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ABSTRACT

The high-pressure torsion (HPT) of binary copper alloys with 3, 5, 8, 10 wt. % Ag and 14 wt. % Sn has been
studied at room temperature Typr. Before HPT, the Cu—Ag alloys have been annealed at 12 different tempera-
tures between 320 and 800 °C and Cu—14 wt. % Sn has been annealed at 9 different temperatures between
310 and 500 °C. Thus, before HPT the Cu—Ag alloys consisted of Ag-particles in the Cu-based matrix with sil-
ver content cj,;; from almost zero to 8 wt.%. The Cu—14 wt. % Sn samples had Cu-based matrix with tin con-
centration cjn;c from almost zero to 14 wt.% Sn and precipitates of ¢ or 6 Hume-Rothery intermetallic phases.
After about 1.5 plunger rotations a certain steady-state concentration c, of the alloying element is reached
in the matrix. The measured css values were 5.54+0.1 wt. % Ag and 13.1£0.1 wt. % Sn. If the initial concentra-
tion Cinie in Cu matrix was below css (Cinit < Css), it increased towards css during HPT. If ¢jnie > €5 it decreased
towards cs. We observed that ¢, did not depend on ¢y, in broad interval of c;,; and was, therefore, equifinal.
The equifinal css values corresponded to the certain equilibrium solubilities of silver and tin in Cu matrix and
allowed to estimate the (elevated) effective temperature as Tegr (Ag) = 700+£10 °C and Teg (Sn) = 400+£10 °C,
respectively. The observed phenomena are discussed using the ideas of non-equilibrium thermodynamics of
open systems. During HPT the decomposition of a solid solution competed with dissolution of precipitates.
As a result, a dynamic equilibrium established between precipitation and dissolution at steady-state defor-
mation stage. In this dynamic equilibrium a certain steady-state concentration cs of the alloying element is
reached in the matrix. In Cu-based alloys, the obtained T is always higher than Typr and correlates with
activation enthalpy of dopant diffusion in Cu. Other HPT-driven phenomena such as accelerated mass trans-
fer, intermetallic phase formation, grain boundary faceting and grain boundary segregation are taken into
account to evaluate the effective temperature Tegr.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

In closed systems (i.e. those well separated from the environ-
ment) the equilibrium state can be reached. For certain values of

Generally, during high-pressure torsion (HPT) the decomposition
of a solid solution very often competes with dissolution of the sec-
ondary phase precipitates [1-5]. As a result, a dynamic equilibrium
between these two processes is established, and a certain steady-
state (or stationary) concentration cs of alloying element in the
matrix is reached [4]. In order to understand the peculiarities of this
process, we would like to apply the ideas of thermodynamics of non-
equilibrium processes [6-9)].
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external parameters (like temperature, pressure, magnetic field
etc.) only one equilibrium state exists and corresponds to the mini-
mum of free enthalpy (or maximum of entropy) [6]. In the multi-
component and multiphase systems the equilibrium state is
described by a certain amount of each phase and certain composi-
tion of them. The variety of equilibrium states at different tempera-
tures, pressures, compositions etc. is described by the equilibrium
phase diagrams [10]. If we slightly change the temperature or pres-
sure, the initial equilibrium state becomes non-equilibrium, and the
driving force appears which moves the system towards the new
equilibrium [6,8]. Thus, the true thermodynamic equilibrium state
does not depend on the initial state. It should only correspond to
the minimum of free enthalpy.
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If a system is not closed and a certain energy flux from outside to
or through the system exists, the system becomes non-equilibrium.
In order to describe such systems we should use the instruments of
non-equilibrium thermodynamics [7,8]. If the deviation from equilib-
rium is small, the linear non-equilibrium thermodynamics is applica-
ble [6]. If the deviation from equilibrium is large, the instruments of
non-linear non-equilibrium thermodynamics should be used [8,9]. In
the case of small deviation from equilibrium, one still can use the
equilibrium phase diagrams and the (stable and metastable) phases
from these diagrams [10]. In the case of large deviation from equilib-
rium, new (so called dissipative) structures can arise. The dissipative
structures cannot be anymore described with equilibrium phase dia-
grams [8,9]. The most famous dissipative structures are the so-called
Bénard cells which appear by increase of thermal gradient and transi-
tion from conductive to convective heat conduction or Belousov-Zha-
botinsky reaction with oscillations [8,9].

The processes of severe plastic deformation (SPD), in particular of
high pressure torsion are strongly non-equilibrium [11]. Therefore,
the approach and ideas of non-equilibrium thermodynamics should
be used for the description of SPD-driven phenomena. In particular, if
the external conditions (like the energy flux through the system) are
stable, the certain stationary state (called also steady-state) estab-
lishes in the open system. The condition of its existence is the lowest
entropy production (instead of minimum free enthalpy for equilib-
rium ones) [7]. Such stationary state is sustainable. It means that if
the small deviation appears from the stationary state (and the
entropy production deviates from the minimum), the driving force
arises which moves the system back towards the stationary state
[6,7]. In this case such stationary state is called equifinal [12], because
it does not depend on the starting state. From this point of view, the
equifinality for stationary states in open systems is similar to the equi-
librium for the closed systems.

