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During severe plastic deformation (SPD), a steady-state is
usually reached after a certain value of strain (i. e. number
of passes during equal-channel pressing or number of rota-
tions during high pressure torsion). The structure and prop-
erties of a material in a steady state (including composition
of phases) do not depend on those in the starting state be-
fore SPD. In other words they are equifinal, and the produc-
tion of lattice defects is in dynamic equilibrium with defect
elimination. Moreover, the SPD-treatment at ambient tem-
perature TSPD = 300 K is frequently equivalent to the heat
treatment at a certain elevated temperature Teff > 300 K.
For example, the composition of phases in Cu–Ni, Co–
Cu and Nd–Fe–B-based alloys after high pressure torsion
corresponds to the states at 200, 890 and 1170 8C, respec-
tively, and is rather insensitive to the high pressure torsion
rate (between 0.2 and 2 rpm) and pressure (between 3 and
8 GPa).

Keywords: Phase transitions; Severe plastic deformation;
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1. Introduction

Severe plastic deformation (SPD) frequently leads to phase
transformations in materials [1–4]. In other words, the
phases before SPD and after this treatment are different.
SPD can drive the formation [5–12] or decomposition
[13–15] of a supersaturated solid solution, the dissolution
of phases [16–28], disordering of ordered phases [19–31],
amorphization of crystalline phases [32–40], synthesis of
the low-temperature [21, 28], high-temperature [41–43] or
high-pressure [44–52] allotropic modifications, and nano-
crystallization in the amorphous matrix [53–61]. Quite fre-
quently, the phases after SPD are the same as phases which
would appear in a material after long annealing at a certain
(elevated) temperature. This temperature is called the effec-
tive temperature Teff. According to the idea of Martin, in the
case of amorphization or a mixture of amorphous and crys-
talline phases, the effective temperature Teff can be found in
the equilibrium phase diagrams in the areas where the liq-
uid phase exists or co-exists with crystalline phase(s) [62,
63].
The important feature of SPD is that a material is de-

formed under high hydrostatic pressure and fracture can-
not take place even after the introduction of a high density
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of lattice defects. As a result, after a certain strain the stea-
dy state is reached during SPD when structure and proper-
ties of a material do not change any more with increasing
strain, such as the number of passes during equal-channel
pressing or number of anvil rotations during high pressure
torsion (HPT). The steady state during SPD means that
the rate of production of lattice defects by an external me-
chanical force becomes equal to the rate of elimination of
these defects. For the conventional thermomechanical
treatments (when fracture is geometrically possible) such
dynamic equilibrium can appear only at elevated tempera-
tures.
It is important that the dynamic equilibrium during SPD

takes place at temperature TSPD (which usually remains
slightly above the ambient one) when lattice diffusion is
frozen and conventional diffusion relaxation is impossible.
Nevertheless, the SPD-treatment at TSPD usually leads to
very quick phase transformations, which is easy to under-
stand if one considers the high density of defects, similar
to an increased temperature. The increased pressure, oppo-
sitely, leads to the decrease of diffusivity and/or grain
boundary mobility [64, 65]. For a pressure of 5 GPa the
bulk diffusion coefficient drops by about 2–3 orders of
magnitude, the grain boundary (GB) diffusivity decreases
by 8–15 orders of magnitude (dependent on the GB misor-
ientation and inclination) [64], the GB mobility becomes
2–8 orders of magnitude lower [65]. Some SPD-driven
phase transformations need only a small shift of atoms, for
other ones long-range mass transfer is needed. The results
of such SPD-driven transitions cannot be explained by the
bulk or even grain boundary diffusion at the SPD tempera-
ture. For several systems it has been shown that the struc-
ture and properties of a material in a steady state do not de-
pend on those in the starting state before SPD [66]. In other
words they are equifinal [67]. In this paper we discuss cer-
tain important features of steady state during HPT with
and without amorphization of a starting material.

