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Abstract—In this survey, the results of the available studies are generalized and the effects of thermomechan-
ical treatment on the structure and the magnetic, mechanical, and electrical properties of Cu—Fe composites
produced by the methods of casting, powder metallurgy, and severe plastic deformation are analyzed. The pri-
mary attention is paid to the method of packet hydroextrusion, which makes it possible to achieve a wide
spectrum of diameters (3 nm—2 mm) of iron fibers and of the amount of fibers (1—8 x 10%) in these composites
with varying volume content (10—60%). The physical mechanisms of the revealed effects of the structural
modification of the physicomechanical characteristics on different scale (macro, micro, and nano) levels are

discussed.
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1. INTRODUCTION

Copper-based binary systems with limited solubil-
ity (Cu—Nb, Cu—Fe, Cu—Cr, Cu—Ag, etc.), in which
no intermetallic compounds are formed, belong to a
class of materials that combine high strength and high
electrical conductivity [1]. The priority fields of their
use include instrument making (pulsed high-field
magnets, magnetic drives) [2, 3], power engineering
(electric-power lines, the contact elements of power
lines of electric transport) [2, 4], microelectronics,
spintronics, etc. [5].

The wide spectrum of the application of Cu—Fe
composites is due to their unique complex of physico-
mechanical properties, e.g., excellent thermal and
electrical conductivity, good mechanical properties,
and high wear and corrosion resistance, in combina-
tion with the good manufacturability and the low cost
of iron compared with other possible materials
(Nb, Cr, Ag, Au). The most important task in the field
of creating composites of this class is the development
of methods of the directional regulation of their struc-
ture and properties, which would ensure the required
operating characteristics. In this survey, we present the
results of studies that concern the influence of the
method of preparation and thermomechanical pro-
cessing on different properties of nanostructured
Cu—Fe composites. We consider the changes in the
physicomechanical characteristics of these materials
at different scales and (macro, micro, and nano) struc-
ture levels in the course of severe plastic deformation

(SPD) with the use of packet hydroextrusion in great
detail.

2. TRADITIONAL METHODS
OF FABRICATING Cu—Fe COMPOSITES

When constructing composites, in addition to
appropriately selecting the material of the compo-
nents and the geometry of their arrangement, which
determine the opportunity of achieving the required
complex of properties, the correct selection of the
most efficient and economical technology of their
production is also of exceptional importance. At
present, several thousand methods of obtaining com-
posite materials are known [6]. The expediency of
applying a given technological process is determined
by the specific features of the materials of composites,
the requirements to their surface quality, and the accu-
racy of sizes, as well as based on the technical, eco-
nomical, ecological, and other indices. In the over-
whelming majority of cases, the composite material is
not subjected to mechanical treatment after prepara-
tion, since this can lead to the loss of a many or all of
its advantages. Therefore, as a rule, technologies ori-
ented toward the production of specific types of arti-
cles have been developed. The traditional methods of
obtaining Cu—Fe composites include liquid-phase
methods, gas-, and vapor-phase methods, and chem-
ical methods that use powder metallurgy.
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2.1. Liquid-Phase Methods

Liquid-phase methods (casting, directional crys-
tallization) make it possible to use the nondeformable
casting alloys as a matrix and to produce articles of
complex configuration without additional formation.
At the same time, these methods make it possible to
obtain layered ingots with round cross sections suitable
for further working under pressure (by rolling, extru-
sion, drawing). The authors of [7, 8] have investigated
the structure and properties of a Cu—Fe composite
obtained by casting with subsequent drawing. After
casting, the structure of the composite is characterized
by the presence of large dendrites of iron with a certain
amount of dispersed particles of iron. Upon deforma-
tion by drawing, iron dendrites become elongated in
the direction of drawing up to the formation of nan-
odimensional fibers [7—9]. The cross sections of den-
drites have a filamentary morphology that results from
the joint deformation of copper and iron, which is
characteristic of fcc fibers in a bcc matrix [10]. X-ray
diffraction analysis has shown that the fibrous struc-
ture formed in the process of drawing is characterized
by preferred crystallographic orientations of the
Cu (110} and Fe (100) types in the longitudinal section
and Cu (111) and Fe (110) types in the transverse sec-
tion [7]. The formation of a similar structure in the
Cu—Fe composite was also observed in the case of
deformation by cold rolling [1].