The HPT-driven competition between decomposition of supersat-
urated solution and dissolution of precipitates is the good example of
such equifinal processes. During HPT, after a certain transition stage
(about 1-1.5 revolutions of HPT anvils), the dynamic equilibrium
appears between decomposition of supersaturated solution and dis-
solution of precipitates [13]. In this dynamic equilibrium a certain
steady-state concentration of alloying element css in solid solution
establishes. The concentration c is equifinal, in other words it does
not depend on the initial state before HPT. If the initial concentration
in a solid solution cj,;; is lower than cg i.e. Cinir < Css, it increases
towards css during HPT. If the initial concentration in a solid solution
Cini¢ 1S higher than cg i.e. cinir > Css, it decreases towards cgs during
HPT. This phenomenon we observed in the Cu—Co, Cu—Ag and
Cu-Sn systems [2,3,5]. We annealed the Cu—Co, Cu—Ag and Cu-Sn
samples at two temperatures in such a way that in one sample ¢j,;; <
Css and in other i) Css. And indeed, during HPT in the first case cjn;t
increased and reached cg, and in second case cj,; decreased and
reached cg [2,3,5]. Thus, ¢ plays a role of a certain attractor [9] for
HPT of diluted copper-based alloys. It means that, due to the equifin-
ality, the css point "attracts” the system during HPT if initial concen-
tration cj,i in a solid solution differs from c,. However, the
thermodynamics of non-equlibrium processes predicts that each

Table 1

attractor has a certain sustainability area in a phase space from which
the points are moving towards it. Other attractors have different
areas separated by energetic mountains (ridges) maybe with saddles
[8,9]. In our previous experiments the cjnit < Css and Cipir > Css Values
were not far away from cg [2,3,5]. Thus, the question arises, how
broad is the sustainability area of each attracting css point? Can we
reach its boundaries? Can we find another attractor(s)? In order to
answer these questions, we annealed the Cu—Ag and Cu—Sn alloys in
the broad interval of temperatures in order to get the interval of cjy;
values as broad as possible and subjected them to the HPT treatment.

2. Experimental

The copper alloys with 3, 5, 8, 10 wt. % Ag and 14 wt. % Sn in the
form of cylindrical ingots, have been prepared from the high-purity
5N8 Cu, 5 N Ag and 5N3 Sn by the vacuum induction melting. For the
HPT processing, the 0.6 mm thick disks were cut from the as-cast
ingots, then ground and chemically etched. They were sealed into
evacuated silica ampoules with a residual pressure of approximately
4 x 10~ Pa at the room temperature. The annealing temperatures and
durations were given in Table 1. The annealed samples were HPT-
processed at room temperature for five full plunger revolutions at a
constant rotation speed of one rotation per minute and a pressure of
6 GPa using a custom built computer controlled HPT device (W. Kle-
ment GmbH, Lang, Austria). An equal construction of the anvils was
used to produce all the HPT-samples of 0.35 mm in thickness.

Torsion straining of a disc sample of diameter 2R and thickness t
produces a shear strain y:

y=2mnrjt (1)

n being the number of rotations of the mobile anvil, r being the dis-
tance from the sample centre. y varies from zero on the sample axis
to a maximum value Y.« on the lateral surface (situated at a distance
r =R from the axis). For comparison of shear deformation with tensile
strain, the equivalent strain value e.q can be used [14,15]:

eeq = ¥/V3 = 2mnr/tV3 )

All samples for the investigations were cut from the deformed
disks at a distance of r = 3 mm from the sample centre. For this dis-
tance and 5 anvil rotations y = 270 and e.q = 156, respectively. This
strain value has been typically used for the production of nano-
grained materials in earlier studies [1,14,15]. The strain rate for y is
about 0.9 s~ and for e it is about 0.5 s~ . It follows from the Egs. (1)
and (2) that a certain strain gradient exists in HPT samples. Therefore,
the samples for the microstructure studies were cut from the HPT-
processed disks at a distance of R = 3 mm from the sample centre. For
the metallographic investigations the samples were ground with SiC
grinding paper, and sequentially polished with 6, 3, and 1 um dia-
mond pastes. The prior inspection of obtained material was carried
out on a Dual beam high-resolution Scanning Electron Microscopy
(SEM) FEI Quanta 3D FEGSEM integrated with the EDAX Trident sys-
tem for an energy dispersive X-ray (EDX) microanalysis. The details
of microstructure were studied using a TECNAI G2 FEG super TWIN
(200 kV) transmission electron microscope (TEM) equipped with the

The annealing temperatures T and durations t for Cu—Ag and Cu—Sn alloys.

Cu—Ag alloys

T,°C 320 380 400 500 600
th 1200 1200 1200 710 770

Cu-Sn alloys

620 650 700 750 780 790 800
450 100 100 200 290 300 300

T.°C 310 320 330 365 370
th 1702 1200 910 1025 715

400 430 500 570
888 600 894 288
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EDX spectrometer manufactured by EDAX. The thin foils for TEM
observation were prepared by a twin-jet polishing technique using
an electrolyte D2 manufactured by Struers company. The X-ray dif-
fraction (XRD) patterns were obtained in the Bragg—Brentano geom-
etry in a powder diffractometer (Philips X'Pert) with Cu-Ko radiation.
The Pseudo-Voigt function was used for fitting of XRD peak profiles.
Lattice parameters were evaluated by the Fityk software [16] using a
Rietveld-like whole profile refinement. An empirical rule known as
Vegard’s rule (1921) was taken into account for subsequent analysis
of solid solutions. The phase analysis was also made by high energy
synchrotron radiation and a 2D detector using PO7B line in DESY,
Hamburg, Germany. The wave length was 0.014235 nm (87.1 KeV).
The use of such an energy allowed experiments in transmission
mode resulting in much better grain statistic compared to the con-
ventional X-ray diffraction.

3. Results

According to Table 1, a number of alloys attributed to Cu-based
solid solutions of the Cu—Ag and Cu—Sn systems were treated by
annealing and subsequent quenching into ice-water in order to per-
form a wide range of different initial compositions. These treatments
led to various concentrations of Ag and Sn in the (Cu) matrix and to
the secondary phase precipitations. Some initial states contained (Cu)
solid solution only. In Fig. 1 the Cu-rich parts of Cu—Ag (a) and Cu—Sn
(b) phase diagrams are presented [10]. The squares show the anneal-
ing temperatures and concentrations in alloys before (solid ones) and
after HPT (open ones). The arrows show how the composition of (Cu)
matrix changed during HPT. The vertical dashed lines are for the css
steady state concentrations in Cu—Ag (a) and Cu—Sn (b) alloys.

