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Electric explosions of amorphous ribbons (Fe,5Co,5Zr,B; HITPERM, Fe,; ;Si; 5 sB;Nb;Cu; FINEMET, and
bulk amorphous Fe;; (Mn ¢Sis ,C;, 3B, ;) were studied in water and for the bulk amorphous alloy in
ethylene glycol, in order to study whether the amorphous state can be preserved in the process. Formed
products were collected and analyzed by Scanning Electron Microscopy, X-ray diffraction, Mossbauer
spectroscopy, and High-Resolution Transmission Electron Microscopy. Chemical reactions have taken
place in large extent between melted and evaporated components of ribbons and the decomposed
cooling media. The oxidation reactions removed quickly the glass-forming elements (Zr, B, Si) from

the metallic particles. Oxides were formed both on surface of globules and in separate phases from
evaporated components. The amorphous state was partly retained in FINEMET, and to a greater extent
in bulk amorphous alloy. Chemical interactions were more limited in ethylene glycol and carbon atoms
formed from the decomposed coolant contributed to stabilization of amorphous phase.

The process of the electric explosion of wires (EEW) has
attracted attention since the middle of the last century as, e.g.,
organization of series of conferences related to various aspects
of the phenomenon attests from the early times [1]. Other terms,
like wire explosion process, WEP, or pulsed wire discharge,
PWD, are also used alternatively. The interest has been renewed
in connection with preparation of nanoparticles [2]. Further
details of the processes are also studied in detail recently (e.g.,
the physical background and various regimes of the process [3],
electric circuit analysis [4]).

In a brief approach, exposure of a thin metallic wire to
a strong current pulse results in melting, formation of small
droplets, and evaporation of the metal afterwards. In case of
using a sufficiently strong energy pulse, the current flow can
be sustained via the neighboring plasma after having the con-
duction of current ceased through the molten metal. Depend-
ing on the surrounding media (vacuum, gaseous, or liquid)
additional chemical reactions may take place in the exploding
neighboring gaseous media which collapse quickly. All the pro-

cesses are completed within a few nanoseconds. Further details
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are also reported recently (e.g., description of early stages with
emergence of different shock waves [5], the various discharge
channels [6], or comparison of EEW of a Cu wire in air, in
water, and in half-air & half-water combination [7]).

There is a wide room for chemical interactions with the
surrounding media. For instance, various carbides or nitrides
can be prepared in carbon or nitrogen-rich ambient media
(e.g., [8], tungsten carbide [9], aluminum nitride [10]). The
formed particles can be stabilized by surfactants [11], or
alloys can be prepared with exploding twisted metal wires
[12].The emphasis can be put to preparation of side products
as well, e.g., fabrication of fullerenes, carbon nanotubes, and
nanodiamonds can be achieved in carbon-rich media [13].

It should be mentioned that preparation of nanoparticles
with fast cooling of evaporated and molten metal droplets can
also be performed via related methods, namely with spark ero-
sion [14], or with pulsed laser ablation [15].

In our related previous communication, EEW of iron and
alloy wires was studied in various media (water, paraffin oil, eth-
ylene glycol, siloxane) with particular attention to reactions with

the ambient media. The products were separated into coarse
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and fine fractions (in ca. 95% vs. 5% mass distribution). Reac-
tions of primary components of wires with the ambient liquids
were deduced from composition changes found in comparison
of the primary wire and solidified molten droplets (the main
component of coarse faction) and were also proven directly by
analyzing the primary reaction products present in the fine frac-
tion [16].

