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The development of cost-effective nanopowder production methods has been a major
obstacle to the development and industrial utilization of nanostructured materials. This
paper describes a new cost-effective production technology for these materials which combines
both pulsed electrochemistry and pulsed ultrasound. This technique has been applied to
the synthesis of pure and binary and ternary alloyed nanopowders containing iron, cobalt,
and nickel. The resulting nanopowders have been characterized by transmission electron
microscopy, X-ray fluorescence, transmission high-energy electron diffraction, X-ray diffrac-
tion, and Mdssbauer spectroscopy. The results indicate that this new production method is
ideal for the preparation of high performance nanocomposite powders and related high-

density nanocomposite materials.

Introduction

Unique physical, chemical, mechanical, electrical, and
tribological properties are often observed for fine to
ultrafine particles with mean diameters in the range of
5-100 nm.1~12 Qver the past 15 years, considerable
effort has been devoted to understanding the funda-
mental behavior of fine and ultrafine particles, clusters,
and materials assembled from such particles. The
unique observed properties often seem to result from
the high ratio of the surface or interfacial atoms to the
bulk crystalline lattice atoms.

Unfortunately, the commercial utilization of these
new nanosized materials is still quite limited. According
to a recent survey published by European experts in
nanotechnology,’® the absence of cost-effective nanopo-
wder production methods is responsible for this lack of
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utilization. As a consequence, there has been little
extension of the academic research on nanoparticles into
new commercial products. In contrast, electrochemistry
is a well-developed industrial technique often used to
produce powders, mainly copper, iron, nickel, and cobalt
powders, with a mean diameter ranging from 10 to 100
um.4=17 A reduction of the mean diameter of electrolyti-
cally prepared particles has been achieved recently by
several methods including increased agitation of the
electrolytic bath, increased plating current density,
pulsed reversed current deposition, and the addition of
organic electrocrystallization inhibitors.141518-21 Nan-
odeposits or micropowders with a mean diameter of
between 1 and 10 um, but occasionally contaminated
by the electrolyte or the inhibitors, have been produced.

The purpose of this paper is to describe a new
electropulse technique that combines pulsed electrodepo-
sition and pulsed ultrasound. This technique may be
used to produce uncontaminated powders with a regular
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Figure 1. Schematic diagram of the ultrasound-assisted
electrochemical apparatus used herein.

shape and a well-defined 10 nm to 10 um size distribu-
tion. Pure and binary and ternary alloyed iron, cobalt,
and nickel nanopowders have been obtained and are
characterized herein.

Apparatus

A newly designed and locally constructed electropulse
apparatus® is shown in Figure 1. The high-intensity ultra-
sound is generated by a horn which has two piezoelectric
ceramic elements sandwiched between a counter mass and a
titanium rod. The horn is constructed with two progressive
reductions in diameter in order to achieve a final tip diameter
of 10 mm. The fundamental resonance frequency of the horn
is ca. 20 kHz and is measured and controlled precisely by the
generator. The ultrasound intensity, typically 50 W/cm?, is
adjusted to be above the cavitation threshold of the electrolyte
solution. This threshold is detected by a hydrophone (not
shown in Figure 1) immersed in the electrolyte which reveals
the presence of an intense half-harmonic signal that is far
above the noise level.?® At intensities above this cavitation
threshold, a cloud of bubbles is clearly observed below the tip
of the horn. Either a continuous or pulsed mode may be
selected by the generator, but for the production of nanopow-
ders only the pulsed mode is used. The duration of each
ultrasound pulse, Tys, typically ranges between 100 and 1000
ms. The start of each ultrasound pulse is triggered by the
potentiostat.