SEM micrographs of various Cu—Ag alloys are shown in Fig. 2.
Fig. 2a presents the microstructure of the Cu-8 wt% Ag alloy
annealed at 500 °C for 710 h as the initial state before HPT. The (Cu)
solid solution matrix appears as dark background for the Ag precipi-
tates, which are visible as bright spots. The grain size in (Cu) matrix is
about dozens of micrometers. The (Cu) grains are slightly elongated
perpendicular to the ingot axis. Two kinds of Ag precipitates can be
distinguished. The bigger ones of about 3-4 ;«m are located mainly in
the (Cu)/(Cu) grain boundaries (GBs) and GB triple junctions (T]Js).
The fine Ag precipitates of about 50-10 nm are mainly inside of the
(Cu) grains, but they also form chains along the (Cu)/(Cu) GBs. Fig. 2b
shows the Cu—8 wt.% Ag alloy annealed at 500 °C for 710 h after HPT.
The (Ag) precipitates are transformed into broad bands with fuzzy
borders. These broad bands fill the volume of the specimen almost
uniformly. They consist of small individual particles that cannot be
resolved in SEM images.

The initial state of Cu—8 wt.% Ag alloy annealed at 600 °C for 770 h
is shown in Fig. 2c. The grain size in (Cu) matrix is about 10-20 pm.
The (Cu) grains seem to be equiaxial. Only large silver precipitates
are visible. Their size is 1-5 pm, and they are also located mainly in
the (Cu)/(Cu) GBs and TJs. However, they are more equiaxial than in
Fig. 2a. The fine Ag precipitates which could be visible in SEM micro-
graphs (Fig. 2a) are absent. Fig. 2d shows the Cu—8 wt.% Ag alloy
annealed at 600 °C for 770 h after HPT. The (Ag) precipitates are also
transformed into broad bands with fuzzy borders. However, their
morphology differs from those in Fig. 2b. One can observe here how
the individual (Ag) precipitates are fragmented during HPT.

Fig. 2e shows the Cu—8 wt.% Ag alloy annealed at 780 °C for 290 h.
The (Cu) grains have a size of about 500 um and they are free from
Ag precipitates. However, the narrow bands of discontinuous precipi-
tates [17] exist along the (Cu)/(Cu). They are well visible in GB TJ
(Fig. 2f). Fig. 2g shows the Cu—10 wt.% Ag alloy annealed at 780 °C for
290 h. This alloy contains more silver than previous one. Therefore, it
solidified at the eutectic temperature T, during the cooling. Just
above T, the (Cu)/(Cu) GBs are (completely or partially) wetted by the
Ag-rich melt. Thus, the (Cu) grains have a size of about 200-500 um
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Fig. 1. Cu-rich parts of Cu—Ag (a) and Cu—Sn (b) phase diagrams [10]. The squares
show the annealing temperatures and concentrations in alloys. Solid squares show the
composition in the matrix (Cu) solid solution before HPT. Open squares show the com-
position in the matrix (Cu) solid solution after HPT. The arrows show how the composi-
tion of (Cu) matrix changes during HPT. The vertical dashed lines show the c,s steady
state concentrations in Cu—Ag (a) and Cu—Sn alloys.

and are free from Ag precipitates. The (Cu) grains are surrounded by
the Ag-rich layers transformed into (Cu)+(Ag) mixture with typical
eutectic structure good visible in GB TJ (Fig. 2h).

In Fig. 3 the bright field (a, d, g, j) and dark field (b, e, h, k) TEM
micrographs with selected area electron diffraction pattern (c, f, i, 1)
are shown for the Cu—8 wt.%Ag (a-i) and Cu—10 wt.%Ag (j-1) alloys
after HPT deformation at 500 °C (a—c), 600 °C (d—f) and 780 °C (g-1).
In all samples the copper grains are strongly refined after HPT, and
their size is about 100—200 nm. The silver rings in the diffraction pat-
tern for Cu—8 wt.%Ag samples (Fig. 3 a-i) after HPT are very weak, and
respective Ag particles are hardly visible. Only in the Cu—10 wt.%Ag
sample (Fig. 3 g-1) the strongest silver rings in the diffraction pattern
are visible and silver particles are also visible as white spots in the
bright field image (Fig. 3j). The size of these silver particles is about
20-50 nm.

Synchrotron XRD patterns of Cu—8 wt.% Ag alloy before (a, c, e)
and after HPT deformation (b, d, f), previously annealed at 500 °C (a,
b), 600 °C (c, d) and 800 °C (e, f), are displayed in Fig. 4. The number
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Fig. 2. SEM micrographs of Cu—Ag alloys. (a, b) Cu—8 wt. %Ag alloy annealed at 500 °C for 710 h before (a) and after (b) HPT. (¢, d) Cu—8 wt. %Ag alloy annealed at 600 °C for 770 h
before (b) and after (d) HPT. (e, f) Cu—8 wt. %Ag alloy annealed at 780 °C for 290 h. (f) the magnified view of GB T] from Fig. 2e. (g, h) Cu—10 wt. %Ag (e) alloy annealed at 780 °C for

290 h. (h) the magnified view of GB TJ from Fig. 2g.

