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Abstract The process of high-pressure torsion (HPT) was
applied to control the size and distribution of ferromagnetic
Co particles in a Cu—Co alloy. Electron probe microanal-
ysis, X-ray diffraction analysis, and transmission electron
microscopy confirmed that the Co particles were signifi-
cantly refined through fragmentation and dissolved with
intense straining by HPT. Magnetoresistance appeared by
~2.5% at 77 K with an isotropic feature corresponding to
giant magnetoresistance (GMR). It is demonstrated that
HPT is a potential process for creating GMR in the Cu—Co
alloy prepared by conventional ingot metallurgy.

Introduction

When ferromagnetic particles are finely dispersed in the
matrix of non-magnetic materials, magnetoresistance (MR)
appears with an isotropic feature in relative angles between
magnetic field and electric current [1, 2], so that it is dis-
tinguished from anisotropic magnetorsistance (AMR)
observed in conventional ferromagnets. The isotropic MR
is called GMR if the MR ratio reaches more than a few tens
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of percents [1-8]. The Cu—Co system is known to be a
good candidate for GMR as ferromagnetic Co particles
with little solubility of Cu coexists in the Cu matrix
according to the Cu—Co equilibrium phase diagram [9]. To
achieve a fine dispersion of the ferromagnetic particles,
several processes have been attempted such as thin film
deposition following sputtering [1-3], meltspining from a
molten alloy [4, 5], and mechanical milling of mixed
powders [6—8]. For most cases, oversaturation was attained
and therefore subsequent post-aging gave rise to a fine
dispersion of Co particles in the Cu matrix. In this study, a
process of high-pressure torsion (HPT) is used for a fine
dispersion of Co particles. Because HPT is applicable to
bulk metallic materials even with less ductile nature [10—
13], this study demonstrates that HPT is a potential process
for creating GMR in alloys prepared by conventional ingot
metallurgy.

The HPT process is now widely known as a useful
procedure for the microstructural refinement. Introducing
intense shear strain in the sample through HPT, it is pos-
sible to refine not only the grain size but also the size and
distribution including dissolution of the second-phase
particles [14, 15]. As illustrated earlier [16], the facility for
HPT generally consists of upper and lower anvils with
shallow holes at the centers. A disk sample is placed on the
hole and both anvils are rotated with respect to each other
under application of high pressure. There are some other
processes to introduce intense strain [17], such as Equal-
Channel Angular Pressing (ECAP) [18] and Accumulative
Roll Bonding (ARB) [19], but the HPT process has capa-
bility of producing finer microstructures than the other
processes [20]. Nevertheless, most of the application of
such intense straining processes have been made to the
enhancement of mechanical properties such as the strength
and ductility but there is limited application to functional
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properties including magnetic properties [21-23].This
study will then report the first attempt of the HPT process
to refine microstructures of a Cu—Co alloy for the creation
of GMR.

Experimental

An ingot with a composition of Cu-10 wt.%Co was pre-
pared from high-purity Cu (99.99%) and high-purity Co
(99.99%) using an arc-melting furnace in an argon atmo-
sphere. The ingot with ~ 14 mm in diameter was swaged to
a rod with 10.5 mm in diameter and homogenized at 1073
K for 24 h in an argon atmosphere. The rod was machined
to a diameter of 10 mm and sliced to disks with thicknesses
of 0.8 mm. HPT was conducted at room temperature with
an applied pressure of 2.8 GPa. The lower anvil was rotated
with respect to the upper at a rotation speed of 1 rpm for 5,
10 and 25 revolutions.