As a result of the formation of a fibrous structure
and the related reduction in the mobility of disloca-
tions blocked by the branched interphase boundaries
[2], the Cu—Fe composite acquires higher mechanical
properties compared with those predicted by the rule
of mixtures [8, 9, 11]. In this case, the hardness and
ultimate strength correlate with the sizes of the iron
fibers and with the spacings between them, (which
change nonmonotonically with an increase in the
stored deformation) rather than with the degree of
strain [7—9].

The Cu—Fe composites represent the greatest
interest from the viewpoint of the combination of high
strength and low electrical resistance. The relationship
between these parameters can be controlled by
(1) changing the volume content of Fe, (2) alloying,
and (3) thermomechanical treatment. It has been
shown in [4] that, with an increase in the iron content
from 10 to 30 wt %, the ultimate strength of the Cu—
Fe composites obtained by casting increases from 950
to 1310 MPa, and the electrical conductivity decreases
from 69 to 55% IACS. The authors of [12—16] have
investigated the influence of the alloying by Ag, Zr,
and by rare-earth elements (REs) on the structure and
physicomechanical properties of cast Cu—Fe compos-
ites. The addition of these elements can lead to a two-
fold decrease in the size of the primary iron dendrites
and copper grains in the cast sample, which, upon
subsequent cold deformation, leads to a 50% increase
in the ultimate strength with an insignificant reduction
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in the electrical conductivity compared with the unal-
loyed composite. A substantial increase in the electri-
cal conductivity (to 40%) with a minimum loss of the
strength (~10%) can be achieved using intermediate
heat treatments (HTs) in the technological process,
which lead to a decrease in the number of centers of
the scattering of charge carriers in the copper matrix
due to the precipitation of impurities and alloying ele-
ments [16].

The thermomechanical treatment plays a decisive
role in the optimization of the strength—electrical-
conductivity ratio of Cu—Fe composites. It should be
noted that the Cu—Fe alloys have a lower conductivity
compared with other composites with the copper
matrix (Cu—Ag, Cu—Nb, Cu—Ta, and others). The
reason for this lies in the relatively high solubility of
iron in copper at high temperatures in combination
with the slow kinetics of its precipitation at lower tem-
peratures, as well as in the negative effect of the Fe
atoms present in the solid-solution state on the con-
ductivity [4, 12]. Thus, upon the thermomechanical
treatment of Cu—Fe composites, it is important to
minimize the formation of the solid solution of iron in
copper.

2.2. Chemical and Gas- and Vapor-Phase Methods

Chemical and gas- and vapor-phase methods of
fabricating composites are most efficient in the pro-
duction of multilayer films and the application of thin
coatings. The advantages of these methods include the
absence of softening and significant mechanical
stresses of the reinforcing elements and the matrix,
avoiding direct contact between the reinforcing ele-
ments, and the opportunity for articles and semifin-
ished products of complex configurations to form. The
shortages of these methods lie in the difficulty of using
complex-alloy materials as the matrices, as well as the
possibility of crack formation and stratification under
the conditions of a complex stressed state. The appli-
cation of methods of this group for obtaining Cu—Fe
composites makes it possible for effects connected
with the low dimensionality of the system (thickness of
the layers can be varied from 5 to 50 A) to appear, such
as superplasticity [17], the absence of the interdiffu-
sion of copper and iron [17], and negative magnetore-
sistance [18]. The observed strong dependences of the
magnetic and conducting properties on the number
and thickness of layers of Cuand Fe [5, 19—21] and the
opportunity to precisely control these parameters,
which are ensured by the production method, open
wide prospects for applying multilayer Cu—Fe lami-
nates in microelectronics and spintronics [5].

2.3. Powder-Metallurgy Methods

The advantages of the powder-metallurgy methods
consist of the opportunity of using hard-to-deform
metals, alloys, and compounds as matrices; achieving

2015



458

high concentrations of the reinforcing phase (more
than those maximally possible upon the packaging);
the combination of reinforcement with precipitation
strengthening; and the use of standard equipment.
The drawbacks of these methods include the nonuni-
formity of the distribution of short fibers over the vol-
ume of an article due to nodulization in the course of
mixing the charge with the fibers; the opportunity of a
damaging of brittle fibers upon the mixing, compacting,
or deformation of multifibrous composite materials; the
increased content of oxides and other impurities
because of the developed surface area of matrix pow-
ders; and porosity (depending on the method utilized).