of individual spots at XRD rings of annealed samples (Figs. 4 a,c,e)
decreases with increasing annealing temperature. It means that the
size of copper grains in the annealed samples increases with increas-
ing temperature from 500 to 800 °C. The silver rings are absent in
Fig. 4f, though silver rings are visible in the comparable selected area
electron diffraction patterns in Fig. 3i. The explanation of that is that
the sensitivity of SAED in TEM is higher than that of X-rays or even
synchrotron diffraction. In the HPT-treated samples all XRD rings
become almost continuous; the individual spots are not more resolv-
able. The rings themselves become broader. It means that HPT leads

to the strong grain refinement. In Fig. 5, the synchrotron XRD pat-
terns are compared for the copper alloys with 3 (a), 5 (b), 8 (c) and
10 wt. % Ag (d) annealed at the same temperature of 800 °C. Silver
rings are absent in the Figs. 5 a,b,c. They are present in Fig. 5d, i.e.
only in the sample with 10 wt. % Ag. In Fig. 6 the synchrotron XRD
pattern is presented for the 10 wt. % Ag alloy annealed at 800 °C and
HPT treated after annealing. In comparison to Fig. 5d, all XRD rings
become almost continous after HPT; the individual spots are not
resolvable anymore, and diffraction rings of silver appeared to be
clearly visible.
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Cu(004)
Cu(222)
Cu(133)

Cu(022)
Ag(022)

Cu(002)
Cu(11)

Cu(024) ¢, (133)

Cu(004)
Ag(133)

Ag(111)

Fig. 3. Bright field (a, d, g, j) and dark fields (b, e, h, k) TEM micrographs with selected area electron diffraction patterns (c, f, i, I) for the Cu—wt. 8% Ag alloy (a-i) and Cu—wt. 10% Ag
alloy (j-1) after HPT deformation, previously annealed at 500 °C (a-c), 600 °C (d-f) and 780 °C (g-1). The position of the objective aperture for the respective dark field images is

marked by a white circle.

In Fig. 7, the XRD patterns obtained using conventional diffrac-
tometer are shown for the copper alloy with 8 wt. % Ag after anneal-
ing and following HPT. For the Cu—8 wt. % Ag alloy annealed at 500 °
C the XRD peaks of copper shift to the left (i.e. towards lower diffrac-
tion angles) after HPT. For the Cu—8 wt. % Ag alloy annealed at 790 °C
the XRD peaks of copper shift to the right (i.e. towards higher diffrac-
tion angles) after HPT.

Dependences of the lattice parameter in the (Cu) matrix solid
solution of Cu—Ag alloys on the annealing temperature before and
after HPT are presented in Fig. 8. The solid squares present the con-
centration in (Cu) after annealing before HPT, while the open squares
correspond to the concentration in the (Cu) matrix solid solution
after annealing and HPT deformation. Further, the red arrows show
how the concentration of Ag in (Cu) matrix changes after HPT. Finally,
the grey square indicates the lattice parameter value in pure copper.
As one can see from Fig. 8, a certain steady-state lattice parameter is
about 0.3634 nm. If the lattice parameter in (Cu) solid solution before
HPT is below than 0.3634 nm, the HPT leads to the increase of (Cu)
lattice parameter, i.e. to the increase of silver content in (Cu) matrix.
Correspondingly, if the lattice parameter in (Cu) solid solution before

HPT is higher than 0.3634 nm, the HPT leads to its decrease, i.e. to the
decrease of silver content in (Cu). However, the lattice parameter
reaches the 0.3634 nm value not for all the samples after HPT, but
indicates the samples that undergo either decomposition or enrich-
ment of (Cu) solid solution.

SEM micrographs of Cu—14 wt. % Sn alloy annealed at 320 °C for
1200 h before (a) and after (b) HPT are presented in Fig. 9. In accor-
dance with Cu—Sn phase diagram (Fig. 1, [10], the sample contains
the Cu-based « solid solution (appears as dark in the micrographs)
and ¢ intermetallic phase (appears as bright in the micrographs). The
¢ intermetallic phase is quite hard, and HPT did not lead to its signifi-
cant fragmentation. However, the coarse particles of e-phase are sur-
rounded by the «-phase border which appears lighter than the o
areas which are far away from ¢-phase. This is a sign of a certain dis-
solution of some tin atoms in the a-phase teared off the ¢-phase. The
SEM micrographs of Cu—14 wt. %Sn alloy annealed at 370 °C for
715 h before (a) and after (b) HPT are shown in Fig. 10. They are quite
similar to those in Fig. 9. Namely, the sample also contains the Cu-
based « solid solution (appears as dark in the micrographs) and &
intermetallic phase (appears as bright in the micrographs). Also, the
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Fig. 4. Synchrotron X-ray diffraction patterns of Cu—8 wt. % Ag alloy before (a, c, e) and after HPT deformation (b, d, f), previously annealed at 500 °C (a, b), 600 °C (c, d) and 800 °C (e, f).

coarse particles of e-phase after HPT are surrounded by the o border
which appears lighter than the « areas and contain more tin than the
darker areas which are far away from e-phase. In Fig. 11, the SEM
micrographs of Cu—14 wt. % Sn alloy annealed at 500 °C for 894 h
before (a) and after (b) HPT are shown. In accordance with Cu—Sn
phase diagram (Fig. 1, [10]), the sample before and after HPT contains
only the Cu-based « solid solution.

In Fig. 12, the bright field (a) TEM micrograph and selected area
electron diffraction patterns (b, ¢) of Cu—14 wt. % Sn alloy after HPT
deformation, previously annealed at 320 °C for 1200 h are demon-
strated. Fig. 12a witnesses that the grain size in the Cu-based solid
solution (c-phase) strongly decreased. The electron diffraction pat-
terns (Figs. 12b,c) show that the sample after HPT indeed contains
the - and e-phases. Bright field (a) and dark field (b) TEM micro-
graphs with electron diffraction pattern (c) of Cu—14 wt. % Sn alloy
after HPT deformation, previously annealed at 500 °C for 894 h, are
shown in Fig. 13. The grain size in the Cu-based solid solution
(a-phase) also strongly decreased after HPT and estimated to be
about 200 nm. The electron diffraction pattern (Figs. 13c) shows that
the sample after HPT contains only «-phase.

