for a N s
short-time (2 s) reached ~620 K (that is 150 K below .5 g
the temperature of the onset of temperature-induced ‘g 60 {60000 g
crystallization), the crystallization of the samples was = 2
observed. No halo is observed in the X-ray diffraction Qg) 40 40000 &
pattern; diffraction reflections correspond to a multi- % 7 =y
phase crystalline structure (Fig. 1c). The heat treat- > E
ment of the irradiated sample at 840 K for 1 h hardly 20 20000 -2
changes the X-ray diffraction pattern (Fig. 1d). The k=
analysis shows that some reflections correspond to ole “/,,x . .

crystalline phases that are analogous to those observed 730 770 810 850
above, namely, to the o-Fe(Si) solid solution and
Fe;Si. Moreover, the X-ray diffraction pattern indi-
cates the presence of an H phase with a hexagonal

Annealing temperature 7,,,, K

structure (space group P6s;/mmc), which was identi- Fig. 2. Dependences of the volume fractions of (/) amor-
fied in [25] in studying late crystallization stages of phousand (2) crystalline phases and separately of (3) Feg,Siy
. I . solid solution and (4) Fe;Si and (5) of the initial magnetic
FINEMET alloy and its crystallization after laser irra- permeability () on the annealing temperature (7)) for
diation. We failed to describe the observed X-ray dif- the unirradiated Fey, sCu;Nb,Mo, 5Si;4Bg ribbon.
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ceptibility (}/%300) of (a) unirradiated and (b) irradiated

Fes, sCuNbyMo, 5Si4Bg ribbon; Curie temperatures of
crystalline phases are shown.

fraction pattern using well-known crystalline struc-
tures, such as Fe;Si, aFe(Si), FeSi (all are cubic),
FeSi, (orthorhombic or tetragonal), FesSi; (hexago-
nal), Fe,;Si5 (cubic), Fe,; B¢ (cubic), and Fe,B (tetrag-
onal). Based on this fact, we conclude that either a

number of intense reflections are absent in the X-ray
diffraction pattern or the set of observed reflections
does not correspond to these structures. No substan-
tial changes are observed in changing occupations of
lattice sites and adding preferred orientations. Along
with the Fe;Si and oFe(Si) phases, phases similar to
the Fey; B¢, FesSi;, and Fe,B ones are likely to be pres-
ent in the material.

Data given in the table indicate the decrease in the
volume fraction of the Fe;Si crystalline phase and
increase in the volume fraction of the o-Fe(Si) solid
solution with increasing annealing temperature, i.e.,
with increasing the volume fraction of crystalline
phase with the low silicon content. This agrees with
data of [26], which has proved the decrease in the sili-
con content in the crystalline phase at late crystalliza-
tion stages. The fraction of hexagonal H phase slightly
varies in the course of annealing. As the annealing
temperature increases, the magnetic permeability
increases and, at 840 K, it reaches 11 600.

Figure 3 shows the results of a thermomagnetic
analysis of as-quenched (a) unirradiated and (b) irra-
diated samples. Arrows show the Curie temperatures
of the crystalline phases precipitated during the crys-
tallization of FINEMET alloy [27—29]. The abrupt
decrease in the magnetic susceptibility during heating
to 587 K corresponds to the Curie temperature of the
Fe;, sCu;Nb,Mo, 5sSi 4By alloy in the amorphous state.
The increase in the magnetic susceptibility at 807 K is
related to the appearance of ferromagnetic o-Fe(Si)
solid crystallites [1]. The maximum magnetic suscep-
tibility corresponds to 840 K. We assume that this tem-
perature corresponds to the alloy state characterized
by the maximum volume of crystalline phase. The fur-
ther decrease in the magnetic susceptibility is caused
by disordering thermal effect on the ferromagnetic
ordering. A temperature of 879 K, at which the relative
magnetic susceptibility approaches zero, is close to the
Curie temperature of the Feg,Si,, solid solution [27].
The temperature dependence of the magnetic suscep-
tibility during cooling closely corresponds to that for
Feg,Siy, solid solution crystallites.

The reversibility of the thermomagnetic curve
measured for the irradiated sample (Fig. 3b) indicates
the weak effect of the temperature on the crystalline
structure formed during irradiation. The thermomag-

Initial magnetic permeability (L), volume fraction (V) of phases, and crystal lattice parameters (a and c) for irradiated sam-

ples subjected to heat treatment at 7,,,, for 1 h

a-Fe(Si) Fe;Si H phase
Tarm’ K “
V, % a, nm V, % a,nm V, % a/c, nm
300 1000 44 0.2848 30 0.5678 26 1.2291/0.7695
750 5000 47 0.2846 22 0.5682 31 1.2295/0.7694
790 5200 55 0.2845 12 0.5702 33 1.2301/0.7699
840 11600 58 0.2844 12 0.5696 30 1.2302/0.7695
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Fig. 5. Grain-size distribution histograms for (a) unirradi-
ated sample subjected to heat treatment at 840 K for 1 h
and (b) irradiated sample.

netic curve exhibits no bends that allow one to find
ferromagnetic phases with substantially different
Curie temperatures. The main phase or group of
phases formed after irradiation is characterized by a
Curie temperature of 710 K. Among the available
phases, the Fe,;B4 cubic phase has a close Curie tem-
perature. The Curie temperature of the Fe;Si; phase is
378 K, i.e., it is substantially lower [30].