Microstrutcures were observed using electron probe
microanalysis (EPMA) and transmission electron micros-
copy (TEM). For EPMA, after polishing the disk samples
mechanically to a mirror-like surface, X-ray chemical
mapping was conducted over areas of 100 x 100 pm? in
outer regions located 0.5 mm from the disk edge where the
shear straining was intense. A Shimazu EPMA-1600 was
operated at 20 kV with a probe current of ~10 nA. For
TEM, disks with 3 mm in diameter were punched out from
the outer part of the HPT samples and ground mechanically
to a thickness of 0.15 mm. They were further thinned in a
solution of  15%HNO;-70%CH3;0OH-15%C3;Hs(OH);
under an applied voltage of 5-15 V at a temperature of 258
K using a twin-jet electropolishing apparatus. An H-8100
transmission electron microscope was operated under an
accelerating voltage of 200 kV. X-ray diffraction (XRD)
analysis was also performed at a condition of 40 kV and 36
mA using a Rigaku RINT-2100 with the Co-K,, line at a
scanning speed of 0.2-0.4°min"" and a step interval of
0.01°.

For MR measurement, a half ring having a width of 1.2
mm was cut from a disk sample as illustrated in Fig. 1 with
an electric discharge machine. The electric resistance was
measured with the half rings at a magnetic field of +6 kOe
using a four-point method at liquid nitrogen temperature
(77 K) or at room temperature. The MR ratio was deter-
mined as

MR ratio (% ) = —100(Rmax — Ri1)/Runax (1)

where Ry is the electric resistance at the application of
magnetic field, H, and R,,,x is the maximum resistance in
the measurement.

After the measurement of MR, a 1.2 mm x 1.4 mm
square piece was cut from the middle part of the ring as
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Fig. 1 Illustration of how to prepare samples for measurements of
electrical resistance and magnetization including definition of X and
Y directions

illustrated in Fig. 1. This square piece was subjected to
magnetization measurement using a Superconducting
Quantum Interference Device (SQUID) magnetometer
under a magnetic field of +50 kOe. The magnetic field was
applied in the directions parallel to X and Y as defined in
Fig. 1.

Results and discussion

Figure 2 shows X-ray chemical maps presenting Co dis-
tribution (a) after homogenization and after HPT for (b)
N =35, (c) N= 10, and (d) N = 25 revolutions. The gra-
dations in color from blue through green to yellow and red
indicate the increasing local enrichments of Co. It is
apparent that the size of Co-rich regions decreases as the
number of revolution increases. The initial size of Co
particles after homogenization treatment but before HPT is
~20 pum. However, the particle size is decreased with an
increase in the number of revolution and the Co particles
become too small to be identified for the sample after 25
revolution. There may be a fraction that the Co particles are
dissolved in the matrix.

Figure 3a shows XRD profiles after HPT for N = 5, 10,
and 25 including the one after homogenization. All profiles
are normalized by the peak height of the Cu(111) plane so
that it is possible not only to check the presence of the Co
phase but also its relative quantity in the matrix. Several Co
peaks are present in the X-ray profile before HPT. They
correspond to the (100), (002), and (101) planes of the Co
phase having the hexagonal close packed (hcp) structure.
However, close inspection reveals that there are also the Co
peaks from the (111) and (200) planes in the face centered
cubic (fcc) structure. The former fcc peak appears near the
Cu(111) peak and the latter fcc peak near the Cu(200)
peak. Although the distinction is difficult for the former
peak because of the superposition with the Co(002) peak
from the hcp structure, the presence of the latter is clearly
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Fig. 2 EPMA X-ray Co mapping after (a) homogenization and after
HPT revolutions of (b) N =35, (¢) N =10, and (d) N = 25

demonstrated in the profiles enlarged near the Cu(200)
peak as shown in Fig. 3b. It should be noted that the hcp
Co is a stable phase but the fcc Co phase is an quasi-stable
phase. The latter fcc Co phase has formed through the
precipitation during homogenization as often observed in
the past investigations [24, 25] and the fcc Co phase
transforms into the hcp phase by deformation [26].