The XRD patterns obtained with diffractometer are shown
(Fig. 14) for the copper alloy with 14 wt. % Sn after annealing at 320
and 500 °C and subsequent HPT. For the Cu — 14 wt. % Sn alloy
annealed at 320 °C, the XRD peaks of copper shift to the left (i.e.
towards lower diffraction angles) after HPT. For the Cu — 14 wt. % Sn
alloy annealed at 590 °C the XRD peaks of copper shift to the right (.
e. towards higher diffraction angles) after HPT. Fig. 15 represents the
changes in lattice parameter values for (Cu) matrix solid solution of
Cu—14 wt. % Sn alloy before and after HPT. The solid squares show
the concentration in (Cu) after annealing before HPT while the open
squares the concentration in (Cu) matrix solid solution after anneal-
ing and HPT. On the other hand, the red arrows show how the con-
centration of Sn in (Cu) matrix changes after HPT. As one can see, a
certain value of lattice parameter approaches to about 0.3693 nm
(shown by the vertical dotted red line). If the lattice parameter in
(Cu) solid solution before HPT is below than 0.3693 nm, the HPT leads
to the increase of (Cu) lattice parameter, i.e. to the increase of tin con-
tent in (Cu). Correspondingly, if the lattice parameter in (Cu) solid
solution before HPT is higher than 0.3693 nm, HPT leads to its
decrease, i.e. to the decrease of tin content in (Cu). However, the
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Cu-3wt®oAg

Cu-8wit®oAg

(©

Cu-5wt®oAg

Cu-10wt®0Ag

(d)

Fig. 5. Synchrotron X-ray diffraction patterns of Cu-based alloys with 3 (a), 5 (b), 8 (c) and 10 wt. % Ag annealed at 800 °C.

lattice parameter reaches the value of 0.3693 nm not for all the states
after HPT, but this meaning indicates the states of Cu-Sn alloy where
either decomposition or enrichment of (Cu) solid solution takes
place.

4. Discussion
4.1. Grain size and hardness in HPT stationary state (steady-state)

As it well known, methods of SPD allow to achieve extremely high
values of accumulated strain during refinement of the structure. HPT
technique implies that under conditions of applied pressure the given
sample can be deformed without break and nearly retains its original
shape. In general, the shape of the disk between two HPT anvils
remains unchanged even after dozens anvil rotations. Indeed, the
HPT can continue until the break of anvils (from ~20 rotations for

Cu-10wt®Ag + HPT

) {(220)Cu |

Fig. 6. Synchrotron X-ray diffraction pattern of Cu 10 wt. % Ag alloy after HPT deforma-
tion previously annealed at 800 °C.

hard Nd-Fe-B alloys [18,19] up to hundreds or even thousands anvil
rotations for the soft Al-, Mg- or Cu-based alloys [20—24]). With the
beginning of HPT processing, the amount of lattice defects increases.
One cannot expect that the concentration of defects (such as vacan-
cies, dislocations or grain boundaries) would continuously grow up
with the increasing number of anvil rotations. Taking into account
that HPT mostly proceeds at ambient conditions, the relaxation starts
even if HPT takes place at room temperature Typr. In this case, the
coefficients of conventional bulk diffusion at Typr are below
10739-107%% m?/s. The relaxation accelerates until its rate becomes
equal to the rate of defects production and dynamic equilibrium
establishes. One has to underline that usually the samples are almost
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Fig. 8. Plots showing the dependence of lattice parameter in the (Cu) matrix solid solu-
tion of Cu—Ag alloys on the annealing temperature before and after HPT. The solid
squares are for the concentration in (Cu) after annealing before HPT. The open squares
show the concentration in the (Cu) matrix solid solution after annealing and HPT. Red
arrows indicate how the concentration in (Cu) changes after HPT. Grey square denotes
the lattice parameter in pure copper. Vertical dotted line shows the concentration cs;.

not heated during HPT at ambient room temperature [25,26] and stay
just a little bit warm [27,28].

Therefore, the steady-state deformation is reached after some
number of anvil rotations [2,4,29]. For example, in the case of Al-, Cu-
, Mg- or even Ti-based alloys the torsion torque increases during first
1-1.5 rotations and then saturates [2,4,24,27,30]. If the material is
hard, like for example the Nd-Fe-B alloys, the torsion torque saturates
later [4,18,19]. In the steady state, other characteristics are also tend-
ing to saturation like, for example, the grain size value. The SPD-
driven grain refinement is the well-known process [11,24,31-35].
During SPD of coarse-grained pure metals, the grain size decreases
down to a few hundreds of nanometers, reaches its steady-state
value, and does not decrease further [28,36—39]. The steady-state
grain size is determined for different SPD techniques [4]. In case of
copper it is minimal for ball milling (BM) [40], slightly higher for HPT
[2,41-43] and further increases for planar twist channel angular
extrusion (PTCAE) [44], equal channel angular pressing (ECAP)
[42,45], ECAP with following HPT [42], ECAP with following cold roll-
ing [46], simple shear extrusion (SSE) [47,48] and constrained groove
pressing (CGP) [49].