Preparation of amorphous metallic nanoparticles can also
be attempted by starting directly from amorphous metallic wires
exposing them to EEW. The process can be distinctly different
since the specific conductivity in amorphous metals is 2-3 order
of magnitude less than in crystalline wires [17]. The success of
preservation of the amorphous state is strongly connected to the
extent of maintaining the composition and the high cooling rate.
Synthesis of magnetic nanoparticles was performed with EEW
of (Co(Fe)),, 55i;, sB,5 and Fe,SigB,; amorphous wires in argon.
The starting wires (with 0.22-0.14 mm diameters) were pre-
pared by the so-called in-water-rotating-spinning method [18].
After the EEW process, ca. 20% of the product was retrieved in
amorphous phase, with certain increase of the Si and B contents
compared to the starting composition [19]. Higher amorphous
content can be achieved with laser ablation of bulky amorphous
ingots. A few nanometer size particles are formed with short
(picosecond) laser pulses applied to Fe,4SiyB,; metallic glass tar-
get in appropriate, carbon-containing liquid media from which
carbon may be dissolved into the metallic phase [20, 21]. Con-
siderably larger, a few micrometer size particles can be prepared
from various metallic glass ingots with spark erosion (localized
pulsed electrical discharge) [14].

Similarly to wires, ribbons can also be exposed to EEW, since
the cross sections of melt-spun ribbons are in the same range
than those of thin wires. Thus, in the present report, we give an
account on characterization of products formed from crystalline
and amorphous ribbons in the process of EEW. In particular,
melt-spun crystalline Fe;;Cos,, and amorphous Fe,;Co,sZr,B;
(HITPERM, Fe:Co with 1:1 atomic ratio with addition
of glass-forming zircon and boron), Fe,;5Si;s ;B;Nb;Cu,
(FINEMET) were exploded in water and bulk amorphous
Fe,, (Mn ¢Si; ,C;, 5B, , ribbons (prepared by adding boron to
cast iron) were vaporized both in water and in ethylene glycol.
Products were collected in two fractions. The coarse fraction
was precipitated within one day, whereas the fine fraction was
primarily composed from the suspended products floating in the
cooling media for several days. The coarse fraction was mostly
composed from instantly frozen melted larger and smaller
globules, whereas the fine fraction consists dominantly from
products of reactions of evaporated metals with the quenching
liquids. The estimation of the extent of the conservation of the
amorphous state of the original ribbons was in focus. Further-
more, attention was also paid to tracking the changes of com-

positions both in the larger globules, and in the newly formed
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nanosized components. The morphology of products was char-
acterized by Scanning Electron Microscopy (SEM), and phases
were analyzed by X-ray diffraction (XRD) and *’Fe Mossbauer
spectroscopy. The structure and composition of products in
the nanometer size range were revealed from High-Resolution

Transmission Electron Microscopy (HRTEM) observations.

Fe;,Cos, in water

The primary reason to perform EEW on crystalline Fe,Cos,
ribbon was to check whether nanocrystalline structure can be
formed during quick quenching from the crystalline metallic
ribbon without containing any glass-forming element.

Morphology of products was revealed from SEM studies.
Both spherical and cornered particles were found in the images.
The elemental analysis reveals the presence of 25 - 45 wt % oxy-
gen on their surfaces. The starting Fe to Co 1:1 atomic ratio
is approximately retained in the products. The corresponding
images are presented in Fig. SSEM1 (Supplementary Informa-
tion, SI).

XRD diffractograms demonstrate the dominant presence of
crystalline phases both before and after EEW. Completion of
EEW process is manifested in the appearance of the oxide phase
with reflections of wiistite structure, displaying smaller nano-
sized domains with coherent scattering (see the corresponding
diffractograms in Fig. SXRD1 (SI).

The Mossbauer spectrum of the starting Fe;,Cos, ribbon
displays sharp peaks of a magnetically ordered sextet confirm-
ing the crystalline state on 91% spectra area with additional
9% wiistite contribution (Fig. 1 top). The dominant sextet can
adequately be described with random distribution of Co and
Fe atoms in bcc structure where the magnitude of inner local
magnetic fields (By;) depends on the number of nearest neigh-
bors (N, [22, 23])

(Bnf(Nnn)) = Bnfo + Nnn X ABhfnn (1)
(further details of decomposition can be found in the supporting
information—SMb Table 1).