Now, checking the XRD profiles after HPT, it is
important to emphasize that all Co peaks decrease with
increasing number of the revolution from N = 5 to N = 25
and this is the case regardless of the crystal structures. This
indicates that the Co-rich particles tend to disappear and be
dissolved in the Cu matrix. The decrease in the Co peak
height occurs more significantly for the (100) and (101)
planes in the hep structure and for the (200) planes from the
fce structure. However, as shown in Fig. 3c, the decrease in
the Co peak from the (002) plane from hcp structure is
gradual. This indicates that the (002) planes corresponding
to the basal planes in the hcp structure are retained and it is
thus suggested that the Co particles tend to exhibit a
preferential orientation because of the straining by HPT
made almost in the direction parallel to the disk plane.

A microstructure observed by TEM is shown in Fig. 4,
where (a) is a bright files image and (b) a dark field image
of the sample after N = 25. The observation was under-
taken at a position 4 mm from the center of the disk. The
dark-field image was recorded using a diffracted beam
from the hexagonal Co(102) plane. The bright-field image
shows that the grain size of the Cu matrix is ~200 nm,
while the dark-field image reveals that the Co particles are
dispersed with the size of well less than 100 nm with an
average interparticle spacing of ~450 nm. It should be
noted that the density of the particles should be higher
because the dark-field image gives brighter contrast only
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Fig. 3 (a) X-ray diffraction profiles after HPT revolutions of N = 5,
N = 10, and N = 25 including after homogenization (N = 0). (b)
Enlargement of X-ray diffraction profiles for 260 = 58-62°. (c¢)
Enlargement of X-ray diffraction profiles for 20 = 51-57°

when the particles meet the diffraction condition but
because the hcp Co particles from the other diffraction
conditions including the fcc Co particles do not appear.
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Fig. 4 Transmission electron micrograph after HPT revolutions of
N = 25. (a) Bright-field image and (b) Dark-field image
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Fig. 5 Magnetization under application of magnetic field in X and Y
directions defined in Fig. 2 for HPT sample after N = 25 revolutions

Figure 5 shows magnetic hysteresis loops obtained at 77
K under application of magnetic field in the directions
parallel to the X and Y axes as defined in Fig. 1. Both loops
look essentially similar to each other but the magnetization
is slightly smaller when the magnetic field is applied in the

@ Springer

MR at 77 K 0 Cu-10wt%Co
HPT: P=2.8 GPa,
N=25
S
i)
s
[0
=
-10 -5 0 5 10

Magnetic field (kOe)

Fig. 6 Variation of MR ratio with magnetic field in X and Y
directions defined in Fig. 2 for HPT sample after N = 25 revolutions

X direction than in the Y direction. This must be due to the
shear deformation along the circumference of the disk so
that the Co particles can be elongated in the hoop direction.

Figure 6 plots the MR ratio as a function of the mag-
netic field. The MR ratio reaches up to ~2.5% at 77 K. It is
noted that the MR ratio at room temperature was ~0.25%
and it was confirmed that no MR appeared before the HPT
processing. There appears to be slight difference in the MR
values obtained under applications of the magnetic field in
the directions parallel to the X and Y directions as defined
in Fig. 1. This difference cannot be explained as AMR in
Co, which should lead to the larger resistance for the X
direction (magnetic field // current), but is consistent with
the anisotropy of the magnetization process as seen in the
hysteresis loops shown in Fig. 5.

It was confirmed that such MR ratios were reproducible
through repeated measurements. Although the MR ratios at
the two temperatures are still insufficient for applications,
it is emphasized that the MR ratios with a feature of GMR
are obtained simply by the operation of HPT on samples
prepared by conventional ingot metallurgy. It is suggested
that aging the HPT samples may enhance the MR ratio
because the dissolution of Co particles occurred and sub-
sequently an oversaturation was attained by the HPT
process. An optimization of aging condition is now
undergoing.

Summary and conclusions

HPT was operated on a Cu alloy containing ferromagnetic
Co particles. It was shown that the Co particles are frag-
mented to the nanometer size and even there is dissolution
of the particles in the Cu matrix. It was confirmed that MR
appears up to ~2.5% at 77 K with a feature of GMR. This
study thus suggests that HPT is a potential process for
attaining high values of GMR.
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