The structure and physicomechanical properties of
Cu—Fe composites obtained by the methods of pow-
der metallurgy have been investigated in [10, 22—27].
The evolution of the structure was similar to that
observed in the case of cast composites; upon drawing,
the iron particles assume a fiberlike morphology in the
longitudinal section and a filamentary morphology in
the transverse section [10, 22—24]. In contrast to the
cast samples, coarse particles are present, which rep-
resent complex oxides of iron and copper and remain
undeformed, even after high degrees of drawing [22].

As in the case of cast samples, the strength (and
partly the conductivity) of the Cu—Fe composites
obtained by the methods of powder metallurgy is
determine by the size and spatial distribution of the
iron fibers and, to a certain extent, by the mechanical
properties of the initial components, such as their elas-
ticity moduli [24]. It has been shown in [23] that the
ultimate strength of the Cu—20 wt % Fe composite
exceeds that of Cu—20 wt % Nb after the identical
degree of deformation and correlates with the larger
value of the shear modulus of Fe compared with that of
Nb. The strength of Cu—Fe composites also increases
with a decrease in the initial size of iron powder parti-
cles [23]. The key factor in obtaining high conductiv-
ity of the system in question is the control of condi-
tions of consolidation (time, temperature) for
decreasing the dissolution of Fe in Cu. Thus, it has
been established in [24] that, at a consolidation tem-
perature of less than 525°C, a decrease occurs in the
conductivity of the Cu—Fe of composites by less than
1% IACS. This allowed the authors of [24] to exceed
the best commercial alloys in terms of the
strength/conductivity ratio and to compete with sys-
tems like Cu—Nb, Cu—Ta, and Cu—Cr. The use of
reduced consolidation temperatures (<500°C) favors
the formation of a composite structure with nanosized
grains of Cu and Fe [26].

The data concerning the magnetic properties of the
alloys in question are quite scarce. The magnetic
parameters of Cu—Fe composites (Curie temperature,
coercive force, saturation magnetization) obtained by
the methods of powder metallurgy have been analyzed
in [25, 27]. It has been shown that the dependence of
the coercive force H, on the time of milling (#=1-72 h)
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of the initial powders in a ball mill is nonmonotonic
with a maximum H_ = 140 Oe at = 30 h and minimum
H,<50eatt=72h[27]. In this case, the size of the
grains of copper and iron decreases monotonically
(to 18 nm) as fincreases to 30—40 h, after which it sta-
bilizes on the level of 20 nm. This H.(d) dependence
contradicts the known data [28], according to which
the coercive force monotonically increases with a
decrease in the size of iron grains up to a certain criti-
cal value (6—25 nm, according to different authors),
after which there occurs a transition into a superpara-
magnetic state. The authors of [27] do not explain the
discovered effect. At the same time, with an increase in
milling time, a substantial increase is observed in the
lattice parameters of Cu and Fe, which indicates the
formation of the solid solution of iron in copper [27].
According to the data of [29], this may be the reason
for the observed effect.

The application of powder-metallurgy methods
for obtaining Cu—Fe composites using low tempera-
tures of consolidation causes a lowered content of the
solid solution of Fe in Cu compared with the liquid-
phase methods and, correspondingly, an increased
electrical conductivity with the retention of the
strength properties.