The EEW process results in oxidation of iron and cobalt
in significant extents (c.a. 50% as for Fe). The non-oxidized
part exhibits similar distribution of magnetic fields as the
original ribbon (Fig. 1 bottom). Certain depletion of iron can
be observed in the metallic part (in the contribution of sextet),
compared to the starting Fe to Co 1:1 ratio, since the extent
of formation enthalpy of iron oxides exceeds those of cobalt
oxides (for FeO 272 kJ/mol, for CoO 238 kJ/mol, and further
on, more stable Fe;O, (1121 kJ/mol) may also form [24]).
In correspondence, signals of FeO doublets and additional

Fe*" component can be included to cover the center of this
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Figure 1: Md&ssbauer spectrum of the starting Fe;Cos, ribbon (top)
and the spectrum obtained on products after EEW (bottom, sextet of
FeCo alloy in orange, Fe?* doublets of wiistite in green and pink, Fe** in

purple).

spectrum for the remaining ~ 50% of the spectral area (tabu-
lated data of decomposition are compiled in SMb Tables 1
and 2, SI).

HRTEM observations

The progress of oxidation processes is also obvious from the
analysis of HRTEM images. The presence of two structures,
octahedral cubic (FeO, wiistite) and spinel (Fe;O, magnetite),
is revealed [Fig. 2(a, b, ¢)]. The oxides are mixed Fe,Co oxides as
the elemental maps are shown (Fig. 2, bottom part). It is worth
to mention that complete oxidation of small particles may take
place with preserving the spherical shape. In short, two main
observations can be noticed at the first glance for the EEW of
crystalline Fe;;Cos, ribbons. First, oxidation proceeds in part
due to interaction with water for both cobalt and iron constitu-
ents, and second, the crystalline structure is preserved both for

the original metallic cores in the globules and for the formed

oxidic products.

Figure2: HRTEM image on particles of products of EEW with Fe;,Cos, a), top left; fast Fourier transforms of region #1 with characteristic reflections of
magnetite [110] at 4.8 A, b); and on region #2 characterizing wiistite structure, with [110] reflections at 2.5 A, c). Respective elemental distributions of
Fe, Co, and O are displayed in the bottom part.
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Amorphous Fe,;;Co,5Zr,B; (HITPERM) in water

In the composition of the starting amorphous ribbon, the atomic
Fe:Co =1 ratio is maintained for comparison to the previous
Fe,,Cos,, with addition of glass-forming Zr and B in sufficient
extents.

Morphology and surface compositions were derived from
SEM analysis. The product of EEW process is composed from
both angular and spherical particles. The oxidation is also
expressed, in particular for zirconium (see supporting infor-
mation Fig. SSEM2).

XRD diffractometry reveals that the EEW process results in
crystallization. The composition change may also significantly
promote the crystallization by removing the glass-forming
zirconium from the metallic phase with oxidation (formation
enthalpy of ZrO is large, 1097 J/mol [24]). See the correspond-
ing XRD spectra in the supporting information in Fig. SXRD2.

Mossbauer spectroscopy

The spectra of the starting ribbon and that of the products col-
lected after EEW are shown in Fig. 3. Their interpretation is in
full correspondence with results of XRD analysis. As for the first,
starting amorphous state, the spectrum of the as-cast ribbon can
be described with a distribution of hyperfine magnetic fields
centered at~30.0 T (HITPERM alloys with similar composition
exhibit similar distribution (e.g., [25]).

The EEW process results significant changes in the shape
of spectrum. A simple visual comparison of the spectra of the
starting amorphous ribbon (Fig. 3 left, top) and the products
after the EEW (Fig. 3 left, bottom) indicates that crystallization

Fe 4500 WANCH

has taken place in the metallic phase, the sextet lines are sharp
in the spectrum of products. More detailed decomposition of
this spectrum attests that 74% of spectral area can be described
with a random binomial distribution of Fe and Co in the bcc
alloy with Eq. 1, similarly to the spectra of the previous case, to
the Fe;(Cos, ribbon. The corresponding < B>, By ¢, and ABy
parameters of Eq. 1 are 34.6, 29.4, and 0.62 Tesla, respectively.
The remaining 26% spectral contribution can be attributed to
Fe?* and Fe®* doublets originated from various oxides with iso-
mer shift and quadrupole splitting pairs, of 0.95, 1.01, and 0.32,
0.69 mm/s values, respectively.

