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Abstract. The effect of high pressure torsion (HPT) on the microstructure of Cu-Fe 36 wt.% alloy
has been studied. The initial Cu-Fe alloy has a dendritic structure, the length of dendrites is up to
100 m. As a result of HPT (20 anvil revolutions at 400 °C) a nanostructural state is formed. The
average size of the Cu and -Fe grains is 60 and 35 nm correspondingly. The volume fraction of
the Fe phase reduces from the initial 37% down to 15% after HPT. The concentration of iron
dissolved in the copper lattice reaches 20%. The subsequent annealing at 700 °C for 1 hour
results in some coarsening of -Fe particles, as compared to the state after HPT. However, the
typical dendritic structure of the cast alloy does not recover; it remains dispersed with the size of

-Fe particles less than 20 m. As a result of HPT the alloy microhardness increased from 1800
to 4000 MPa. The subsequent annealing at T = 700 °C decreased the microhardness to 2700
MPa, but this value is 1.5 times higher than that in the initial as cast state.

1. INTRODUCTION

The efficient method of formation of nanostructured
(NS) states in metals and alloys is the severe plas-
tic deformation (SPD). SPD techniques are based
on the microstructure refinement to ultrafine (100-
1000 nm) or nanometer (less than 100 nm) ranges
by applying ultra-high degrees of plastic strain to
materials under high pressure [1-4]. Due to the small
grain size and large extent of grain boundaries, the
NS materials have enhanced the mechanical and
functional properties, thus opening new opportuni-
ties for their advanced applications in engineering
and medicine [1-4].

Currently, the high pressure torsion (HPT) is a
well-known SPD techniques, which enables achiev-
ing the highest strain degrees (e >3-4) without fail-

ure of billets under quasi-hydrostatic pressure [1,2].
Previously, homogeneous ultrafine-grained (UFG)
and nanostructured (NS) states were produced via
HPT in different metal materials, for example in pure
Al, Cu, Ni [6-8], Fe and steel [9-14], aluminum [15-
21] and titanium alloys [22-26]. Moreover, the mi-
crostructure refinement during SPD in alloys is of-
ten accompanied by phase transformations, disso-
lution and precipitation of second phases, their dis-
ordering and even amorphization [27-32]. During
HPT of metallic alloys, besides the formation of UFG
and nanostructural states, the change of the phase
composition, the increase of metastability, phase
solution, amorphization etc. take place [1-5,35-38].
Therefore of great interest are the peculiarities of
phase transformations in SPD alloys formed by the
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components which are mutually insoluble in normal
conditions, such as a Cu-Fe system alloys.

In [29,30] the effect of HPT on the mix of Cu and
Fe powders with different ratios of components was
studied at room temperature. It was shown that
during SPD the formation of a nanocrystal (NC)
structure together with the mutual dissolution of Cu
and Fe occurs. So, in materials with high content of
Cu  Cu-30% Fe) a solid solution of iron in copper is
formed, in this case the fraction of Fe dissolved in
Cu is up to 20% Fe. However, the studies of the
impact of SPD on cast Cu-Fe alloys and of the sub-
sequent annealing on the obtained samples are quite
limited.

The interest in Cu-Fe alloys is explained also by
their possible application as low-consumable an-
odes for aluminum production [33,34]. Copper and
iron are not soluble in each other (Fig. 1). When
these alloys crystallize, the coarse dendritic struc-
ture (fcc copper matrix and -Fe dendrites) is formed.
The possibility of corrosion penetration through the
dendrites in the interior of the material may decrease
its corrosion resistance at the electrolysis. The idea
of applying SPD to Cu-Fe alloys is to transform the
initial dendritic microstructure of the Cu-Fe alloy,
assuming that this would enhance the corrosion

Fig. 1. Phase diagram of the iron-copper system.

resistance of the alloys and the effectiveness of their
application as anodes. Besides, of great interest
are the features of phase transformations during SPD
of cast Cu-Fe alloy systems. Hence, the aim of this
work was to study the changes in the microstruc-
ture and phase composition of the Cu-36% Fe alloy
during the processes of HPT and subsequent an-
nealing.