3. APPLICATION OF METHODS
OF SEVERE PLASTIC DEFORMATION
IN THE TREATMENT OF Cu—Fe COMPOSITES

It is known that the nanostructured composites, in
which the content of one of the components varies
from a few fractions of a percent to several tens per-
cent, and the sizes vary in the range of 10—100 nm,
possess extremely high catalytic, magnetic, and tri-
botechnical characteristics, as well as high thermal
and chemical stability, high strength, high plasticity,
etc. The components of the composite materials
obtained using the traditional methods of pressure
forming (extrusion, rolling, drawing) usually have
micron or submicron sizes [30]. The production of
nanostructures by the aforementioned methods is by
no means always justified, since in these cases, the
transverse dimensions of the samples multiply
decrease, which limits the field in which they are sub-
sequently used. Methods of the plastic deformation in
which the dimensions of the sample either do not
change or periodically return to the initial dimensions
nullify the noted disadvantages and create an opportu-
nity to repeatedly treat the sample with the accumula-
tion of large deformation. This leads to the appearance
of a nanostructure, which in turn provides a substan-
tial improvement in the properties of the material.
These methods include SPD techniques, such as high
pressure torsion (HPT), all-round rotary forging,
screw extrusion, equal-channel angular pressing,
accumulative roll bonding (ARB), and packet
hydroextrusion (PHE) [31—33]. According to the
available literature data, the application of SPD in the
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case of Cu—Fe composites includes HPT, ARB,
and PHE.

3.1. High-Pressure Torsion

During HPT, the sample mainly undergoes shear
deformation. In [31, 34], the HPT was used to form a
nanocrystalline structure in a fiber-like Cu—Fe com-
posite obtained by cold drawing. Along with a decrease
in the size of grains (to below 50 nm), the disappear-
ance of fibers, the homogenization of the structure,
and the significant (to 85%) dissolution of iron in cop-
per were observed. It has been established that, with an
increase in the degree of deformation (with grain
refinement), a transition occurs from the ferromag-
netic to superparamagnetic state [29]. The authors of
[29] have not presented the dependence of the mag-
netic properties of the composite on the degree of
deformation and/or on the size of structural elements.
They also have not investigated the thermal stability of
the nanostructure that arises, which may prove to be
considerably lower than that in the initial composite.
The application of this method is limited because of
the small dimensions of the samples employed.

3.2. Accumulative Roll Bonding

The essence of this variant of the SPD method con-
sists in assembling a packet of alternating sheets and
subsequently rolling the packet to a thickness equal to
the that of a single initial layer that makes up the com-
posite. Then, the obtained rolled sheet is cut, the next
packet is assembled, and this technological cycle is
repeated until the required thickness of the layers is
obtained in the sample [35]. Thus, several passes are
performed, the number of which is limited by the
dimensions of the sample, which decrease as the edges
are cut. The authors of [36—40] have investigated the
opportunity of obtaining bulk Cu—Fe nanolaminates
using a method based on multiple repetitions of a
technological cycle that includes vacuum hot rolling
and subsequent rolling in air. With an increase in the
number of passes, a fourfold decrease is observed in
the number of layers of Cu and Fe in the composite
connected with the mutual solubility of copper and
iron, which leads to an increase in their sizes [39—41].
The second problem consists in the presence of
regions of the local collapse of copper layers, which is
negatively reflected on the properties of the Cu—Fe
composite [36, 42]. The yield stress, the ultimate
strength &, and the hardness of these composites grow
with an increase in the number of layers, which is
caused by the manifestation of nanostructure effects
[36, 38]. Data on the resistive properties of bulk mul-
tilayer Cu—Fe composites are absent.
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3.3. Packet Hydroextrusion

The packet HE consists in multiple repetitions of
the operations of assembling composite samples,
which consist of a tubular shell with a packet of rodlike
elements, the hermetic sealing of these packets, and
evacuation with subsequent deformation by HE [43].
The use of high hydrostatic pressure ensures the reli-
able cohesion of the elements of the composite sam-
ples without an additional thermal action, their pro-
portional extrusion in the course of their joint plastic
deformation, and the realization of an ultrahigh accu-
mulated deformation [44, 45]. In this case, in view of
the hydrostatic character of the deformation condi-
tions, a hexagonal close packing of the component
elements is automatically achieved in the packet with
the formation of high-angle boundaries between them
[44]. Thus, this method can be successfully used to
produce nanocomposites.