2. Experimental procedure

Cu–Ni, Cu–Co and Nd–Fe–B-based alloys of various
compositions were investigated. The Cu–Ni and Cu–Co
alloys were prepared from high purity components by
means of vacuum induction melting. The melts were
poured under vacuum into a water-cooled cylindrical cop-
per crucible of 10 mm diameter. Nd–Fe–B-based liquid-
phase sintered alloy was purchased from the company Va-
cuumschmelze GmbH (Germany): it contained 66.5 wt.%
Fe, 22.1 wt.% Nd, 9.4 wt.% Dy, 1.0 wt.% Co, 0.8 wt.% B,
0.2 wt.% Cu. For HPT processing, 0.6 mm thick discs were
cut from the as-cast ingots, then ground and chemically
etched. The discs of Cu-4.9 wt.% Co and Cu-77 wt.% Ni al-
loys were sealed into evacuated silica ampoules with a re-
sidual pressure of approximately 4 · 10–4 Pa at room tem-
perature. The sealed ampoules with Cu-4.9 wt.% Co discs
were solution treated at 1060 8C for 10 h and precipitation
treated at 570 8C for 840 h. The ampoules with Cu-
77 wt.% Ni discs were homogenized at 850 8C for 500 h.
After annealing they were quenched in water. The accuracy
of the annealing temperature was ±1 8C. After sawing,
grinding, and chemical etching, the 0.7 mm thick discs cut
from the as cast Nd–Fe–B-based alloys cylinders and an-
nealed Cu–Ni and Cu–Co discs were subjected to HPT in

a Bridgman anvil type unit (room temperature, pressure
5 GPa, 5 torsions, 1 rotation-per-minute) using a custom-
built computer controlled HPT device (W. Klement GmbH,
Lang, Austria). After HPT, the central (low-deformed) part
of each disc (about 3 mm in diameter) was excluded from
further investigations. The samples for structural investiga-
tions were cut from the deformed discs at a distance of 4–
5 mm from the sample centre. Scanning electron micro-
scopy (SEM) investigations were carried out in a Tescan
Vega TS5130 MM microscope equipped with a LINK en-
ergy-dispersive spectrometer and on a Philips XL30 scan-
ning electron microscope equipped with a LINK ISIS en-
ergy-dispersive spectrometer produced by Oxford Instru-
ments. Transmission electron microscopy (TEM, HRTEM,
STEM, EDXS) studies were carried out on TITAN 60-300
instrument, TECNAI F2 electron microscope with accelera-
tion voltage of 200 kV and on a PHILIPS CM20 micro-
scope at an accelerating voltage of 200 kV. X-ray diffrac-
tion (XRD) data were obtained on a Siemens diffractometer
(Co-Ka radiation). Grain (crystallite) size was estimated by
the XRD line broadening and using the Scherer formula.

3. Results and discussion

Figure 1 shows the dependence of torsion torque on the ro-
tation angle (strain) for the Cu-4.9 wt.% Co alloy in two
states (Fig. 1a) and for the as-delivered Nd–Fe–B-based
alloys (Fig. 1b). The Cu-4.9 wt.% Co alloy was in two
states, namely after annealing at 1060 8C for 10 h and after
annealing at 570 8C for 840 h. In the first case Co was fully
dissolved in Cu because the solubility of Co in Cu at
1060 8C is about 8 wt.% Co [68]. In the second case the
Cu-based solid solution almost fully decomposed: less than
0.5 wt.% Co remained dissolved in Cu (based on XRD
measurements and the phase diagram [68]). It can be clearly
seen that the torsion torque in the Cu-4.9 wt.% Co alloy in
both states becomes almost constant after about 0.5 anvil
rotations (Fig. 1a). The torsion torque in Al alloys also be-
comes stationary after about 0.5–1 rotation [69]. The Nd–
Fe–B-based alloy behaves slightly differently (Fig. 1b).
After a quick starting increase of torsion torque from zero
to*250 N·m, a slow work hardening takes place. The tor-
sion torque linearly increases until *2.5 anvil rotations.
After this point the torsion torque stabilizes between 370
and 390 N·m. The Nd–Fe–B-based alloy is much harder
than the studied Cu–Co alloy; therefore, the steady state
value of torsion torque for the Nd–Fe–B-based alloy
(Fig. 1b) is about four times higher than that of Cu-
4.9 wt.% Co alloy (Fig. 1a). Moreover, the slow hardening
stage is absent in the curve for fully crystalline Cu-
4.9 wt.% Co alloy (Fig. 1a). In our opinion, the slow hard-
ening appears during amorphization of the Nd–Fe–B-
based alloy.
As usual [70, 71], HPT of both Cu-4.9 wt.% Co alloys