The titanium horn is connected to a Tacussel PRT 20—10X
potentiostat. The three-electrode configuration is used to
control either the anodic or cathodic potential of the tip, versus
a reference electrode, or the anodic or cathodic current density
passing through the tip surface. For the preparative work
reported herein, the titanium horn is polarized cathodically
and the anode composition corresponds to either the pure
metal to be deposited on the cathode or to two or three different
metals bound together with titanium wire for the deposition
of the binary and ternary alloys. Dissolved oxygen is removed
from the electrolyte by degassing for 1 h with pure nitrogen
before each experiment. The potentiostat is used in the pulsed
mode with an on time, T, ranging between 1 and 1000 ms
and an off time, To, ranging between 100 and 1000 ms; see
Figure 2. As shown in Figure 2, the powders are produced by
out-of-phase pulses. After each electrochemical pulse, a signal
is sent from the potentiostat to the generator to start the
ultrasound pulse. The duration of this ultrasound pulse is
shorter than the To period. During the electrochemical pulse,
three-dimensional nuclei are formed on the titanium surface
of the horn tip. The higher the current density or the
overpotential, the smaller are the nuclei and the faster is the
nucleation.?4#?> A typical diameter distribution of the copper
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nuclei formed during one electrochemical pulse is shown in
Figure 3a. During the ultrasound pulse, the asymmetric
collapse of the cavitating bubbles near the titanium surface
generates shock waves and high-speed liquid jets perpendicu-
lar to the bubble surface,?®?” jets which can have velocities
greater than 100 m/s. As is shown in Figure 4, ablation of the
nuclei takes place, and a cloud of nanoparticles is immediately
injected into the electrolyte. As is shown in Figure 3b, a
minimum nuclei diameter is required before abrasion by the
mechanical effects of the ultrasound can occur. Because of the
intense agitation of the electrolyte, the electrochemical double
layer at the titanium surface is replenished with ions after
each ultrasound pulse. The acoustic streaming produced by
the ultrasound propagation and dissipation in the electrolyte,
which has typical fluid velocities of between 20 and 40 cm/s,
is responsible for the dispersion of the particle clouds into the
electrolyte. The rest period, Tor — Tus, reduces this acoustic
streaming and permits the production of nanopowders.

Experimental Details

The electrolyte composition is based on Aotani's bath?® and
contains 0.48 M NH,4CI, 0.48 M H3BOs3, 0.01 M citric acid, 0.017
M NaOH, and 0.27 M divalent metal cations as hydrated
sulfates. The electrolyte pH is 3.8, and the bath temperature
is maintained at 60 °C. For the deposition of pure metal
powders, soluble anodes of the corresponding metal are chosen.
In contrast, for the deposition of alloyed powders, an insoluble
platinum anode is used. A mercury sulfate reference electrode
is used, but all of the potentials given herein are referred to
the normal hydrogen electrode. After 3 h of deposition, the
suspensions are filtered under nitrogen with a 0.1 um Millipore
filter or a 0.01 um Whatman filter. The powders are washed
with pure ethanol and dried at room temperature. The
distribution of diameters is measured by laser diffusion with
a Coulter LS 130 granulometer.

Morphological studies of the powders were performed on
both a JEOL JSM 820 scanning electron microscope and a
Philips CM 20 scanning transmission electron microscope. For
all of the alloys studied herein, the X-ray fluorescence mapping
of a large sample of particle aggregates indicates compositional
homogeneity; no single element particles were observed. The
powder crystallinity has been analyzed by X-ray diffraction
with a Siemens D5000 diffractometer and, for individual
nanopowders, by high-energy electron diffraction. The bulk
composition of the powders has been measured, after redis-
solution, with a Perkin-Elmer 2380 atomic absorption instru-
ment. The compositions of individual particles and their
homogeneity have been analyzed by X-ray fluorescence with
a Philips EDAX apparatus connected to the scanning trans-
mission electron microscope.

The magnetic properties of the iron-containing powders have
been investigated by Mossbauer spectroscopy. The Mdssbauer
spectra were obtained at 78 and 295 K on a constant-
acceleration spectrometer which utilized a room temperature
rhodium matrix cobalt-57 source and was calibrated at room
temperature with a-iron foil. The absorber thicknesses were
ca. 50 mg/cm?, and the resulting spectra, except for that of
the pure iron sample, have been fitted with a distribution of
hyperfine fields by using the method of Wivel and Morup.?°
These fits use a distribution of 22 sextets in which the areas
of the components of each sextet are constrained to be in the
ratio of 3:2:1:1:2:3. Thus, the only variables in these fits are
the isomer shift, the quadrupole shift, the line width, and the
relative contribution of each sextet. In these fits, the accuracy
of the isomer shifts, quadrupole splittings, and line widths has
been estimated to be +0.005, +0.01, and +0.01 mm/s, respec-
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Figure 2. Out-of-phase electrochemical and ultrasound pulses.
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Figure 3. (a) Diameter distributions of the nuclei formed after
each electrochemical pulse. (b) Diameter distribution of the
nanopowders collected after 15 min.

tively. The accuracy of the average hyperfine fields has been
estimated to be +3 kOe. In contrast, because the spectra of
the iron sample also contain two intense paramagnetic quad-
rupole doublets, they have been fitted with discrete sextets
and doublets, and the estimated accuracy is probably better
than the values listed above. The line widths of the six
components of the discrete sextets used were constrained to
be in the ratio I' + AI'T" + 0.5AT::I":" + 0.5AT":T" + AT.