For HPT, the steady-state grain size depends on strain rate, pres-
sure, and temperature of processing [4,29]. It is important that the
grain size in the dynamic equilibrium can be reached not only “from
the top” but also “from the bottom”. For example, if the coarse-grained
steel is subjected to HPT, the grains are refined down to 15—-20 nm
[35,50—-56]. On the other hand, if one takes the nanocrystalline steel

with grain size of 10 nm and subjects it to deformation, the grains do
not refine further, but grow up to the same steady-state value of
15—-20 nm [20]. Similar behaviour was also observed for the grain size
in nickel [57,58] and copper [59]. The Vickers microhardness saturates
during HPT as well [18,25,36,60—72]. Usually it increases during SPD
and correlates with tensile strength [21,31,32,62,65,73—75]. The main
strengthening mechanism is the Hall-Petch hardening driven by the
grain refinement [76]. Similar to grain size, if the initial hardness of an
alloy is higher than the steady-state one, then softening instead of
hardening takes place during SPD [77].

We can state that grain size and hardness of a material in a sta-
tionary or steady-state deformation during HPT treatment is equifinal
[12]. In other words, it is a function of HPT conditions (like tempera-
ture, pressure, strain rate), but not of the initial state of the sample (i.
e. its grain size and hardness). Moreover, there is a certain sustain-
ability area for the stationary or steady-state. That means the initial
grain size and/or hardness values can evolve to the stationary state
during HPT only if they are not too much away from the stationary
grain size and/or hardness.

4.2. Dissolution/precipitation and Ty in HPT stationary state

For a long time SPD has been generally established as a treatment
leading to the grain refinement [11,68] and to the formation of super-
saturated solid solution as well as dissolution of precipitates. How-
ever, the grain size decreases only if the grains in a material before
SPD were larger than that ones at deformation steady-state. The
grains will grow during SPD if their size was initially smaller. The
same is true also for the hardening/softening during SPD. From this
point of view, the dissolution/precipitation behaves similarly. In the
steady-state of deformation, a certain concentration cg of alloying
element reaches in the solid solution at the given conditions of SPD.
The c;s depends on the dynamic equilibrium between dissolution and
precipitation. If the initial concentration in a solid solution cjn;; is
below cg;, it increases during SPD and precipitates dissolve. Other-
wise, if cipit > Css, the concentration of second component in a solid
solution decreases and new precipitates appear (so-called dynamic
ageing). For the first time it was found in Al-Zn alloys [78]. Now it is
an established topic for investigations and the instrument for tailor-
ing the properties of materials [79].

In previous works we observed the phenomenon of dissolution/
precipitation for Cu—Ag [3], Cu—Sn [5] and Cu—Co [2] alloys only in a
relatively narrow interval of c;,;; concentrations close to the css value.
The goal of this work was to study this phenomenon for the broad
Cinit Fange in order to determine experimentally, how wide is sustain-
ability interval of ¢, where ciyir can evolve to css during HPT. It was
done both for Cu—Ag and for Cu—Sn alloys (see Figs. 1, 8 and 11). In
the Cu—Ag system, the steady state lattice parameter is about
0.3634 nm. If the lattice parameter in (Cu) solid solution before HPT
is below 0.3634 nm, the HPT leads to the increase of (Cu) lattice

Fig. 9. SEM micrographs of Cu—14 wt. % Sn alloy annealed at 320 °C for 1200 h before (a) and after (b) HPT.
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Fig. 10. SEM micrographs of Cu—14 wt. %Sn alloy annealed at 370 °C for 715 h before (a) and after (b) HPT.

parameter, i.e. to the increase of silver content in (Cu). If the lattice
parameter in (Cu) solid solution before HPT is above 0.3634 nm, HPT
leads to its decrease, i.e. to the decrease of silver content in (Cu). In
all samples, the lattice parameter comes very close to the 0.3634 nm
value after HPT, but it separates the states with either decomposition
or enrichment of (Cu) solid solution. According to the Vegards law [3]
the lattice parameter of 0.3634 nm corresponds to about c¢s = 5.5+
0.1 wt. % Ag dissolved in the (Cu) solid solution. The ¢y value is
shown in the Cu—Ag phase diagram (Fig. 1a) by the vertical dashed
line. The vertical dashed line intersects the solvus line (i.e. the line of
maximum solubility of silver atoms in copper-based solid solution) at
about 700410 °C. We called earlier this value as “effective tempera-
ture”, Ter [3]. Georges Martin originally proposed this term to
describe phase transformations driven by irradiation effects [80]. The
idea of this term is to imply that the sample after severe treatment
contains such phases as if it has been annealed at some elevated tem-
perature Teg. In our case the Cu—Ag samples after HPT contain the
(Cu) solid solution with such concentration as if they were annealed
at Tegr = 700410 °C. In this work the value Tei = 700+10 °C is deter-
mined basing on the analysis of twelve samples before and after HPT.
Nevertheless, it is very close to the Teg = 600+£10 °C estimated in our
first experiment with only two samples, one with ¢ < ¢ss and one
with Cinit > Css [3]

We can also consider the phenomenon of Teg from the viewpoint
of non-equilibrium thermodynamics [6—9]. The values of T attrib-
uted to studied copper alloys reach hundreds of Kelvin degrees. How-
ever, the sample during HPT at Typy in ambient conditions becomes
only a little bit warm. It is because at the stationary state during HPT
the amount of lattice defects is so high that it cannot be described
any more by the equilibrium p-T-c phase diagrams from handbook
[10], which originates from the condition of free enthalpy minimum
[6,7]. In the case of HPT, other dynamic phase diagrams should exist
depending on the HPT parameters. These diagrams might be per-
formed taking into account the condition of minimum entropy

production [7]. The noted condition describes the equifinal stationary
states in the linear non-equilibrium thermodynamics [7]. Such dia-
grams for HPT states are still unknown, as distinguished from equilib-
rium p-T-c phase diagrams involved in handbook [10]. However, it
looks that the HPT processes are not very far from equilibrium and,
therefore, the phases formed under HPT at Typy in ambient conditions
still can be found in the handbook [10] but at higher Teg.