and of homogenized Cu-77 wt.% Ni alloy leads to strong
grain refinement (Figs. 2 and 3). The grain size d before
HPT was between 50 and 500 lm [66, 72]. After HPT the
grain size d measured by TEM was about 200 nm in both
Cu-4.9 wt.% Co alloys (Fig. 2) and about 150 nm in the
Cu-77 wt.% Ni alloy (Fig. 3). The grain size in pure copper
after HPT (5 rotations after 6 GPa) measured by TEM was
between 100 and 300 nm [73]. A similar grain size in pure
copper after HPT (200–300 nm) was observed by TEM
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also in Ref. [74]. XRD of the same samples gave the crys-
tallite size (or the size of coherently scattered domains) of
50 nm after HPT at 4 GPa and 70 nm after 2 GPa [74].
Careful TEM investigation of pure Cu (HPT, 5 rot, 7 GPa)
permitted observation of rather large grains with size of
100–200 nm containing elongated 10–20 nm small sub-
grains as well as a certain amount of very fine equiaxed
grains with a size of 10–20 nm [75]. The addition of a sec-
ond component to pure copper usually leads to smaller
grain size after SPD, as in Cu–In alloys [76]. The smaller
grain size in Cu-77 wt.% Ni alloy in comparison with Cu-
4.9 wt.% Co alloy correlates with this tendency. Such a de-
crease in grain size has also been observed in alloys exhibit-
ing solution hardening after ball milling [3]. In this work
the GBs in Cu–Co and Cu–Ni alloys after HPT are thin
and well-defined (with thickness about 2–3 nm and abrupt
orientation contrast in dark field TEM images between
neighbouring grains) as they always are in HPT-treated
Cu-alloys with positive mixing enthalpy [2, 15, 66, 77]. In
contrast, in the Cu–In alloys with negative mixing enthalpy
the grain boundaries are broad and less-defined (their thick-
ness reaches 10–15 nm where one grain continuously
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Fig. 1. Dependence of HPT torsion torque on the rotation angle. (a)
For the Cu-4.9 wt.% Co alloy after annealing at 570 8C for 840 h (open
triangles) and at 1060 8C for 10 h (stars). (b) For the as-delivered com-
mercial Nd–Fe–B-based alloy.

Fig. 2. TEM micrographs of Cu-4.9 wt.% Co alloy annealed at
1060 8C for 10 h after HPT (5 GPa, 5 rot, 1 rpm): (a) Bright field; (b)
Dark field; (c) Diffraction pattern. (d) Histogram for the distribution
of grain size d.
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transforms into another) [76]. Such grain boundaries are
frequently called non-equilibrium [78].
The commercial Nd–Fe–B-based alloy behaves differ-

ently, and not only from the mechanical point of view
(Fig. 1). The starting mixture of major Nd2Fe14B phase
and some minor crystalline phases amorphyses during
HPT (Fig. 4). The amorphous matrix contains very fine
Nd2Fe14B grains with a size of 5–10 nm (Fig. 4a). The ra-
dial intensity distribution corresponding to the selected area
electron diffraction pattern is shown in Fig. 4c. The posi-
tions of the peaks in the plot correspond to the tetragonal
Nd2Fe14B phase. The profile also contains a wide amor-
phous halo. Using the fast Fourier transform (FFT) of the
HRTEM images from Nd-rich and Fe-rich areas we can es-
timate the d-values corresponding to the halo position for
two amorphous phases with different compositions, which
are 0.197 nm and 0.204 nm for Fe-rich and Nd-rich areas
accordingly. The careful concentration measurements also
show that the samples after HPT contain two different
amorphous phases, Fe-rich and Nd-rich ones (Fig. 5). The
sharp interface can be seen in the concentration profile be-
tween Fe-rich and Nd-rich amorphous phases (Fig. 5).
Figure 6a shows the dependence of the lattice parameter