Results and Discussion

Pure Metals. Of the three metals under study, the
most noble is nickel and the least noble is iron. Pure
metal particles were produced® at a constant current
density of 2000 A/m? with a T, of 600 ms, a T of 400
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Figure 4. High-speed camera picture of the particle cloud sent
into the electrolyte during each ultrasound pulse.

ms, and a Tys of 300 ms. The deposition current yield is
60% and, as is shown in Figure 5a for nickel, the mean
diameter is typically 50 nm. The hydrogen evolution
which takes place during electrolysis keeps the redox
potential of the electrolyte at a low value, thus prevent-
ing further dissolution of the nanopowders into the
electrolyte. Nevertheless for iron, redissolution of the
nanoaggregates is observed. During filtration under
nitrogen, a slight oxidation of the iron particles occurs.
This oxidation is not observed for the nickel or cobalt
nanopowders.

An X-ray fluorescence analysis reveals a slight con-
tamination from the chloride and sulfate ions in the
electrolyte. No titanium from the horn is detected in the
powders. The X-ray and electron diffraction results
reveal the production of face-centered cubic (fcc) nickel
(see Figure 5b), hexagonal cobalt, and body-centered
cubic (bcc) iron. The high pressures and high temper-
atures associated with the “hot spot” theory for bubble
cavitation?33132 do not seem to modify the crystal-
lographic structure of the nanopowders.
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Figure 5. (a) Transmission electron microscopy photograph
of the pure nickel nanopowders obtained with J = 2000 A/m?,
Ton =600 ms, To = 400 ms, and T,s = 300 ms. (b) High-energy
electron diffraction pattern of the nickel nanopowders shown
in part a.

The Mbossbauer spectra obtained for the powder
containing only iron are unique in this study in that
they show, in addition to a magnetically ordered a-iron
sextet, two paramagnetic quadrupole doublets. The
hyperfine parameters corresponding to the fits shown
in Figure 6 are given in Table 1. The hyperfine param-
eters of the doublets clearly indicate that these doublets
correspond to high-spin iron(11)- and iron(l11)-containing
complexes resulting from a reaction with the electrolyte.

Chem. Mater., Vol. 12, No. 4, 2000 949

It is difficult to be more specific about the exact nature
of these paramagnetic components, but it is clear that
the hyperfine parameters do not correspond exactly to
the simple hydrates of iron(ll) sulfate,3® i.e., FeSOy-
5H,0 or FeSO4-7H,0, nor to that of anhydrous iron-
(1) sulfate,3* Fey(SO4)s, nor to the simple hydrates of
iron(11) and iron(l11) chloride.353¢ Perhaps this is not
too unexpected as any such salts would be expected to
be removed during the washing of the final powder. In
contrast, it is quite possible that these doublets may
correspond to iron(11) and iron(l11) borate complexes®%36
which could well be retained during sample washing.

At 295 K, the parameters for the major magnetic
component are essentially those expected of a-iron, but
at 78 K, the hyperfine field is somewhat larger than that
expected for pure a-iron, an increase that is consistent
with the increase observed3’38 at 77 K for nanosized
particles of o-iron and attributed to interfacial iron
atoms. In addition to the a-iron-like phase, at 78 K there
is also a weak magnetic component corresponding to a
poorly defined iron(lll) oxide, a component that is
probably present at 295 K but is so broad and weak that
its presence is not obvious. This component may not be
intrinsic to the material but may result from exposure
of the material to traces of oxygen during the powder
preparation or during the measurement of the spectrum.

