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Abstract⎯Bulk nanostructured Co–P/Cu and Al2O3/Co–P composites are fabricated via dynamic compac-
tion. The initial core–shell particles are synthesized by means of chemical deposition. Structural and mag-
netic characteristics of the composites are investigated. It is shown that the use of composite particles allows
homogeneous compacts with the structure and magnetic characteristics of initial powders to be obtained.
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INTRODUCTION
Materials with nonequilibrium metastable struc-

ture, including nanoparticles and nanostructured
powders, have recently been objects of intense study in
materials science. The size of structural units and their
spatial distribution over a composite’s volume become
factors that determine the chemical and physical
properties of nanostructured materials [1–3]. The
development of bulk materials that retain a set of spe-
cific physical properties of nanoparticles will allow us
to broaden considerably the range of composite appli-
cations. The techniques most developed are high-vac-
uum pressing, pressure sintering, hot isostatic press-
ing, severe plastic deformation, and high-temperature
gas extrusion [4–7]. However, the static compaction
of powders causes certain problems. Cold pressing
does not always yield dense samples. During hot
pressing, it is difficult to prevent recrystallization and
the formation of large pores upon high-temperature
treatment. One effective way of obtaining bulk sam-
ples is dynamic compaction. Synthesis under the
action of shock waves is of interest in fabricating bulk
materials with metastable phases [8, 9]. The mechani-
cal impact of a shock wave creates conditions both for
fragmentation of the initial materials and for synthe-
sizing final products. The energy of explosions is
widely used to initiate phase transitions. After the
shock wave propagates, the material cools rapidly, sta-
bilizing any high-temperature and metastable crystal
modifications [10]. The aim of this work was to fabri-
cate bulk nanostructured materials via the dynamic

compaction of powder with CoP/Cu and Al2O3/Co(P)
composite core-shell particles. The use of magneto-
structural and magnetophase techniques and nuclear
magnetic resonance (NMR) along with traditional
diffraction methods provided additional information
about the initial nanostructured materials and pro-
cesses that occur in them during dynamic compaction.

EXPERIMENTAL

The precursors used for dynamic compaction in
this work were powders with nanocomposite core–
shell particles. In the samples of series I, the core was
Al2O3 particles about 370 nm in diameter and synthe-
sized using the explosive technique. The Co88P12
alloy’s shell was formed via chemical deposition,
based on the reaction of reducing metals from aqueous
solutions of the corresponding salts with sodium
hypophosphite used as a reductant. In the samples of
series II ((Co88P12)100 – x/Cux), amorphous Со-Р pow-
ders with a phosphorous content of 12 at % (Fig. 1а)
were prepared and then coated with crystal copper
shells of different thicknesses. The chemical solutions
for copper coating of the Со-Р powders contained the
formaldehyde reductant. It was established that the
composite particles were spherical at all of the investi-
gated phosphorous and copper concentrations, and the
copper layer thicknesses, depending on copper concen-
tration, changed from 0.05 μm in the (Co–P)80/Cu20
powders to 0.2 μm in (Co–P)10/Cu90.
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Bulk samples were fabricated via dynamic compac-
tion using a f lat pressing scheme. The structure, mor-
phology, and phase composition of the compacts were
studied using electron microscopy, X-ray diffraction,
and NMR. Nuclear magnetic resonance spectra were
obtained using the spin echo technique. The low-tem-
perature and field dependences of magnetization were
measured on a vibrating sample magnetometer in the

field range of 0 to 14 kOe at temperatures of 77–300 K.
The resonance characteristics were investigated on a
standard EPA-2M spectrometer at a frequency of
9.2 GHz. The main (saturation magnetization М0 and
local anisotropy field Ha) and integral (coercivity Hc
and ferromagnetic resonance (FMR) linewidth ΔH)
magnetic characteristics of the obtained samples were
studied.

RESULTS AND DISCUSSION
The samples subjected to dynamic compaction

were continuous metal plates 12 × 7 × 2 mm in size
without visible cracks and pores. To perform a more
detailed analysis, we investigated fracture of the com-
pacted samples. Figure 1 shows scanning electron
microscopy (SEM) images of the samples of series I.
After the Со–Р particles were immobilized on the sur-
faces of Al2O3 dielectric grains, the SEM images
revealed (Fig. 1a) large spherical particles from 150 to
400 nm in size and small nanoparticles from 20 to
50 nm in size on their surfaces. According to the EDX
data, the use of composite particles in dynamic com-
paction allows us to obtain products with uniform
component distribution over the volume (Fig. 1b). For
comparison, Fig. 1c shows a compact prepared from a
mixture of Al2O3 and Со88Р12 powders. It can be seen
that this bulk material is characterized by a nonuni-
form component distribution.

Comparative analysis of diffraction patterns of the
initial composite particles of both series and compacts
fabricated at Р < 3.2 GPa revealed no significant
changes in the sample structure upon dynamic com-
paction. The Со88Р12 alloy remained X-ray amor-
phous in the samples of series I. The region of coher-
ent scattering estimated using the Scherrer formula is
40 nm. Note that X-ray diffraction patterns of com-
posite particles and (Co88P12)100 – x/Cux compacts
nearly coincide with the pattern of pure copper.