(measured by XRD) in Cu-4.9 wt.% Co alloy annealed at
570 8C for 840 h (circles) and at 1060 8C for 10 h (squares)
on the rotation speed between 0.2 and 2 rpm. The lattice pa-
rameter of the alloy annealed at 570 8C before deformation
is very close to that of pure copper (diamond). With an in-
creasing number of rotations, the lattice parameter of alloy
annealed at 570 8C decreased and that of alloy annealed at
1060 8C increased. After 5 anvil rotations (18008) with a
speed of 1 rpm the lattice parameter in both samples be-
comes almost indistinguishable and corresponds to the solid
solution of 2.5 wt.% Co in Cu. Figure 6c shows XRD pat-
terns of (222) peak for the Cu-4.9 wt.% Co alloy before
HPT and after HPT with 1 rpm, 5 rotations. The dotted line
allows one to compare the position of the (222) peak before
and after HPT. It visualizes how the (222) peaks \come to-
gether" during HPT. In other words, the composition of
the solid solution in the Cu-4.9 wt.% Co alloy after the giv-
en HPT processing does not depend on the initial state prior
to HPT. Thus, the steady-state with respect to the grain size,
size of Co precipitates and concentration of Co in a solid so-
lution during HPT is indeed equifinal. It can be seen from
Fig. 6a that the lattice parameter after 5 anvil rotations is al-
most constant between 0.2 and 2 rpm. This means that the
equifinal state in Cu–Co alloys is rather insensitive not
only to the starting state but also to the strain rate.
Figure 6b shows the dependence of the lattice parameter

(measured by XRD) in Cu-77 wt.% Ni alloy on the HPT
pressure between 3 and 8 GPa (5 rotations, 1 rpm). Open
circles show the lattice spacing in the solid solution after
homogenization at 850 8C for 500 h. HPT leads to the disso-
lution of the homogeneous solid solution into two fcc-
phases, Cu-rich (filled diamonds) and Ni-rich (filled cir-
cles) ones. It can be seen from Fig. 6b that the lattice pa-
rameter in Cu-rich and Ni-rich phases after 5 anvil rotations
with a speed of 1 rpm is almost constant between 3 and
8 GPa. This means that the steady-state in Cu–Ni alloys is
rather insensitive to the HPT pressure.
Figure 7a shows the Cu-rich part of the Cu–Co phase

diagram [68]. Open circle corresponds to the composition
of the Cu-4.9 wt.% Co alloy annealed at 570 8C for 840 h.
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Fig. 3. TEM micrographs of Cu-77 wt.% Ni alloy homogenized at
850 8C for 500 h after HPT (8 GPa, 5 rot, 1 rpm): (a) Bright field; (b)
Dark field; (c) Diffraction pattern. (d) Histogram for the distribution
of grain size d.
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Open square corresponds to the composition of the Cu-
4.9 wt.% Co alloy annealed at 1060 8C for 10 h. Filled cir-
cles and squares correspond to the composition of Cu-based
matrix in the Cu-4.9 wt.% Co alloy after HPT (5 GPa, 5 ro-
tations) with different rotation speed between 0.2 and
2 rpm. The filled points \sit" on the solvus line at Teff =
890 ± 30 8C. This means that the composition of Cu-matrix
and the amount of Co-precipitates after HPT of both Cu-
4.9 wt.% Co alloys is the same as if they had been annealed
at Teff = 890 ± 30 8C. However, by defining of Teff using the
equilibrium phase diagrams one should not forget the possi-
ble influence of grain boundary segregation. The alloys
after HPT have very high specific area of grain boundaries
and interphase boundaries. In the case of strong GB segre-
gation, the total solubility of a second component can
strongly increase [28, 79].
Figure 7b shows the Cu–Ni phase diagram [68]. Open

circle corresponds to the composition of the Cu-77 wt.%
Ni alloy homogenized at 850 8C for 500 h. Filled diamonds
and circles show the composition of two homogeneous fcc
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Fig. 4. (a) Bright filed TEM micrograph of HPT-deformed commer-
cial Nd–Fe–B-based alloy. (b) Electron diffraction pattern. (c) Radial
distribution of scattered electrons. The amorphous halo and lines of
Nd2Fe14B phase are visible.

Fig. 5. (a) Z-contrast image obtained by HAADF STEM showing of
the Nd-rich (left) and Fe-rich (right) amorphous phases in the HPT-de-
formed commercial Nd–Fe–B-based alloy. (b) Intensity of Fe-K
(thick line) and Nd-L (thin line) EDS peaks. The position of the line
profile is shown in Fig. 5a.
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Fig. 6. (a) Dependence of the lattice parameter (measured by XRD) in
Cu-4.9 wt.% Co alloy annealed at 570 8C for 840 h (circles) and at
1060 8C for 10 h (squares) on the rotation speed between 0.2 and 2
rpm. The lattice parameter for pure Cu is given for comparison and
shown by the open diamond. (b) Dependence of the lattice parameter
(measured by XRD) in Cu-77 wt.% Ni alloy on the HPT pressure be-
tween 2 and 8 GPa (5 rotations, 1 rpm). Open circles show the lattice
spacing in the solid solution after homogenization at 850 8C for 500 h
before HPT. After HPT appear Cu-rich (filled diamonds) and Ni-rich
(filled circles) phases appear. (c) XRD patterns for the Cu-4.9 wt.%
Co alloy annealed at 570 8C (top) and at 1060 8C (middle) before HPT
and annealed at 570 8C after HPT with 1 rpm, 5 rot (bottom). Dotted
line allows to compare the position of (222) peak after HPT with its po-
sitions before HPT.