HRTEM study was performed on the fine fraction of prod-
ucts of EEW of the HITPERM ribbon. The presence of oxides in
significant extents was observed both with electron diffraction
and elemental analysis. Enrichment of iron oxides on the sur-
face layers can be observed, whereas the distribution of cobalt
remains more homogeneous (Fig. 4).

Short summary for HITPERM —results obtained with vari-
ous methods are in good correspondence: complete loss of the
starting amorphous structure and oxidation of components in

significant extents are observed.

Fe,; 5Si;5.5sB;Nb;Cu, (FINEMET in water)
The next amorphous ribbon exposed to EEW was FINEMET. In

this alloy, the glass-forming components are silicon and boron. The
enthalpy for oxide formation of silicon is high (for SiO, 910 kJ/mole
[24]). A plain experimental observation is in correspondence with

strong oxidation since the EEW process is rather vivid in water.
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Figure 3: Mossbauer spectrum of the starting Fe,;Co,5Zr,B; amorphous ribbon (left, top), and the corresponding distribution of hyperfine magnetic
fields (right side). The spectrum of the products after EEW is shown in the left bottom part (FeCo alloy in orange, oxides of iron in green and purple).
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Figure 4@ HRTEM image obtained on products of EEW of HITPERM alloy. Parts of spherical particles (left), according to the FFTs on the areas indicated by
white squares, have magnetite structure: upper and lower FFTs are [-112] and [1-14] zone axis magnetite, respectively. Elemental distributions of Co,
Fe, and oxygen are displayed on the right (HAADF: High-Angle Annular Dark field).

Morphology and surface analysis by SEM reveals the presence
of products with various extents of oxidation. Both spherical
and cornered particles are present (see the images and the cor-
responding analyses in Fig. SSEM 3, SI).

Structure and elemental distribution in nanoparticles was
studied with HRTEM. Large melted and solidified globules
immersed to oxides formed mostly from vaporized Si and
boron are present (Fig. SHRTEM 1, SI). The elemental distribu-
tion is in accordance, and the presence of oxygen and silicon is
homogeneous in the first approach, (Fig SHRTEM 1, center, SI)
whereas iron and copper agglomerate to islands (Fig. SHRTEM
1, right, SI).

Mossbauer spectroscopy

The spectrum of the starting amorphous FINEMET ribbon is
presented in Fig. 5 (left top). The derived distribution of hyper-
fine fields is centered at 20 T with a shoulder above 10 T (similar
to other studies [26]) as shown in the Fig. 5 top right panel.
Both the coarse and fine fractions were collected following
the exposure of the ribbons to EEW. A rather complex spectrum
can be observed for the coarse fraction (Fig. 5 left, middle). At
the first approach, certain crystallization can be presumed. For
interpretation, the crystalline Fe-Si-B ternary phase diagram can
be consulted where existence of Fe;B, Fe,Si, 4B ¢, and bcc phases

is reported at the x;,=0.74 section [27]. A close analogy can be

©The Author(s) 2022

found with comparison to Mossbauer spectra of heat treated,
partly recrystallized FINEMET ribbons with similar compositions.
These spectra are interpreted with decomposition to 5-6 crystal-
line phases which are characterized with sharp sextets and with
additional presence of certain amount of amorphous phase in the
intergranular regions exhibiting distribution in the magnetic field
[26, 28]. Heat treatment of the ribbon with the very same composi-
tion as used in our recent study has also been performed at 540 °C
for 1 h and high-velocity-resolution room-temperature Mossbauer
spectra were recorded. These spectra exhibit very similar shape as
shown in Fig. 5 (left, middle). For the interpretation of spectra, six
different iron sites are assumed with 4,5,6,7 and 8 nearest neigh-
bors in different iron sites [29]. If the very same approach is used
in our recent case, the decomposition results in data presented in
SMbTable 3 (SI). Graphic representation of this described decom-
position is presented in Fig. 5 (right bottom).