In [46], the method of PHE in combination with
drawing has been used to obtain fibrous Cu—Fe com-
posites with the number of fibers of up to 19 x 77 pieces.
It has been discovered that, with a decrease in the
diameter of fibers to 10 nm, the coercive force
increases monotonically. This contradicts the results
of [47—49], where it has been shown that ferromag-
netism disappears at sizes of iron particles of approxi-
mately 6—10 nm. This contradiction can be explained
by the discrepancy between the calculated and true
diameters of the iron fibers [46]. The studies by the
method of transmission electron microscopy have
shown that the true diameter of the iron fibers in the
Cu—Fe composites in the nanodimensional region is
five to seven times greater than the calculated diameter
[46]. Consequently, the authors of [46] did not achieve
the maximum value of the coercive force which is
observed at a certain critical dimension of iron parti-
cles [48]. A number of problems remained unex-
plained with regard to the influence of deformation on
the magnetic susceptibility, Curie temperature, and
the mechanical and resistive properties of the Cu—Fe
composites.

These problems are considered in [50—54]. The
structures of the aforementioned composites made it
possible to obtain a wide spectrum of diameters and
numbers of fibers (#;) in the wire samples by varying
their volume content (table). This made it possible to
establish the influence of the structural modifications
upon SPD on the complex of physicomechanical
properties upon the transition from macro- to micro-
to nanosized fibers.

3.3.1. Structure of the composites. The X-ray dif-
fraction analysis of the Cu—Fe composites has shown
that they represent a two-phase system with a compo-
nent ratio close to the calculated value. The experi-
mental and computed values of the volume fraction of
iron in the composite are equal to 56 and 58% for n;= 1,
41 and 39% for n; = 211, 30 and 27% for n; = 2112,
22 and 18% for n, = 2113, and 12 and 13% for n; =
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of the[s)z;iqn;)ﬁeg, mm Number of fibers ny Diameter of fibers d, pm Coeifj)?qlteennttoofft il}?);{(}l(ume

3 1 2280 0.58
211 130 0.39

2112 7.4 0.27

2113 0.42 0.18

85x 2113 0.038 0.13

0.21 1 160 0.58
211 9 0.39

2112 0.52 0.27

2113 0.029 0.18

85x 2113 0.003 0.13

85 x 2113. The diffraction pattern of the deformed
composite demonstrates the presence of a strong crys-
tallographic orientation as follows: the (200) reflection
of iron characteristic of the misoriented crystals is
absent; the (211) and (220) reflections of iron and the
(220), (222), and (311) reflections of copper are
weakly pronounced; and the intensity of the reflection
(110) of iron is large (Figs. 1a, 1b). This texture is
characteristic of the iron and steel wires obtained by
drawing [55]. In the copper matrix, a texture with a
preferred direction (111) also arises.

Passage into the region of nanodimensional fibers
is characterized by a decrease in the intensity of lines
and by growth in the background in the diffracto-
grams. At the diameter of the fibers d; = 3 nm, the
(110) line of the bcc iron (Fig. 1c¢) disappears, which
can be connected with the breakdown of fibers into
fragments and the formation of a solid solution of iron
in copper [34, 56, 57]. The last assertion is also con-
firmed by the behavior of the lattice parameters of iron
and copper, which grow with a decrease in the diame-
ter of fibers. The lattice parameters can also increase
due to an increase in the amount of crystal-structure
defects. The sizes of the coherent domains decrease
monotonically to 20 nm with a decrease in the diame-
ter of fibers, which indicates the formation of a nanoc-
rystalline structure in the samples under investigation
(Fig. 2).

3.3.2. Mechanical properties. The dependences of
the ultimate strength o, on the volume fraction of iron
K and the fiber diameter d; are nonmonotonic (Fig. 3)
[51, 52]. With decreasing K and d, three characteristic
regions can be separated: region of d; > 10 um, in
which o, decreases significantly; d; ~ 30—9 um, where
the ultimate strength grows; and d; < 30 nm, in which
again there is observed a softening of the composite. In
the range of d; < 10 um, the dependences obtained are
described well by the rule of mixtures under the condi-
tion of equal deformations. With decreasing d; (K<0.4),
the rule of mixtures is violated and the ultimate

THE PHYSICS OF METALS AND METALLOGRAPHY Vol. 116

strength of the composites grows substantially. It can
be assumed that the observed deviation from the rule
of mixtures is caused by the action of the mechanisms
of strengthening of the composites related to the gen-
eration and movement of dislocations. After a certain
critical dimension is reached (d; ~ 30 nm), a transition
is observed from the processes described by the Hall—
Petch relation (influence of grain boundaries on the
multiplication and movement of dislocations) to the
processes connected with the dislocation slip along
grain boundaries [58]. In this case, processes of
dynamic recrystallization in the copper matrix can
occur. As a result, the ultimate strength decreases.