Binary Alloys. All of the A—B binary alloys were
deposited galvanostatically at 8000 A/m? with a T,p of
300 ms, a T of 300 ms, and a Ts of 200 ms. Particles
with a mean diameter of ca. 100 nm were produced. Five
electrolyte compositions were selected for each binary
system: 90 atom % A/10 atom % B; 75 atom % A/25
atom % B; 50 atom % A/50 atom % B; 25 atom % A/75
atom % B; and 10 atom % A/90 atom % B. Table 2
summarizes the composition of the electrodeposition
baths, the deposited powders (as determined by bulk
atomic absorption analyses), and individual particles (as
determined by X-ray fluorescence on selected crystals
of the binary alloys). The agreement between the
compositions of the bulk powders and the individual
particles is remarkable. This is an indication of the
extensive homogeneity of these powders. With the
exceptions mentioned below, the nanopowders have,
within experimental error, the same compositions as
those of the electrolytes.

For the Co—Ni binary alloys, only the composition of
the highest content nickel alloys differ from that of the
electrolyte. In this case, anomalous co-deposition, i.e.,
the preferential deposition of the less noble cobalt, is
observed. This phenomenon is well-known in the elec-
trodeposition of Co—Ni alloys.3°
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Figure 6. Mdossbauer spectra of the iron sample obtained at 78 and 295 K.

Table 1. Mtssbauer Spectral Parameters for the Iron

Sample
T (K) H (kOe) 62 (mm/s) AEq(mm/s) T' (mm/s) AT (mm/s) % area
295 331 0.001 0.00° 0.28 0.08 46
0 1.144 2.43 0.44 29
0 0.395 0.54 0.53 25
78 465 0.533 —0.32b 0.90 0.00 6
340 0.111 0.00° 0.25 0.13 39
0 1.267 2.82 0.35 33
0 0.469 0.56 0.36 22

a8 The isomer shifts are reported relative to room temperature
a-iron foil. ® The quadrupole shift for the magnetic spectra.

As is indicated by the thermodynamic Co—Ni phase
diagram,*° fcc cobalt and fcc nickel form a solid solution
over the entire range of compositions for temperatures
above 422 °C. Moreover, within the error limits, the
positions of the X-ray diffraction peaks of fcc nickel
correspond to those of the fcc cobalt diffracting planes.
For electrolyte concentrations above or equal to 45 atom
% Ni, only the diffraction pattern of fcc nickel is
observed; see Figure 7. For electrolyte compositions
below 50 atom % Ni, the nickel X-ray diffraction peaks
are superimposed upon some peaks characteristic of
hexagonal close-packed (hcp) cobalt. Electron diffraction
patterns of selected binary particles reveal, indepen-
dently of the concentration, only the fcc pattern and
symmetry. It thus seems reasonable to assume that,
independent of the electrolyte concentration, only the
high-temperature stable fcc solid-solution binary par-
ticles are produced by the electropulse technique. For
high cobalt concentrations in the electrolyte, these

(40) Hansen, M. Constitution of Binary Alloys; McGraw-Hill: New
York, 1958; p 472—678.

Table 2. Comparison of the Initial Electrolyte Bath, the
Bulk, and the Individual Particle Compositions (atom %)
for the Binary Alloys

electrolyte comp. bulk comp.2 particle comp.P
Co Ni Co Ni Co Ni
90 10 90 10 88 12
75 25 78 22 76 24
50 50 55 45 54 46
25 75 30 70 29 71
10 90 21 79 18 82
Fe Ni Fe Ni Fe Ni
90 10 80 20 83 17
75 25 73 27 76 24
50 50 57 43 63 37
25 75 34 66 39 61
10 90 18 82 23 77
Fe Co Fe Co Fe Co
90 10 88 12 89 11
75 25 76 24 78 22
50 50 42 58 43 57
25 75 30 70 34 66
10 90 15 85 20 81

2 The bulk composition, with an error of +1 atom % for the Co—
Ni and Fe—Ni alloys and +2 atom % for the Fe—Co alloys, as
determined by atomic absorption. P The individual particle com-
position, with an error of £5 atom %, as determined by X-ray
fluorescence.

binary particles are mixed with pure hcp cobalt par-
ticles.