Thus, an important observation can be deduced, namely that
certain part of the spectrum (~22%) can be attributed to amor-
phous phase (in contrast to HITPERM, where amorphous phase
was not detected).

For comparison, the Mdssbauer spectrum of the fine fraction
observed on the highly dispersed particles floating for several days
in the aqueous suspension is also presented. Magnetic particles
are present only in negligible amount, and the spectrum can be
described as sum of Fe** and Fe** oxide components (Fig. 5, left,
bottom).
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Figure 5: Mossbauer spectrum of FINEMET ribbon as quenched, coarse, and fine fractions after EEW (left side, top, middle, and bottom, respectively).
The distribution of hyperfine fields is presented on the top right panel. The presence of crystalline phases is detected in the left middle spectrum, and
the corresponding magnetic field strengths and their relative intensities are represented with vertical lines on the right bottom inset. Certain part of
the spectrum can be described with a distribution of magnetic fields in connection with preservation of amorphous phase to a certain extent (marked
with light green). The spectrum of fine fraction is composed from signals of oxides (left bottom).

Fe;q 6Si5 4C123MNg 6B, 5t bulk amorphous—i.e., cast
iron with addition of 12% B, CiB,, in short

Characteristic feature of bulk amorphous alloys is that
they solidify in amorphous state even at low cooling rate,
i.e., they can be prepared with a simple casting into a mold
(instead of the rapid quenching with injecting the melt to
a rotating wheel.) Bulk amorphous alloys can conveniently
be obtained by adding glass-forming additives (boron and
silicon) to carbon-containing cast iron. Thus, CiB,, nota-
tion will be used in the forthcoming part instead of the long
Fe;) 68i5,4Cy;, 3Mny 6B, , formula.

Water was used for cooling media in the previous instances
in EEWSs of ribbons, and rather vivid chemical reactions were
detected during the process accompanied with expressed oxide
formation as described above. To compare the influence of cool-
ing media ethylene glycol was also used beside water with CiB,,
samples. In the case of ethylene glycol highly active C and O
radicals may be produced in the explosion, and gaseous CO
and CO, may form, decreasing the amount of O available for
oxide formation.

The difference in the morphology of products of EEW in
dependence of the cooling media is clearly manifested with
the comparison of SEM images. In the coarse fraction collected
in water, more small oxide particles are formed which are

deposited on the globules, whereas the surface of the spherical

©The Author(s) 2022

particles solidified in ethylene glycol is smooth and clean. The
morphologies of fine fractions are also different and formation
of carbonaceous fibers can also be observed in ethylene glycol.
(See the corresponding images in the Supporting information,
Fig. SSEM4).

XRD (recorded on coarse fractions)

The diffractograms of the starting ribbon and the products col-
lected after EEW in water and ethylene glycol are distinctly dif-
ferent. The as-cast ribbon exhibits a broad peak attesting for the
amorphous state (Fig. 6 top). Having the EEW performed on
the ribbons in water primarily characteristic peaks of bcc iron
can be observed at 20 =52.49, 77.41, and 99.97 values (Fig. 6,
middle, ICDD card #87-0722). Thus, probably silicon and
boron were removed via preferred oxide formation with these
elements. In contrast, XRD of coarse fraction collected from
ethylene glycol exhibits broad variety of peaks dominantly in the
20 50-55 deg region characteristic for of ¥ and @ iron carbides
(in correspondence with ICDD cards #51-0997 and #77-0255,
respectively, Fig. 6 bottom).