The dependences of the relative elongation and
Vickers hardness Hy, of the fibrous Cu—Fe composites
on K and d;are qualitatively similar to those character-
istic of the ultimate strength [51]. At the same time,
the increase in Hy, upon the transition into the submi-
cron region of d;is noticeably less than that for .. This
is explained by the following. The value of Hy; at d; =
160 um (bimetal) is mainly determined by the hard-
ness of iron. At smaller sizes of fibers (at other standard
sizes of the composite components), the size of the
imprint of the indenter significantly exceeds d;, and
H, is already a certain integral quantity determined by
the iron fibers and copper matrix. Therefore, an
increase in Hy, with the decrease in d;is relatively small
due to an increase in the contribution from the softer
copper component of the composite. Heat treatment
leads to a decrease in the values of 6, and Hy, without
a change in the character of the dependences
described in [51].

3.3.3. Magnetic susceptibility and magnetization.
The decrease in the size of the fibers of the deformed
samples leads to a reduction in the magnetic suscepti-
bility and saturation magnetization and to an increase
in the remanence. A transition is observed from the
soft-magnetic to the hard-magnetic state. The hyster-
esis loops of the magnetic susceptibility have an ordi-
nary character: at the strength of the magnetic field
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Fig. 1. X-ray diffraction patterns of Cu—Fe composites
with different diameters of the fibers dz (a) 2.88 mm,
(b) 130 um, and (c) 3 nm.

H > 0, the ascending branches of the hysteresis loops
lie above the descending branches, and vice versa at
H<0][50].

The heat treatment of samples at 7 = 550°C
increases the magnetic susceptibility. At a fiber size of
dy =130 um, anomalies are observed in the behavior of
the hysteresis loops. At H = +130 Oe, the ascending
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Fig. 2. Size of coherent domains (CD) in (/) the copper
and (2) iron components of Cu—Fe composites as a func-
tion of the diameter of the iron fibers.
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Fig. 3. Dependence of the ultimate strength o, of Cu—Fe
composites on the volume content of iron and diameter of
iron fibers.

and descending branches intersect and change places
(the hysteresis loop is partly inverted). A change in the
nature of the hysteresis loop occurs after heat treat-
ment at 7= 350°C [50]. With a reduction in the diam-
eter of the fibers to dy= 86 um, the inversion is retained
in both the deformed and heat-treated states. The
decrease in the fiber diameter to d; = 64 um leads to
the disappearance of the inversion of the hysteresis
loops of magnetic susceptibility; however, it manifests
itself after heat treatment. With a further decrease in d;
(to 9 pm), no inversion of the hysteresis loops is
observed.

Constricted hysteresis loops of magnetic suscepti-
bility were observed in Fe—Ni—Co alloys (the permin-
var effect) [59, 60], in magnesium—zinc ferrites with
an impurity of cobalt oxide subjected to heat treatment
[60], in nanocrystalline boron-containing magnetic
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Fig. 4. Dependence of the coercive force H_ of Cu—Fe
composites on the diameter of fibers.

materials based on iron and cobalt [61, 62], and also in
the layered Ag/Ni [63] and CoO/Co [64] composites.
In all these cases, the behavior of constricted hystere-
sis loops can be qualitatively explained within the
framework of a two-phase model with two nonidenti-
cal phases, which are characterized by uniaxial mag-
netic anisotropy and antiferromagnetic interaction
between them [62]. In armco iron used to produce
Cu—Fe composites, the concentration of impurities is
relatively small (~0.1 wt %) and the formation in it of
regions that noticeably differ in composition is highly
improbable. Nevertheless, as was shown by the meth-
ods of optical microscopy [51, 53], microindentation
[50], and X-ray diffraction analysis, a solid solution of
iron in copper that is characterized by the coercive
force and magnetic permeability differing from those
of the iron fibers can be formed in the composite.
Deformation and annealing can change the relation-
ships between these parameters, which leads to the
changes observed in the nature of the hysteresis loops
of low-frequency magnetic susceptibility [50].