For the Fe—Ni binary alloys, the agreement between
the compositions of the bulk powders and the individual
particles is excellent. Once again, in agreement with the
X-ray fluorescence mapping, this is an indication of the
excellent homogeneity of these alloys. Anomalous co-
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Figure 7. Pattern a: X-ray powder diffraction patterns of the
CossNiss, CozoNizo, or Co21Nize Nnanopowders. Pattern b: Cogo-
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Figure 8. Pattern a: X-ray diffraction patterns of the Fego-
Niz and FezsNiz; nanopowders. Pattern b: FeszNisz nanopo-
wder. Pattern c: FezsNiss and FeigNig; nanopowders. Sym-
bols: *, substrate peaks; , fcc Ni (JCPDS #4—850); [J, bcc Fe
(JCPDS #6-696) peaks; and ?, unassigned peaks.

deposition, i.e., the preferential deposition of the less
noble iron, is observed except in the case of the highest
iron electrolyte concentration. This phenomenon has
already been observed for the electrodeposition of Fe—
Ni alloys.3°

As is indicated by the thermodynamic Fe—Ni phase
diagram,*° fcc iron and fcc nickel form a solid solution
over the entire range of compositions for temperatures
above 912 °C. At lower temperatures, bcc iron solid
solutions, FesNi, FeNi, and FeNis, as well as fcc nickel
solid solutions, are thermodynamically stable. For the
two highest concentrations of iron, X-ray and electron
diffraction patterns corresponding to bcc iron are ob-
served; see Figure 8. In contrast, the patterns observed
with the two highest concentrations of nickel correspond
to a distorted fcc nickel alloy. A mixture of two alloy
phases, one bcc phase and one fcc phase, but not pure
bce iron or pure fcc nickel, is observed for the 50/50
electrolyte composition. Accordingly, it appears that

Chem. Mater., Vol. 12, No. 4, 2000 951
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Figure 9. Pattern a: X-ray diffraction patterns of the Fegs-
Co, or FezsNiz, nanopowders. Pattern b: Fe;;Coss, Fe3Coro,
or Fe;1sCogs nanopowders. Symbols: *, substrate peaks; ¢, fcc
Co (JCPDS # 15—806); O, bcc Fe (JCPDS #6-696) peaks; and
?, unassigned peaks.

solid solutions with ranges of compositions larger than
the thermodynamic ranges are produced by the ultra-
sound-assisted electrochemical technique.

Again, for the Fe—Co binary alloys the agreement
between the compositions of the bulk powders and the
individual particles is remarkable and is an indication
of the excellent homogeneity of these powders. Anoma-
lous co-deposition, i.e., the preferential deposition of the
less noble iron, is observed at the low iron electrolyte
concentrations. This phenomenon is well-known in
electrodeposition of Fe—Co alloys.®? In contrast, for an
iron concentration in the electrolyte above 50 atom %,
the powder compositions correspond exactly to the
electrolyte compositions.

As is indicated by the Fe—Co phase diagram,*° fcc
cobalt and fcc iron form solid solutions over the entire
range of compositions for temperatures above ca. 1000
°C. At lower temperatures, the bcc phase is thermody-
namically more stable. At high iron concentrations in
the electrolyte, the nanopowders yield X-ray and elec-
tron diffraction patterns corresponding to bcc iron, in
agreement with the phase diagram; see Figure 9. For
electrolyte concentrations of 50 atom % cobalt, new
peaks corresponding to fcc cobalt are observed super-
imposed upon the bcc iron pattern together with uni-
dentified small peaks. Electron diffraction patterns on
selected aggregates could not distinguish between these
two phases.

Ternary Alloys. The same experimental conditions
were selected for the galvanostatic deposition of the
ternary alloys as was used for the binary alloys, and
again particles with mean diameters of ca. 100 nm were
obtained; see Figure 10. Table 3 summarizes the com-
position of the electrodeposition bath, the deposited
powder (as determined by bulk atomic absorption
analysis) and individual particles (as determined by
X-ray fluorescence on selected crystals). The agreement
between the averaged analysis and the local analysis
of selected crystals is remarkable. The powders are
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80nm

Figure 10. Transmission electron microscopy photograph of
a ternary alloy nanopowder obtained with an electrolyte
composition of 30 atom % Fe, 30 atom % Co, 40 atom % Ni
and with J = 8000 A/m?2, Ty, = 300 ms, Tof = 300 ms, and Tys
= 200 ms.

Table 3. Comparison of the Initial Electrolyte Bath, the
Bulk, and the Individual Particle Compositions (atom %)
for the Fe—Co—Ni Alloys

electrolyte comp. bulk comp.2
Fe Co Ni Fe Co Ni Fe Co Ni

particle comp.?

aThe bulk composition, with an error of +£2 atom %, as
determined by atomic absorption. P The individual particle com-
position, with an error of +5 atom %, as determined by X-ray
fluorescence.

homogeneous, as confirmed by elemental X-ray fluores-
cence mapping of aggregate particles.