2. MATERIALS AND METHODS

In this work the samples of the cast alloy Cu-36%Fe
(wt.) of 10 mm in diameter and 1.5 mm in thickness
were subjected to HPT on grooved anvils with the
number of revolutions 10 and 20 at 400 °C, at a
pressure 6 GPa [1,2]. The shear strain at the edge
of the sample was  ~ 450 and 960, respectively.

Heat treatment of the samples after HPT was
performed in a vacuum furnace at 700 °C for 1 hour
(this temperature is a possible temperature for the
operation of electrolytic cells and anodes in the alu-
minum production). The sample surface was pol-
ished and then etched in the acid mixture (50% of
HNO

3
 and 50% of HCl) for structural studies. The

structure was investigated by the scanning elec-
tron microscope (SEM) JSM-6490LV Jeol and by
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Fig. 2. SEM images of the cast Cu-Fe structure,
magnification × 1000.

the transmission electron microscope (TEM) using
a JEOL 2100 microscope operating at 200 kV. For
TEM observations, samples were cut out at 3 mm
from the disc, mechanically ground down to 150
m and thinned by ion milling using a Jeol Ion Slicer

at 5 keV.
The average sizes of structural elements and the

phase fraction were estimated by 60-200 measure-
ments.

The X-ray diffraction studies were performed on
the diffractometer Rigaku Ultima IV with the use of
Cu K –radiation  

K 1
= 1.540600 Å). The X-ray pat-

terns were taken with the scanning pitch of 0.02°
and the exposure time of 3 seconds in each point.
The estimation of the structural parameters was
performed by the Rietveld method using the soft-
ware package PDWin. The microhardness H

v
 was

determined on the Buehler «Micromet 5101» instru-
ment.

3. RESULTS AND DISCUSSION

The microstructure of the cast Cu-Fe alloy is het-
erogeneous: it is represented by the Cu matrix and
Fe columnar crystals with a distinct dendritic relief
distributed in it (Fig. 2). Such parameters as the
average length and width of major -Fe dendrites,
the average length and width of dendrite “branches”,
the average sizes of -Fe equiaxed grains were
measured to describe the dendritic structure of the
original cast alloy. The length of the major dendrite
axes exceeded 100 m and the width was about 10
m. The major axes of the dendrites branch off up

to 30 m in length, 7-10 m in width. The equiaxed
inclusions of 5-10 m other than the basic Fe den-
drites of “s]eletal” shape are observed.

HPT led to significant structural changes in the
Cu-Fe alloy. As a result of HPT, the dendrites get

Fig. 3. SEM image of the Cu-Fe structure in the
state after HPT at T = 400 °C, the edge of the
sample: a) HPT n = 10 revolutions, magnification x
1000; b) HPT n = 20 revolutions, magnification ×
1000; c) HPT n = 20 revolutions, magnification ×
20000.

(a)

(b)

(c)
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of the (200) -Fe reflex. The average grain size of
the Cu - and -Fe phase determined by the dark
field is 60 and 35 nm correspondingly (Figs. 4c and
4d).

The annealing of the sample subjected to HPT
at 700 °C for 1 hour results in some growth of -Fe
inclusions to 3-10 m, although there are larger

-Fe precipitations reaching 20 m in the structure
(Fig. 5a). But the dendritic structure, typical for the
cast state after HPT and annealing, does not re-
cover, it remains dispersed, and -Fe inclusions have
an equiaxed shape (Fig. 5a). TEM-image of the Cu-
Fe alloy structure after HPT at T=400 °C and sub-
sequent annealing at 700 °C for 1 hour show that
after the annealing the grain size is about 500 nm
(Figs. 5b and 5c). Note that for pure copper after
the HPT and the annealing at 500 °C the grain size
reaches 2-3 m [38]. Thus, the Cu-Fe alloy
nanostructure after HPT reveals a very high thermal
stability, explained by a disintegration of the solid
solution formed by HPT and a mutual inhibition of
grain growth on iron and copper particles.

X-ray diffraction analysis shows that HPT results
in an approximately 2-fold increase of elastic
microdistortions of the crystal lattice in the copper
phase compared with those in the initial state (Table
1). The volume fraction of the Fe phase reduces
from the initial 37% down to 15% after HPT (Table

crushed and refined. According to the SEM image
at the magnification of ×1000, after HPT 10 revolu-
tions the maximum size of separate -Fe inclusions
in the copper matrix does not exceed 10 m, and
the -Fe volume fraction significantly decreased as
compared to the initial one (Fig. 3a). After HPT 20
revolutions the -Fe volume fraction is further re-
duced, and the visible size of the -Fe inclusions
does not exceed 5 m (Fig. 3b).