HRTEM on products of EEW of CiB,,: in water

Core-shell structure is characteristic for the products with a par-

ticular feature. Namely, the outer covering layers are composed
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Figure6: XRD diffractograms obtained on bulk amorphous C;B,, ribbon
(top), after EEW in water (middle) and EEW in ethylene glycol (bottom).

from two constituents—one is the iron oxide and the other is a
carbonaceous outermost layer (Fig. 7). The carbonaceous outer-
most layer can be originated from the sample itself since carbon
is present in 12 atomic percent in the starting ribbon.

The HRTEM image on the top left in Fig. 7 displays various
morphologies. The top right inset in this panel is the fast Fourier
transform with the spots and rings characteristic for magnetite
structure. The middle and right images in the top row show
the composite structure of the covering outer layers with higher
magnification. The elemental distributions reflect also various

concentrations of elements in the surface regions of particles

(Fig. 7 bottom row).

HRTEM on products of EEW of CiB,, in ethylene glycol

Agglomeration of covered melted and solidified globules in a
wide size range can be observed in Fig. 8, left. The main iron-
rich phase in the globules may contain certain amount of carbon
[Fig. 8(b, c)] The elemental analysis of the outer shells of the
agglomerated particles shows the presence of a double layer, the
inner one is more rich in oxygen and the outer in carbon (Fig. 8
top right). Both the amorphous and ordered oxide structures
can be revealed from images. The fast Fourier transform image
on the central part of a spherical particle displays ring at 2.1 A
characteristic for amorphous structure [Fig. 8(e)]. In contrast,
fast Fourier transformation on a thinner particle still with globu-

lar morphology is characteristic for oxide (magnetite) structure

[Fig. 8(f)].

Massbauer spectroscopy on products of EEW of CiB,, in water

For comparison, the Mdssbuer spectrum of the starting CiB,,
ribbon is also presented, it is characteristic for a typical amor-
phous structure [Fig. 9(a)]. The full spectrum can be described
with a distribution centered at 23.6 T, (Fig. 9 right, top), simi-

larly to other bulk amorphous samples (e.g., Fe;;Co,,Y W,B,,
[30] or VITROVAC [31]).

Figure7: HRTEM images collected on products of CiB,, exposed to EEW in water at different magnifications (top row). The inset in the left panel is the
fast Fourier transform from an area of 180 x 180 nm. Based on the interplanar spacings, magnetite structure is identified (Miller indices are given). The
middle and right images show the ordered (oxide) and disordered (carbonaceous) components of sample. Red arrows point oxide core, white arrows
point carbonaceous outer layers on particles. The bottom row displays elemental distributions.
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Figure8: HRTEM of CiB,, in ethylene glycol. Left: gross image on products, (a) Twinning frequently can be observed in metal particles, (b) Fast Fourier
transform of image b) attesting for the presence of twinned FCC iron or Fe,sC, (c) The right top part represents the elemental distributions for Fe, O,
and C obtained on the region shown in (a). HRTEM image on higher magnification on spherical particles is shown in (d). FFTs obtained in selected
regions #1 and #2 display a ring from amorphous structure at 2.1 A (e), and diffraction spots from oxide, (f), respectively.
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Figure9: Mossbauer spectra of CiB,, (left side, starting ribbon (a), top), products of EEW coarse fraction (b), middle), and fine fraction (c), bottom). The
right side represents the distributions of magnetic hyperfine fields (starting ribbon, top, and coarse fraction of products, bottom).

Mossbauer spectra were recorded both on the coarse and

fine fractions after the EEW in water. The coarse fraction domi-

nantly exhibits combination of a sharp sextet with a distribution.

The sharp sextet has parameters close to metallic bee iron (with

©The Author(s) 2022

characteristic §, and internal magnetic hyperfine field, MHF,
with 21% spectral area). Additionally 5% FeO can be identi-
fied in the spectrum [Fig. 9(b)]. The largest part of the spec-
trum (76% spectral area) can be described with a distribution
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of magnetic fields centered at 24 Tesla. This value is the same
as for the starting amorphous foil; thus, it can be attributed to
preservation of amorphous state in a part inside the melted/
solidified globules (Fig. 9. right, bottom).