Fig. 7. (a) Cu-rich part of the Cu–Co phase diagram [68]. Open circle
corresponds to the composition of the Cu-4.9 wt.% Co alloy annealed
at 570 8C for 840 h. Open square corresponds to the composition of
the Cu-4.9 wt.% Co alloy annealed at 1060 8C for 10 h. Filled circles
and squares at Teff = 890 ± 30 8C correspond to the composition of
Cu-based matrix in the Cu-4.9 wt.% Co alloy after HPT (5 GPa, 5 rota-
tions) with different rotation speed between 0.2 and 2 rpm. (b) Cu–Ni
phase diagram [68]. Open circle corresponds to the composition of the
Cu-77 wt.% Ni alloy (dotted vertical line) homogenized at 850 8C for
500 h. Filled diamonds and circles show the composition of two homo-
geneous fcc solid solutions at Teff = 200 ± 20 8C. (c) The 80 at.% Fe
section of the Nd–Fe–B phase diagram [79–82]. Large filled circle
shows the effective temperature Teff = 1170 ± 30 8C.
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solid solutions, namely Cu-rich and Ni-rich ones, respec-
tively. They appear after HPT as a result of quick decompo-
sition of homogeneous Cu-77 wt.% Ni fcc solid solution.
The filled points \sit" on the line of the (Cu, Ni) « (Cu,
Ni)1 + (Cu, Ni)2 decomposition dome at Teff = 200 ± 20 8C.
This means that the composition of Cu-rich and Ni-rich
phases is the same as if they had been annealed at Teff =
200 ± 20 8C.
The situation in Nd–Fe–B-based alloy is more compli-

cated. The strong external forces acting during HPT also
caused the phase transformation in the material, namely
the formation of two different amorphous phases from crys-
talline ones and very strong refinement of remaining
Nd2Fe14B grains. Historically, such unusual behaviour was
first observed in materials under severe irradiation [62].
Martin proposed for the first time a simplified mean-field
description of solid solutions subjected to irradiation-in-
duced atomic mixing [62, 63]. His main idea was that the
forced mixing induced by irradiation emulates the increase
of entropy and changes the thermodynamic potentials in
the alloy. Martin also proposed for the first time to use the
equilibrium phase diagram for the description of the system
under irradiation, but at Teff instead of the actual tempera-
ture T. For example, if the liquid phase is present in the
phase diagram at Teff, the amorphous phase would appear
under irradiation [62, 63]. The composition of the phases
after SPD allows localizing those phases in the respective
equilibrium phase diagram (as we did above for the Cu–
Co and Cu–Ni alloys) and estimation of effective tempera-
ture Teff. In case of Nd–Fe–B-based alloy HPT leads to the
formation of two amorphous phases. The Nd–Fe–B phase
diagram contains two immiscible melts above 1150 8C
[80–83]. Therefore, the effective temperature is slightly
above 1150 8C and can be estimated as Teff = 1170 ± 30 8C
(Fig. 7c, large filled circle).

4. Conclusions

Severe plastic deformation by HPT leads to phase transi-
tions and strong grain refinement in several metallic alloys.
SPD-treatment at ambient temperature TSPD is frequently
equivalent to heat treatment at a certain elevated (effective)
temperature Teff. The steady-state is reached during HPT
after a certain number of anvil rotations. The structure and
properties of a material in a steady state (including compo-
sition of phases) do not depend on those in the starting state
before HPT, in other words they are equifinal. The compo-
sition of phases in Cu–Ni, Co–Cu and Nd–Fe–B-based
alloys after HPT corresponds to the states at 200, 890 and
1170 8C, respectively, and is rather insensitive to the HPT
rate (between 0.2. and 2 rpm) and pressure (between 3 and
8 GPa).
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