SEM study of the structure with high magnifica-
tion (x 20000) shows that the copper and -Fe struc-
ture after HPT (20 revolutions) is strongly refined,
and the uniform nanocrystalline structure is formed
(Fig. 3c). Precision structural investigations were
performed using TEM–analysis studies at a samples
after HPT. The microstructures of the composite after
HPT processing in the bright and in the dark fields
are shown in Fig. 4. After HPT 10 revolutions,
nanoscaled grains with an equi-axed structure ap-
pear (Fig. 4a). The diffraction pattern (Fig. 4b) shows
the rings characteristic for polycrystalline structures
with a very small crystallite size. Both Cu and Fe
phases are detected within the microstructure (Fig.
4a). The average grain size of Cu and Fe phases
was detected by the dark field separately (Figs. 4c
and 4d). The grain size of Cu was determined by
the dark field image of the (200) Cu reflex, the grain
size of Fe was determined by the dark field image

(b)(a)

(d)(c)

Fig. 4. Corresponding electron diffraction patterns and dar]-field TEM images of the Cu–Fe composite after
high pressure torsion (HPT) 10 revolutions where Cu (c) and -Fe (d) phases are detected separately.
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State < 2>, ×10-4 Cu lattice Fe lattice Fe volume
parameter, Å parameter, Å fraction, %

Cast alloy 6 3.6168(2) 2.8716(2) 37
HPT T = 400 °C 11 3.6293(4) 2.8706(4) 15
n = 20 revolutions
HPT T = 400 °C n = 20 8.5 3.6192(4) 2.8706(3) 25
+ annealing T = 700 °C 1 h

Table 1. Results of the X-Ray diffraction study of the CuFe alloy.

1). Hence it can be concluded that more than a half
of the iron present in the alloy is dissolved in cop-
per, and the concentration of the iron dissolved in
the copper lattice reaches 20%. In [29] at HPT of
the mixture of Fe and Cu powders the atom probe
analysis method applied to the Fe

50
Cu

50
 alloy was

used in order to evaluate the possible formation of
supersaturated solid solutions in the two-phase
structures. The Cu concentration in the Fe phase is

State of the CuFe alloy Range of measurements Microhardness, MPa

Cast alloy 1800
CuFe HPT n = 10 R 2570

1/2R 2300
Center 1900

CuFe HPT n = 20 R 4000
1/2R 3700
Center 3200

HPT T = 400 °C n = 20 1/2R 2700
+ annealing 700 °C 1 h

Table 2. Results of the microhardness test measurements of the CuFe alloy.

up to 25 at.% and the Fe concentration in the Cu
phase is up to 20 at.%. Under the equilibrium con-
ditions, the mutual solubility of Fe and Cu is nor-
mally less than 0.1 at.% at room temperature.
Therefore, these data confirm that the formation of
Fe supersaturated solid solutions as well as Cu
supersaturated solid solutions is simultaneously
possible in the two-phase structure. Note that the
pattern of phase transitions observed in the present
study is similar to that observed in [29].

Fig. 5. The structure of Cu-Fe alloy after HPT at T = 400 °C and a subsequent annealing at the temperature
700 °C: a) SEM image with the magnification ×1000; b) TEM image  dar] field) with the magnification
×20000.

(b)

(a)
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After the annealing at 700 °C the crystal lattice
microdistortions are reduced, and the Fe content is
restored to a value close to the initial one. This is
due to the decay of the supersaturated solid solu-
tion during the annealing, the coagulation and growth
of Fe grains.