3.3.4. Coercive force. With decreasing d;, the coer-
cive force H, of fibrous Cu—Fe composites changes
weakly up to d;y = 10 um; then, it grows and reaches a
maximum at a certain critical value d, = 10—15 nm,
after which it decreases (Fig. 4) [53]. The obtained
dependence of H, on d;is described adequately within
the framework of the theory of the magnetization
reversal of small ferromagnetic particles. An increase
in H at 15 nm <d;< 10 um is due to an increasing role
of pinning of domain walls by the interphase bound-
aries, structural defects, and centers of elastic stresses
caused by plastic deformation [65]. At d;< 15 nm, the
thickness of domain walls becomes comparable with
the grain size. The existence of domain walls becomes
energetically unfavorable, and the crystallites become
single-domain. The heat treatment at 550°C leads to a
reduction in the coercive force by approximately a fac-
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tor of 1.5, which is connected with an increase in the
structural perfection of crystallites due to processes of
recovery and recrystallization.

According to the theory of single-domain state
developed by Kondorskii [66], the particle of a critical
size possesses a maximum coercive force

Hcmax :2Kan/Ms’ (1)

where K, is the effective anisotropy constant and M, is
the saturation magnetization. This is caused by the
fact that the change in magnetization occurs in this
case via the coherent rotation of spins rather than by
the motion of domain walls. At smaller diameters, the
single-domain particle preserves its uniform magneti-
zation. However, in this case, a decrease occurs in the

anisotropy energy E,, = K,,J (where V'is the volume
of the particle), and E,,, becomes comparable with kT.
The particle becomes similar to a paramagnetic atom
with a large magnetic moment, and the transition into

a superparamagnetic state occurs (H, — 0) [67]. The
beginning of this transition is observed in the experi-
ment at d; < d.,, (Fig. 4).

The critical value d,,  10—15 nm obtained is in
good agreement with the values given by other authors.
For example, in granulated iron films, the value of d_,
found for room temperature was 15 nm [68]; in nan-
opowders, a value d_, ~ 22—23 nm was obtained [69];
and, in [70], a value d,, = 25 nm is given for small
metallic particles. An insignificant spread of the values
observed is most likely caused by the different shape of
the particles and, correspondingly, by the different val-
ues of their demagnetizing factors. According to [66],
d.,is proportional to N-'/2, where N is the demagnetiz-
ing factor of a single-domain ellipsoid along its short
axis. The problem of the critical dimension for the sin-
gle-domain state is discussed in a number of reviews
[71, 72]. A theoretical estimation for the single-
domain particles of a spherical shape gives a value d,, =
14 nm [73], which almost coincides with that obtained
in this work.

3.3.5. Curie temperature. The Curie temperature
T decreases monotonically from 745 to 715°C as the
diameter of the fibers decreases from 160 um to 3 nm,
which is connected with changes in the exchange
energy, anisotropy energy, and magnetoelastic energy
[54]. Namely, an increase in the exchange energy
favors the retention of a magnetic order and a shift of
the Curie temperature into the region of higher tem-
peratures. In turn, an increase in the anisotropy energy
and in the magnetoelastic energy that occurs with a
decrease in the size of fibers leads to a disordering of
spins and to a decrease in 7. Thus, the changes in T
in the composites in question are determined by the
competition of these two opposite tendencies with the
predominance of the latter [74]. One additional reason
for the change in T is possible, which is connected
with an increase in the mutual dissolution of copper
and iron at large deformations and small d; [29]. As a
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Fig. 5. Dependence of the resistivity of Cu—Fe composites on (a) the volume content of iron and (b) size of fibers.

result, at the interphase boundaries there appears a
layer representing a solid solution of iron in copper. In
this layer, naturally, the value of the exchange integral
changes and, therefore, according to the Weiss molec-
ular-field theory, the value of 7 also changes as fol-
lows:

Te=2zJS(S + 1)/3k, 2)

where z is the coordination number (for bcc iron,
z=28), J is the exchange integral, and S is the spin
quantum number.

After the thermocycling of the composites at 20—
900°C, the value of 7 grows, which is caused by an
increase in grain size due to the process of recrystalli-
zation [54].