The concentration of the most noble metal, nickel, in
the nanopowders is always less than that of the starting
electrolyte concentration. Anomalous co-deposition takes
place, especially for iron. For electrolyte concentrations
above 60 atom % nickel (see Figure 11a), the X-ray
diffraction patterns correspond to fcc nickel. For elec-
trolyte concentrations above 60 atom % iron (see Figure
11b), the bcc iron pattern is observed. For electrolyte
concentrations above 60 atom % cobalt (see Figure 11c),
the X-ray diffraction patterns correspond to a mixture
of the two above-mentioned patterns if one takes into
account the superimposition of the peaks corresponding
to fcc nickel and fcc cobalt.

Unfortunately, the thermodynamic phase diagrams
of the ternary Fe—Co—Ni alloys are rare.*'~44 Neverthe-

(41) Raghavan, V. J. Phase Equil. 1994, 15, 526.
(42) Rivlin, V. G. Int. Met. Rev. 1981, 5, 2609.
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Figure 11. Pattern a: X-ray diffraction patterns of the Fe;;-
Co1sNigs or FezsCo27Nige nanopowders. Pattern b: Fez2Co1sNiso
or FesgCo23Niig nanopowders. Pattern c: Fe;sCo7sNig or Feas-
Cos1Ni14 nanopowders. Symbols: *, substrate peaks; ¢, the fcc
Ni (JCPDS #4-850) or fcc Co (JCPDS # 15—806); O, bcc Fe
(JCPDS #6-696) peaks; and ?, unassigned peaks.

less, our results are in agreement with the partial
diagram proposed by Osaka et al.*® which reveals an
fcc phase at high nickel concentrations and a bcc phase
at high iron concentrations. For the Fe33Co3,:Nizs nhano-
powders and more generally for A4B30Cso alloys, only
electron diffraction patterns are obtained, patterns
which correspond to a pure fcc nickel or a pure fcc cobalt
phase.

Mdossbauer Spectral Analysis. Some binary and
ternary alloy compositions were selected for iron-57
Mdossbauer spectral analysis. It has been possible to fit
these magnetic spectra with a distribution of hyperfine
fields ranging from 250 to 400 kOe at 295 K and from
300 to 400 kOe at 78 K. The results of these fits for the
78 K spectra are shown in Figure 12, and the corre-
sponding distributions?® of the hyperfine fields are
shown in Figure 13. Very similar plots are obtained for
the 295 K spectra, and the hyperfine parameters result-
ing from the distribution fits at 78 and 295 K are given
in Table 4, which also includes the results for pure iron
for comparison. With the exception of Fe33Cos,Niszs, all
of the alloys show a small paramagnetic component at
ca. 0.0 mm/s with a relative area of between 2 and 4%
of the total absorption area. It should be noted that, as
shown in parts B and D of Figure 12, in no case was
this small paramagnetic component included in the
distribution fits.

The distribution method of Wivel and Morup?® does
not account for any correlation between the hyperfine
parameters, and as a consequence, all such distribution
fits will be symmetric. This seems to be a very good
approximation for all of the spectra shown in Figure 12
except for Fes7Niaz, part B, for which there appears to
be a small correlation between the hyperfine field and

(43) Osaka, T.; Takai, M.; Hayashi, K.; Ohashi, K.; Saito, M.;
Yamada, K. Nature 1998, 392, 796.

(44) Goman’kov, V. L.; Puzei, I. M.; Maltsev, Y. I.; Pedrenko, E. D.
Fiz. Metal. Metalloved 1970, 29, 429.
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Figure 12. Mossbauer spectra of FegsCo12, A, FeszNiss, B, FessCozNizs, C, and FezsCos:Niyg, D, obtained at 78 K.

the isomer shift, a correlation which is not taken into
account in the distribution fit. In all cases, it was found
that there was at most a negligible improvement in the
distribution fits if x in the sextet component line ratio
of 3:x:1:1:x:3 was allowed to vary from the value of 2
expected for a random powder absorber with no texture.
Hence, x was constrained to be 2 for all the fits reported
herein.

The iron-57 magnetic hyperfine fields have been
measured® in the Fe—Co and Fe—Ni alloys, and their
compositional dependencies follow a Slater—Pauling
curve*® in a fashion similar to the compositional depen-

(45) Johnson, C. E.; Ridout, M. S.; Cranshaw, T. E.; Madsen, P. E.
Phys. Rev. Lett. 1961, 6, 450.