Additional information about the variations in the
immediate environment of a Со atom that occur
during compaction of the powders of series II was pro-
vided by NMR studies. Figure 2 presents NMR spec-
tra for the initial (Co88P12)60/Cu40 sample and bulk
sample. As is well known, the room-temperature
NMR spectrum of pure cobalt is characterized by two
fundamental frequencies: 213.3 MHz for fcc Со and
221 MHz for hcp Со. Substituting nonmagnetic cop-
per or phosphorous for the magnetic Со atoms in the
immediate environment of 12 neighbors leads to the
emergence of equidistant satellites. The observed
NMR spectrum of the (Co88P12)60/Cu40 composite
powder is indicative of a large number of variants of
the immediate environment of the magnetically active
atoms and topologic inhomogeneities in the alloy,
which is consistent with the X-ray diffraction data.
Decomposition of the NMR spectrum of the initial
powder shows that the immediate environment of Со

Fig. 1. (а) SEM images of composite particles of
Al2O3/Со88Р12 powder, (b) compacts prepared via
dynamic compaction of Al2O3/Со88Р12 composite parti-
cles, and (c) our Al2O3 and Со88Р12 powder mixture. Dark
areas correspond to Al2O3 regions.
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atoms is mainly fcc with one or two nonmagnetic
neighbors (Fig. 2a). After the propagation of a shock
wave, the NMR spectrum changes: the resonance
peaks shift toward higher frequencies and now the
spectrum is described by a sum of lines, one of which
corresponds to pure fcc cobalt. It should be noted that
in the bulk sample, the structure of short-range order
in the ferromagnetic phase was most similar to the
fcc type.

Study of the NMR spectra of the Al2O3/Со100 – xРx
samples showed that the Со100 – xРx alloy in the nano-
composite was heterophase for all of the investigated
phosphorous concentrations (the NMR spectrum
indicates mixed fcc and hcp Со surroundings). It was
established that the ratios between the numbers of
atoms with the hcp and fcc symmetries of the immedi-
ate environment for powders and compacts differ
somewhat, but most cobalt atoms are characterized by
the fcc symmetry of the immediate environment in
both cases.

At temperatures of 77–300 K, the М(Т) depen-
dence for the initial composite powders of both series
and compacts is characteristic of ferromagnets; i.e., it
obeys the Bloch law М(Т) = М0(1 – ВТ3/2), where В is
the Bloch constant. In the samples of series I, the sat-
uration magnetization did not change during compac-
tion and was determined by the ratio between Al2O3
and Со88Р12 in the initial powders. In the samples of
series II, the saturation magnetization fell monotoni-
cally from 800 to 240 G with an increase in the copper
concentration from 0 to 70 at % in the initial particles

and remained almost invariable upon shock-wave
loading. Figure 3 shows hysteresis loops for the initial
Al2O3/Со88Р12 sample and bulk sample obtained via
dynamic compaction. It can be seen that the coercivity
remained virtually the same during compaction (Hc ~
200 Oe); however, the compact is saturated in lower
fields due to weakening of the dipole–dipole interac-
tion. In the samples of series II, the initial powders and
compacts are saturated in the same field, since the
copper shell weakens the dipole–dipole interaction
between powder particles [11]. It was found that
shock-wave loading narrows the FMR line and the
coercivity falls slightly at all copper concentrations.
Magnetization curves М(Н) measured for the investi-
gated samples showed that the magnetization
approaches saturation in the range of 1 to 3 kOe accord-
ing to the law М ~ H–α, where α ≈ 0.75. This depen-
dence indicates that the Со-Р alloy is nanocrystal [12].
The high-field part of these curves (Н > 5 kOe) satisfies
the dependence М(Н) = М0(1 – /H2). The latter
allowed us to calculate the local anisotropy field На for
the Со(Р) alloy. It was found that in the samples of
series I, the propagation of a shock wave through the
sample reduces the local anisotropy field from 3.8 to
3 kOe, due possibly to the relaxation of internal
stresses and the growth in the number of cobalt atoms
with the fcc nearest surroundings. In the samples of
series II, the local anisotropy field was reduced slightly
at all copper concentrations.

CONCLUSIONS
Bulk nanostructured Co–P/Cu and Al2O3/Co–P

composites with saturation magnetization analogous
to that of the initial sample were prepared using the
dynamic compaction technique. Like the initial sam-
ples of both compositions, the Со88Р12 alloy in the
compacts was a heterophase system consisting of a mix-
ture of phases with the fcc and hcp short-range order.
The shock-wave loading during sample compaction

2
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Fig. 2. (a) NMR spectra of the initial Со88Р12/Cu com-
posite powder and (b) Со88Р12/Cu compacts prepared via
dynamic compaction.
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Fig. 3. Hysteresis loops of (1) the initial Al2O3/Со88Р12
composite powder and (2) the bulk sample prepared via
dynamic compaction.
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changes the ratio between the numbers of atoms with
the hcp and fcc symmetries of the immediate environ-
ment. It was established that using core–shell compos-
ite particles as the initial powder in dynamic compac-
tion allows us to obtain samples with uniform compo-
nent distribution over the sample volume.
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