Figure 4 shows the structure of (a) unirradiated and
(b) irradiated samples subjected to heat treatment at
840 K for 1 h. The bright-field image with electron dif-
fraction pattern and dark-field image taken in 110,
reflections show the structure.

Figure 5 shows grain-size distribution histograms.
In the unirradiated sample, grains 11 nm in average
size are equiaxed. The first and second maxima in the
histogram correspond to areas 9 and 14 nm in size,
respectively. The average grain sizes of the o-Fe(Si)
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for unirradiated and irradiated samples subjected to heat
treatment at 840 K for 1 h.

solid solution and Fe;Si phase, which were estimated
by Scherrer method, are 17 and 19 nm, respectively.

After irradiation, the grain size substantially
increases and grain shape changes. The grain shape
becomes intricate, and grain boundaries become
wider. The average grain size is 25 nm. The average
grain sizes of the o.-Fe(Si) solid solution, Fe;Si, and
H phase, which were estimated by Scherrer method,
are 21, 30, and 27 nm, respectively.

Changes in the structure and phase composition of
samples subjected to aforementioned irradiation treat-
ments lead to noticeable changes of the magnetic
properties. Figure 6 shows minor magnetic hysteresis
loops at H,,,, = 10 A/m for the samples subjected to
heat treatment at 840 K for 1 h in the (a) unirradiated
and (b) irradiated state. After irradiation, the magnetic
induction in a field of 10 A/m decreases by more than
50% and the coercive force increases from 0.70 to
2.4 A/m. The initial and maximum magnetic permea-
bility decrease from 90 000 to 11600 and from 450000
to 52000, respectively.

The performed test studies of the effect of ion-
beam treatment and varied irradiation conditions on
the structure and properties of alloy have showed the
high sensitivity of magnetic properties to the irradia-
tion conditions. In particular, in principal, this allows
the magnetization reversal losses to be decreased; the
analogous decrease was studied in [16, 17, 19]. How-
ever, extensive evidence is necessary to choose the
required irradiation conditions based on statistically
reliable data. This assumes the stability of a great num-
ber of beam parameters, speed of ribbon movement,
conditions of heat removal, etc.
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CONCLUSIONS

The study of the effect of Ar" ion irradiation on the
crystallization process and magnetic properties of soft
magnetic nanocrystalline Fe,, sCu;Nb,Mo, 5Si;4By
alloy showed that the irradiation by Ar* ions with an
energy of 30 keV and a fluence of 3.75 x 10" cm™2
leads to the complete crystallization of amorphous
alloy when a temperature of 620 K is achieved, which
is 150 K below the lower temperature of crystalliza-
tion. In the course of crystallization, o-Fe(Si) solid-
solution crystals, the composition of which is close to
Feg,Si,, and stable Fe;Si and metastable hexagonal
phase crystals are formed.

The irradiation-induced crystallization is accom-
panied by grain growth and changes of the morphol-
ogy of grain boundaries. The heat treatment of irradi-
ated samples leads to a decrease in the volume fraction
of the Fe;Si crystalline phase and increase in the vol-
ume fraction of a-Fe(Si) solid solution. It has been
shown that the size of Fe;Si grains is higher than that
of a-Fe(Si) solid solution. The average grain size esti-
mated by Scherrer method is slightly higher than that
determined by transmission electron microscopy. The
aforementioned changes are accompanied by substan-
tial changes of the magnetic properties.

The preliminary studies showed the high sensitivity
of magnetic properties to ion-beam irradiation (radia-
tion annealing) conditions. Thus, in principle, there is
the possibility to select parameters, such as the ion
energy, density of ion current, fluence, speed of ribbon
motion, and temperature of process, in order to reach
the given electrotechnical characteristics of alloy. The
analogous selection was done in [16, 17, 19] in order to
decrease the watt losses in electric steels and a
FINEMET alloy that has a close composition.

Taking into account the high stability of the alloy
state formed during ion irradiation and the high rate of
the structural changes that occurred (even for 2 s irra-
diation), the regularities of structural changes and the
variations in magnetic characteristics at low fluence
magnitudes call for detailed studies.
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