The overwhelming part of the Mdssbauer spectrum of
the fine fraction can be described as oxides (42% FeO with
characteristic 8=0.91 and A =0.83 mm/s, and to 44% Fe>*
oxide with §=0.35, and A =0.66 mm/s values). Only a minor
(part 14%) displays the characteristic metallic sextet of iron
(Fig. 9 left, bottom). This observation is in full accordance
with results of the HRTEM study in which significant pres-

ence of oxides was revealed, too.

Médssbauer spectroscopy on products of EEW CiB,, in ethylene
glycol

The presence of distributions in hyperfine fields is more
dominant in products of EEW in ethylene glycol. The
spectrum of the coarse fraction can almost exclusively be
described with a distribution (92.5% of spectral area, cen-
tered at 21.9 Tesla). The remaining part (7.5% area) can be
attributed to sextet of metallic iron (see spectrum in Fig. 10,
left top, and the corresponding distribution in the right top
part of the figure.) The spectrum obtained on the fine frac-
tion of products is rather complex. More than half of the
spectrum can be described with distribution of hyperfine
magnetic fields (53% area, centered at 19 Tesla). Quarter of
this spectrum can be assigned to iron carbides (with 21.2 and
25.5 Tesla fields) together with a doublet (11% with §=0.27

CiB/eth-glycol

and A =0.2 mm/s values). The remaining smallest part (8%)
can be assigned to metallic iron with the characteristic 33
Tesla inner magnetic field. Comparison of spectra of prod-
ucts collected from water and ethylene glycol clearly shows
that the oxidation takes only place to a small extent in ethyl-

ene glycol, in strong contrast with water.

Amorphous ribbons (HITPERM, FINEMET, and bulk amor-
phous cast iron, CiB,,) were exposed to electric explosion
process in water, and additionally in ethylene glycol for CiB,,.
Formation of various products in a great variety is revealed in
reactions with the corresponding liquid media. In most cases,
products were collected in two fractions. Morphology and sur-
face composition of products were studied by SEM, the phases
present in the coarse fractions by XRD. Mdssbauer spectroscopy
provided information both on the molten/solidified metallic and
on the direct product (oxide) phases. Structure and composi-
tion of products in fine fractions were revealed from HRTEM
analysis.

The predominant portion is the coarse fraction composed
primarily from molten and solidified droplets. For this part, the
interactions may take place on the surface of the small metallic
droplets. The other, minor part (fine fraction, = 5%,) is com-
posed from products of reactions among vaporized metals
and evaporated/decomposed cooling media. The loss of amor-
phous structure can be attributed in a great extent to chemi-
cal changes. In particular, preferred oxidation of glass-forming
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Figure 10: Mdossbauer spectra of coarse and fine fractions collected after EEW of CiB,, in ethylene glycol (left), and corresponding hyperfine field

distributions (right, coarse fraction, top, fine fraction, bottom).
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components (Zr, Si, B) can take place in water beside oxidation
of the main components (iron and cobalt). On the other hand,
certain stabilization of amorphous state can be observed in the
carbon-containing media (in ethylene glycol with CiB,,). The
amorphous state is not sustained in HITPERM, a small part
(~20%) is preserved in FINEMET whereas the highest portion
is preserved in the EEW process with CiB,,, in accordance with

the glass-forming ability of the given composition.

Preparation of amorphous (metallic glass) ribbons

The ingots with the given compositions were prepared by induc-
tion melting in water cooled copper mould. The ribbons were
prepared by rapid quenching of the re-melted ingot placed in
a quartz tube. The liquid alloy obtained by inductive heating
was injected to a copper disk rotating with 40 m/sec periph-
eral speed [32]. The widths and thicknesses of ribbons obtained
from different melts varied between 2-3.5 mm and 25-35 pm,
respectively. In correspondence, their cross sections varied as
well in between a factor of 2-3. Consequently, the experimental
conditions were slightly different for explosion performed with

the same input power.