In the present study we have also investigated
the effect of SPD and annealing of the CuFe alloy
on its microhardness (H

v
). It is known that HPT is

inhomogeneous along the radius of the disk samples.
The deformation rate is maximal at the edge of the
sample  the “R” area) and minimal at the center [1-
5]. In this regard, we measured the microhardness
of CuFe samples after n = 10 and n = 20 revolutions
of HPT in different regions of the sample disc: at the
edge of the sample  the “R” area), at half-radius  1/
2R) and in the center of the disk (Table 2).
Microhardness measurements showed that the value
H

v
 at the edge of the sample after HPT 10 revolu-

tions increases to 2500 MPa, and after HPT 20 revo-
lutions increases to 4000 MPa from the initial value
of 1800 MPa. The H

v
 value noticeably grows with

the increase of the number of HPT revolutions from
10 to 20. After HPT 10 revolutions and after HPT 20
revolutions the value H

v
 in the center of the disk

sample is noticeably lower than at its edge. It fol-
lows that even at 20 revolutions of HPT the struc-
ture of the CuFe alloy sample remains radially inho-
mogeneous and the “strain saturation” does not
occur. Note that, for example, in the case of pure

(b)

(a)

(d)(c)

Fig. 6. Scheme of structural transformations in the alloy Cu-36%Fe at HPT and annealing: a) Fe dendrites
in Cu matrix; b) refining of Fe dendrites at HPT; c) formation of a solid solution of Fe in Cu after HPT; d) HPT
+ annealing at 700 °C: nucleation and growth of Fe grains, and coarsening of Fe grains remaining after
deformation.

copper even at n=5 revolutions of HPT the
microhardness and the structure become nearly
uniform over the area of the sample disk, and at
further increase in the degree of HPT deformation
(n>5) no additional structure refinement neither the
increase in H

v
is observed [2]. This is due to the fact

that in most pure metals the processes of the re-
finement and the relaxation of the structure under
HPT deformation become equilibrium at n = 5 revo-
lutions or more [39]. At the same time, in CuFe
alloys even at 20 HPT revolutions the equilibrium of
the processes of the structure refinement and re-
laxation is not reached because the solid solution
being formed and the copper and iron grains being
intercalated inhibit the process of the dynamic re-
crystallization and relaxation.

Subsequent annealing at 700 °C (1 hour) of the
CuFe sample, preliminarily subject to HPT 20 revo-
lutions, reduces H

v
 from 4000 to 2700 MPa. How-

ever, this value is 1.5 times higher than H
v
 in the

initial as-cast condition (Table 2). A high value H
v
 of

the sample after the annealing also indicates a high
thermal stability of the formed two phase structure.

The structural transformations occurring in the
alloy after HPT and the annealing can be illustrated
by the following scheme (Fig. 6).

As a result of HPT at the first stage the den-
drites of Fe get crushed and refined. During the HPT
the grain size is refined down to nanocrystalline,
the area of intergranular and interphase boundaries
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increase, a nonequilibrium state of grain boundaries
is formed and the dislocation density within the
grains increase. It accelerates the diffusion pro-
cesses at HPT. A part of Fe atoms transfers to the
solid solution of copper. However, fine
nanocrystalline homogeneously distributed Fe par-
ticles with the fraction under 15% remain in the Cu
matrix.

After annealing at 700 °C, a decay of the Fe–Cu
solid solution formed after HPT takes place, result-
ing first in the nucleation and growth of Fe grains,
and second, in the growth of Fe grains remained
after the deformation.

Thus, HPT and subsequent annealing at a rela-
tively high temperature allowed not only to signifi-
cantly refine the structure of the cast Cu-Fe alloy,
increasing its hardness. We note that such treat-
ment also significantly changes the corrosion be-
havior of the alloy, which we plan to study in our
future work.

4. CONCLUSIONS

i. It is established that during HPT the initial den-
dritic structure of the -Fe cast alloy gets refined.
The size of -Fe particles after HPT ranges from
0.2 to 5 m. It is shown that the -Fe phase refine-
ment degree is proportional to the HPT strain de-
gree.
ii. After HPT the average grain size of the Cu - and

-Fe is 60 and 35 nm correspondingly. A volume
fraction of the Fe phase reduces from initial 37%
down to 15% after HPT. The concentration of iron
dissolved in the copper lattice reaches 20%.
iii. The annealing after HPT at 700 °C for one hour
resulted in the growth of -Fe particles. However,
the initial dendritic structure does not recover and
is represented mainly by fine precipitates of 3-10
m uniformly distributed in the Cu matrix.

iv. As a result of HPT and structure refinement, the
microhardness increases from 1800 to 4000 MPa.
Subsequent annealing at 700 °C (1 hour) reduces
H

v
 to 2700 MPa, but this value is higher than in the

initial as-cast condition.
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