(46) Kittel, C. Introduction to Solid State Physics; Wiley: New York,
1971.
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Figure 13. Distribution of the hyperfine fields as determined

from the Mossbauer spectra shown in Figure 12.

Table 4. Mtssbauer Spectral Parameters for the Alloys

compound T (K) Jd, mm/s? HOkOe T, mm/s
Feioo 295 0.001 331 0.28
78 0.111 340 0.25
FeggCo12 295 0.020 358 0.25
78 0.131 367 0.24
Fes7Nigs3 295 0.032 316 0.28
78 0.150 347 0.30
Fe33Co32Niss 295 0.022 325 0.26
78 0.143 338 0.28
FEzsCOelNi14 295 0.031 336 0.28
78 0.143 341 0.25

a8 The isomer shifts are reported relative to room temperature

a-iron foil.

dence of the magnetic moment in various alloys. These
earlier 295 K measurements are plotted in Figure 14,
as open squares for the Fe—Co alloys and open circles
for the Fe—Ni alloys. The average 295 K hyperfine fields
given in Table 4 for the five samples studied herein are
also plotted as solid symbols in Figure 14.

The maximum hyperfine field observed at 6.3 d
electrons per atom in the Fe—Co alloys may be under-
stood*’ in terms of the changes occurring in the density
of states of a-iron as cobalt is introduced into the alloy.
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Figure 14. Previously reported*® hyperfine fields plotted as
a function of the number of d electrons per atom in the Fe—
Co, open squares, and Fe—Ni, open circles, alloys. The 295 K
hyperfine fields obtained herein are given for Fejoo and Fegs-
Co (.), Fes7Niga, (.), and FesCoe1Nis and FeszCosoNiss (A)

In a-iron, the Fermi level crosses the spin-up, txgeg,
antibonding band at ca. 0.1 eV below the overlap region
of the spin-up and spin-down, txgeq, antibonding bands.
As small amounts of cobalt are added to iron, the
additional electrons fill the spin-up band, thus increas-
ing the magnetic moment and the iron hyperfine field,
until the Fermi level reaches the overlap region. For
higher cobalt concentrations, the additional electrons
begin to fill the spin-down band, thus decreasing the
magnetic moment and the iron hyperfine field. The
maximum observed at 6.3 d electrons per atom in Figure
14 is directly related to a maximum at 6.35 d electrons
per atom in the compositional dependence*® of the
electronic specific heat of the bcc iron alloys. Neutron
diffraction measurements*® on Fe—Co and Fe—Ni alloys
indicate that the cobalt and nickel magnetic moments
are essentially independent of the composition of the
alloy, whereas the iron magnetic moment increases up
to 3 or 2.5 ug for alloys containing 50% added cobalt or
nickel, respectively. If the compositional dependencies
of the iron magnetic hyperfine fields and the average
magnetic moments in the Fe—Co and Fe—Ni alloys are
similar, the usual proportionality of ca. 150 kOe/ug
between these two quantities is, at best, approximate.
Actually, the measured magnetic moments would lead
to substantially higher fields than those observed
experimentally.

As is shown in Figure 14, the average 295 K hyperfine
field in FeggCosy, is found exactly on the Slater—Pauling
curve obtained for the bulk Fe—Co alloys. As indicated
by the X-ray diffraction pattern shown in Figure 9a,
FeggCoi2 crystallizes in the bcc structure; however,
considering its preparation, it is expected to be disor-
dered. This disorder does not seem to affect the mag-
netic interactions in this nanosize alloy as compared
with the bulk alloy.

The hyperfine field observed for Fes;Nisz in Figure
14 lies somewhat below the Slater—Pauling curve
observed for the Fe—Ni alloys. This lower than expected
hyperfine field may arise from either a mixture of

(47) Goodenough, J. B. Magnetism and the Chemical Bond; Wiley:
New York, 1963; p 306.
(48) Starke, E. A.; Cheng, C. H.; Beck, P. A. Phys. Rev. 1962, 126,

1746.
(49) Collins, M. F.; Forsyth, J. B. Philos. Mag. 1963, 8, 401.
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crystalline phases in the sample or extensive disorder
due to the preparative method.