Electric explosion process

Melt spun ribbons, crystalline Fe;,Cos,, and amorphous
Fe,;Co,sZr,B; (HITPERM), and Fe,;;Si;;55B,Nb;Cu,
(FINEMET) were exposed to EEW in water. Further, to compare
the influence of the cooling media on the chemical processes,
EEW of bulk amorphous Fe,; (Mn, (Si; ,C,, ;B,,, was carried
out in two media, in water and in ethylene glycol.

Ribbons of 2 cm length were exposed to 100 J energy by
discharging 200 pF capacitors at 1 kV, resulting in a 6 kA (at
maximum) current pulse within ca. 6 microsecond. The prod-
ucts were collected in two fractions using a strong permanent
magnet, the coarse fraction was precipitated on the bottom of
the discharge vessel, whereas the fine fraction was collected from
the suspension of products able to float for 2-3 days. All prod-
ucts were completely collected in these two fractions, without

any residue. Further experimental details are described in [16].

Characterization

HRTEM

Samples for the TEM analysis were prepared by suspending
the products in ethanol. A drop of suspension was deposited
onto lacey carbon coated copper TEM grid (Ted Pella). TEM
analysis was performed at 200 keV accelerating voltage using
an FEI Themis 200 TEM with a Cs corrected objective lens
(Schottky FEG electron source, point resolution is 0.8 nm in

©The Author(s) 2022

HRTEM (High-Resolution Transmission Electron Micros-
copy) mode and 0.16 nm in STEM (Scanning Transmission
Electron Microscopy) mode equipped with FEI Super-X
EDS detection system. Areas for EDS mapping were selected
using HAADF (High-Angle Annular Dark Field) images in
STEM mode. HRTEM image, as well as EDS spectrum images,
were recorded by a 4kx4k Ceta camera using Velox software
(Thermo Fischer).

For identification of the crystalline phase of the nanoparticles,
zone axis orientation and characteristic interplanar spacings (d
values) were determined based on the fast Fourier transforms
(FFT) of the atomic resolution images. Offline Fourier transfor-
mation and pixel-by-pixel post processing of the spectrum images

was done using the Velox software (Thermo Fischer).

X-ray diffraction measurements

A theta-theta type Bruker D8 Advance diffractometer was
used where the Co-K_ radiation (wavelength A =0.17890 nm) is
reflected from the free surface of the specimen and reaches the
detector through a graphite monochromator in the diffraction
beam. The scanning voltage of the X-ray tube was 40 kV, the
current was 40 mA, and a 0.25°/min scanning rate was applied
in the 2@ angle region of 35°~103°.

Scanning electron microscopy (SEM)

This method was used to study the morphologies and composi-
tions of the samples. Samples were investigated using a JEOL
JSM-5600LV scanning electron microscope. The chemical
compositions of the particles were determined by energy dis-
persive X-ray analysis (EDS2000, IXRF Systems), with 15 kV
acceleration voltage (for the bulk amorphous alloy with 25 kV)
and x 35 to x 500 magnifications were used in image recording
and elemental analysis modes. Due to the low accelerating volt-
age of electrons, the elemental analysis provides information on

the composition of top layer of particles in 3-4 micron depth.

Mossbauer spectroscopy

Spectra were collected in constant acceleration mode on a KFKI
spectrometer at room temperature equipped with a 1 GBq activ-
ity ’Co/Rh source. Spectra were recorded in 1000 channels and
were folded afterwards. Isomer shift values are given relative
to the center of the sextet spectrum of metallic a-iron at room
temperature with typical line widths of 0.24 mm/s. The accuracy
of the positional parameters (isomer shift, §, and quadrupole
splitting, A) is ca.+0.03 mm/s. Spectra were evaluated using
MossWinn code by using Lorentzian line shape [33]. Quality of
fits were judged based on the corresponding relative y* values,
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and reasonable fits with the lowest relative y* were selected. The
highest value of y* in the presented spectra is below 1.7.
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