3.3.6. Resistive properties. It is known that, in fine-
grained metals, in particular upon the transition into
the region of nanosizes, the role of scattering of free
charge carriers at the lattice defects and grain bound-
aries grows substantially [75—77]. This leads to an
increase in the resistivity p. The dependence of p of
the Cu—Fe composites on the volume content of iron
in the range of the fiber sizes of 2.3—38 nm agrees well
with that calculated according to the rule of mixtures
in the case of the parallel connection of the copper and
iron components of the composite (Fig. 5a) [51, 52].
With a further decrease in d;, a deviation from the rule
of mixtures is observed and p grows noticeably com-
pared with the calculated value (Fig. 5b).

The increase in the electrical resistance upon the
transition into the region of the nanometer values of d;
(Fig. 5b) is caused by the decrease in the sizes of struc-
ture elements. In nanostructured copper with the size
of grains d, ~ 7 nm, p grows by an order of magnitude
compared with the coarse-grained copper and reaches
10—30 pQ cm [77, 78]. In composites in question, no
significant decrease in the size of copper grains occurs
because of the application of repeated technological
annealing upon the production of the composites. As
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aresult, taking into account the fact that the resistance
of iron fibers is shunted by the copper matrix, the
observed increase in p is relatively small. The magni-
tude of the resistivity of Cu—Fe composites with
nanometer fibers exceeds that of the pure recrystal-
lized copper of grade MOb by only 13—25%.

Figure 6 demonstrates the strength/electrical-con-
ductivity relationships for Cu—Fe composites obtained
by different methods [4, 12—14, 16, 24, 51, 52]. It fol-
lows from this figure that the best combination of the
electrical conductivity (80—90% IACS) and strength
(900—1000 MPa) is achieved with the application of
methods of powder metallurgy and SPD (packet HE).
This effect is caused by the formation of a nanostruc-
ture in the composites and by the reduction in the
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Fig. 6. Relationship between the ultimate strength and
electrical conductivity for Cu—Fe composites obtained by
the microalloying by (/) RE, (2) Al, (3) Mg, (4) Ag, (5) Zr,
and by the methods of (6) casting, (7) powder metallurgy,
and (8) SPD.
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mutual solubility of copper and iron as a result of the
use of reduced temperatures (20—500°C) in the above-
described technological processes.

4. CONCLUSIONS

The Cu—Fe composites are functional materials
that possess a unique combination of electrical, mag-
netic, and mechanical properties. The realization of
these properties is feasible due to the wide possibilities
of the methods of pressure treatment. Their applica-
tion makes it possible to construct an optimum struc-
ture of the composites that consists of a heterogeneous
system of strengthening fibers (layers) uniformly dis-
tributed in the conducting copper matrix.

Each of the methods of obtaining Cu—Fe compos-
ites considered above has advantages and disadvan-
tages. Thus, the casting method makes it possible to
form articles of a complex shape with low expenditures
for production; powder metallurgy enables one to
obtain soft-magnetic composites with excellent
strength (up to 1500 MPa) and satisfactory electrical
conductivity (60—70% IACS). The method of packet
hydroextrusion is irreplaceable when preparing mag-
netically hard wire from the fibrous composite that is
characterized by good strength (to 1000 MPa) and
conducting (80—90% IACS) properties, precise geo-
metric dimensions, and high surface finish. The selec-
tion of efficient technology for producing Cu—Fe
composites is in first turn determined by their field of
application as either soft magnetic or magnetically
hard materials.

When producing Cu—Fe composites, one should
note the following facts:

(1) the existence of the coercive force, which can be
increased considerably (to 20 times) by decreasing the
size of grains (fibers, layers);

(2) the formation of a solid solution of iron in cop-
per, the amount of which increases with increasing
temperature and degree of deformation, which in turn
leads to the strengthening of the composites with a sig-
nificant reduction in the electrical conductivity and
coercive force.

Taking these factors into account makes it possible
to obtain Cu—Fe composites with different combina-
tions of magnetic, mechanical, and electrical proper-
ties by the variations in the parameters of the
employed technological process (time, temperature,
mode and regime of deformation) and the source
material (material purity, size of powders).
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