The two hyperfine fields in the Fe—Co—Ni alloys (see
Figure 14) lie slightly above the Slater-Pauling curve
for the Fe—Co alloys. A similar observation was reported
by Achilleos et al.,>% who measured the average mag-
netic moments of various ternary Fe—Co—Ni alloys in
the compositional range investigated herein. They at-
tributed the higher fields in the Fe—Co—Ni alloys to
magnetic interactions stronger in Fe—Co than those in
Fe—Ni.

The increase in the isomer shifts observed upon
alloying iron with cobalt or nickel (see Table 4) is in
agreement with the trend observed®® in the Fe—Co
alloys, i.e., an increase in isomer shift up to 25 atom %
of cobalt in iron and then a decrease for higher cobalt
concentrations. The increase in isomer shift at low
cobalt concentration is the result of a decrease in the
4s electron density, a decrease which may be concomi-
tant with the filling of the 3d band. The Fe—Ni alloys
are known to have isomer shifts at 295 K which are
slightly positive relative to a-iron, i.e., kamacite, the bcc
o-Fe—Ni alloy, has an isomer shift52 of ca. 0.02 mm/s,
and y—FexNigy has an isomer shift>3 of 0.044 mm/s. The
value of 0.032 mm/s measured herein for Fes;Nigssz is in
this range.

It is interesting to compare the hyperfine fields
observed for Fes;Nisz in Table 4 with those measured>253
for kamacite, the a-Fe—Ni alloys, and y—FezoNigy. At
78 K, the fields in Fes7;Nisz and kamacite are identical
at 347 kOe. However, at 295 K, the field in Fes7Niass is
20 kOe smaller than that in kamacite. In contrast, the
347 kOe field in Fes7Niaz is substantially larger than
the 295 K field of 250 kOe observed® in y—FezoNig but
is very similar to the field of 310 kOe observed in a
typical fcc Fe—Ni alloy containing 35—50% nickel. These
differences may be the result of a mixture of a-phases
and y-phases in the Fes7Nisz sample, a mixture which
is evident in the X-ray diffraction pattern shown in
Figure 8b.

Finally, it is worth noting the differences between the
sonochemically prepared,>* nanosized, amorphous Fe—

(50) Achilleos, C. A.; Kyprianidis, I. M.; Tsoukalas, I. A. Solid State
Commun, 1991, 79, 209.

(51) De Mayo, B.; Forester, D. W.; Spooner, S. J. Appl. Phys. 1970,
41, 1319.

(52) Grandjean, F.; Long, G. J.; Hautot, D.; Whitney, D. L. Hyperfine
Interact. 1998, 116, 105.

(53) Scorzelli, R. B.; Galvao da Silva, E.; Kaito, C.; Saito, Y.;
McElfresh, M.; Elmassalami, M. Hyperfine Interact. 1994, 94, 2337.

Chem. Mater., Vol. 12, No. 4, 2000 955

Ni alloys and the Fe—Ni and Fe—Co alloys studied
herein. The sonochemically prepared Fe—Ni alloys are
amorphous just like the amorphous iron sample previ-
ously studied>® by Méssbauer spectroscopy. They consist
of small 6 nm diameter magnetic particles, particles
which are superparamagnetic at room temperature and
hence do not show the typical magnetic sextet Moss-
bauer spectra shown in Figure 12. In contrast, the Fe—
Ni alloys prepared by the electropulse method consist
of larger ca. 100 nm diameter particles, particles which
show crystallinity and long-range magnetic order as is
indicated by the magnetic sextet Mdssbauer spectra
shown in Figure 12.

Conclusions

The most interesting aspect of this work is the
production of very fine particles with a rather simple
and inexpensive method. Their composition and homo-
geneity are easily controlled by selecting the electro-
chemical and ultrasound parameters. The X-ray dif-
fraction patterns indicate the following: first, in the
Co—Ni system, only the high-temperature fcc solid
solutions are produced; second, in the Fe—Ni system,
solid solutions with ranges of composition larger than
those of the thermodynamic ranges are produced; third,
in the Fe—Co system for high iron concentration, the
bce phase is produced; and fourth, in the Fe—Co—Ni
system at high iron and nickel concentration, the bcc
iron and fcc nickel phases, respectively, are produced.
The Mdossbauer spectral results indicate that the mag-
netic properties of the alloys prepared by the electro-
pulse method closely resemble those of the bulk alloys.
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