In Cu-Sn system the steady state lattice parameter is about
0.3693 nm. If the lattice parameter in (Cu) solid solution before HPT
is below 0.3693 nm, the HPT leads to the increase of (Cu) lattice
parameter, i.e. to the increase of tin content in (Cu). If the lattice
parameter in (Cu) solid solution before HPT is above 0.3693 nm, HPT
leads to its decrease, i.e. to the decrease of tin content in (Cu). Differ-
ently to the Cu—Ag, not in all Cu—Sn samples the lattice parameter
comes very close to the 0.3693 nm value after HPT (see Fig. 15). How-
ever, similar to Cu—Ag alloys, the 0.3693 nm value separates the
states with either decomposition of (Cu) solid solution or its enrich-
ment. According to the Vegards law [5] the lattice parameter of
0.3693 nm corresponds to about ¢ = 13.1+£0.1 wt. % Sn dissolved in
the (Cu) solid solution. This value css is shown in the Cu—Sn phase
diagram (Fig. 1b) by the vertical dashed line. At lower annealing tem-
peratures, the tin concentration in (Cu) increases during HPT but
remains below cg. In comparison with the Cu-Ag alloys subjected
HPT, this fact can be explained by different nature of the secondary
phases in Cu-Sn and Cu-Ag systems. Most probably, in the case of
Cu—Ag alloys, the silver atoms migrate into solid solution from the
interfaces between copper matrix and rather soft silver precipitates.
The micrographs in Figs. 2 and 3 witness that HPT easily disintegrates
and divides the large Ag particles. In the case of Cu—Sn alloys, the
sources of tin atoms are the precipitates of quite hard ¢ and § inter-
metallics. The micrographs in Figs. 9—11 show that, indeed, the large
¢ and § particles remain almost unchanged and almost no HPT-driven
fragmentation takes place. In Ref. [3] we analyzed the dissolution
kinetics of silver atoms from Ag precipitates. It was controlled by the

Fig. 11. SEM micrographs of Cu—14 wt. %Sn alloy annealed at 500 °C for 894 h before (a) and after (b) HPT.
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Fig. 12. Bright field (a) TEM micrograph and selected area electron diffraction patterns
(b, c) of Cu—14 wt. % Sn alloy after HPT deformation, previously annealed at 320 °C for
1200 h. The rings in (a) show the areas where the SAED have been taken.

specific area of Cu/Ag interphase boundaries. In the case of soft and
small Ag precipitates, the specific area of such interphase boundaries
is high enough. In the case of hard ¢ and § Cu—Sn intermetallic par-
ticles, they cannot ensure sufficient amount of tin atoms during HPT.
Thus, the lower initial concentrations cjy; in (Cu) matrix tend during
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Cu(111)

Fig. 13. Bright field (a) and dark field (b) TEM micrographs with selected area electron
diffraction pattern (c) of Cu —14 wt. % Sn alloy after HPT deformation, previously
annealed at 500 °C for 894 h.

ya
T T 7/ T T T

Cu-14%8Sn (320°C) + HPT  +Ad,,
E*;Adﬂ] +Ad>0 R A (e PP

../,\____.._.. I : |<— 9
2 : l o T
c : 7
=) Cu-14%$Sn (320°C) i
e € € NE E ; i
© i A E A i
‘@ !
c | -
8 Cu-14%Sn (500°C) =
c |

| | A

|
1
A,
' < 1 -
1
|
|
|
|
|

AN}

@ 1

-Adifs 1 Cu-14%Sn (500¢C) + HPT _Ad,,,
: -Adyg ! -Ad;y | -Adsy,
: —T — ——

1 1 1 1 I _// -l 1 1/ L 1 1 Il

40 41 42 43 44 45 50 55 60 70 80 )
26, degrees

Fig. 14. X-ray diffraction pattern of Cu-14 wt. % Sn alloy before and after HPT deforma-
tion previously annealed at 320 and 500 °C.

HPT although towards higher concentration but still remain below
than cs value (Fig. 1b).

In Fig. 1b the vertical dashed line at ¢;s = 13.1+£0.1 wt. % Sn inter-
sects the solvus line (i.e. the line of maximum solubility of tin atoms
in copper-based solid solution) at about Teg = 4004+10 °C. In our case
the Cu—Sn samples after HPT contain the (Cu) solid solution with
such concentration as if they were annealed at Teg = 400410 °C. In
this work the value Teg = 400 °C210 °C is determined basing on the
analysis of nine samples before and after HPT. Nevertheless, it is very
close to the Tegr = 420 °C estimated in our first experiment with only
two samples, one with ¢jy; < €ss and another one with cipie > Css [5].

So, we observed that the sustainability area between any of inin-
tial cinir and estimated cgs values for the HPT stationary state is sur-
prisingly wide for the dissolution/precipitation competition. In case
of Cu—Ag alloys (Figs. 1 and 8) ¢j,; can be as low as 0.1css, and never-
theless the composition of solid solution reaches cy after HPT. It
means css = 5.5+0.1 wt. % Ag is the unique attractor for the HPT
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Fig. 15. Dependence of lattice parameter in the (Cu) matrix solid solution of Cu—Sn
alloys on annealing temperature before and after HPT. The solid squares show the con-
centration in (Cu) after annealing before HPT. The open squares are for the concentra-
tion in the (Cu) matrix solid solution after annealing and HPT. Red arrows indicate
how the concentration in (Cu) changes after HPT. Vertical dotted line shows the con-
centration Css.
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dissolution/precipitation for Cu—Ag alloys between 0 and 8.5 wt. %Ag
(Fig. 1). In case of Cu—Sn alloys (Figs. 1 and 15) we also observe the
equifinality and unique attractor at c¢ss = 13.1+0.1 wt. % Sn for the
HPT dissolution/precipitation. However, the situation in Cu—Sn alloys
is more complicated due to the hard intermetallic precipitates.

We have to underline here that the evolution of initial structure
towards the steady-state one is strongly dependent on the initial
morphology (particle size) of the phases. Moreover, the steady state
itself depends on the exact strain and strain mode. In this work we
excluded the second factor by using the same SPD mode (HPT) under
constant and equal conditions (construction of the anvils, same pres-
sure, same rotation speed, same revolutions number). We discussed
above the influence of SPD mode on the microstructure of SPD-
treated copper alloys (see Section 4.1). The important indication of
the initial structure influence on the evolution towards the steady-
state is the fact that the points for Cu—Sn alloys at low annealing tem-
peratures (differently to the Cu—Ag alloys) move towards css, but do
not reach it (see Figs. 1, 8 and 15). This can be caused by the fact that
silver particles in Cu—Ag alloys are rather soft, but ¢ and § intermetal-
lics in Cu—Sn alloys are quite hard. As it was shown recently for steel
and Cu/CuZr nanolaminates, the properties of second phase strongly
influence the process of shear-induced mixing and control the co-
deformation of crystalline-amorphous nanolaminates and steels
[81-83]. Different initials states can also modify the evolution of
mechanical properties in the transient state and even change the
time needed to reach the dynamic equilibrium itself [84].

Important to note as well that the dynamic equilibrium between
production and relaxation of defects is a very general phenomenon.
For example, it can also lead to the dynamic equilibrium between
amophization of crystalline phases and formation of crystals in the
amorphous phase under HPT [85]. It is possible also to estimate then
the value of Teg by finding the respective phase field in the equilib-
rium phase diagram [18,19]. Following the idea of Georges Martin,
the amorphous phase in the sample during HPT would be equivalent
to the liquid phase in the equilibrium phase diagram [80].

4.3. Kinetic properties and grain boundaries in the HPT stationary state

In Section 4.2 we determined the sustainability areas between cjy;
and cgs for the HPT stationary state during the dissolution/precipita-
tion competition in Cu—Ag and Cu—Sn alloys. The stationary solubil-
ity ¢ss under HPT at ambient conditions corresponds to the
equilibrium solubility in copper-based solid solution at certain ele-
vated Teg. It is because the non-equilibrium phase diagrams for open
systems differs from equilibrium ones. One can expect that not only
dissolution/precipitation competition under HPT leads to solubility,
which differs from that at, for example, room temperature and is
equivalent to that at Tes. Indeed, we can find another processes or
properties characterizing the sample state or structure as not corre-
sponding to the equilibrium one at room temperature, but to that at
some elevated Ter. Below we discuss four other phenomena permit-
ting to estimate Teg for HPT treatment, namely the deformation of
intermetallic compounds, accelerated mass transfer, grain boundary
(GB) faceting and GB segregation.

4.3.1. HPT of intermetallic compounds

The existence of dynamic equilibrium between the precipitation
and dissolution of precipitates was used for Tes estimation. However,
not only the equilibrium composition of solid solution could be taken
in consideration. Previously we studied the HPT-driven phase trans-
formations between Hume-Rothery phases in Cu—Sn alloys [86]. In
the initial state before HPT the sample contained the mixture of {+¢
phases. After HPT sample consists of the §+¢ phases as after the long
annealing between 350 and 400 °C [86]. Thus, the value Teg = 4004+
10 °C determined in this work basing on the precipitation/dissolution

transition correlates well with the noted previous result obtained for
HPT of intermetallics.

4.3.2. Accelerated mass transfer

The HPT-driven dissolution and precipitation in Cu-based alloys
proceed quite quickly. The model developed in 3] for the HPT-driven
mass transfer (supposed to be controlled by the bulk diffusion) gives
the value for bulk diffusion coefficient Dypr = 3010~ '® m?s~ . The
extrapolation of the literature values towards the HPT temperature
Tupr = 25 °C gives D = 1073> m?/s for self-diffusion in Cu [87] and
D =10738 m?/s for tracer diffusion of Ag in Cu [88]. So, the HPT-driven
mass transfer is about 19 orders of magnitude faster than conven-
tional bulk diffusion at Typr. It occurs in spite of the fact that the
applied pressure of 6 GPa additionally slows down the diffusion as
well as GB migration [89-91]. Therefore, we have to consider the
deformation-driven mechanisms of mass transfer. On the other hand,
the value D = 30107 m?s! is close to the bulk self-diffusivity in
pure copper at ~650 °C [87] and to the bulk tracer diffusion of Ag in
Cu at ~600 °C [88]. These values are comparable to Teg = 700410 °C
obtained from the c;s measurement in this work (Figs. 1 and 8).

One can also use the simple model for the estimation of D control-
ling mass-transfer in HPT experiments [92]. The small Co particles
were partly dissolved during t = 300 s of HPT treatment. The diffusion
path in this case would be equal to the distance between fine Co pre-
cipitates in the initial sample, i.e. d = 200 nm. It corresponds to the
bulk diffusion coefficient of Dypr = (d t)~2 = 107'® m?s~!. This is very
close to the above estimation for the Cu—Ag alloys [3]. The extrapola-
tion of the literature values towards the Typr gives D = 10728 m?/s for
diffusion of Co in Cu [93]. This value is also about 19 orders of magni-
tude lower than estimated Dypr. Again, Dypr is equal to the bulk diffu-
sion of Co in Cu at ~600 °C [93]. This value is somewhat lower than
Teor = 900420 °C for HPT in Cu—Co alloys [94].

Similar estimation has been made for Cu—Sn alloys [5]. The HPT-
driven mass-transfer can be considered as controlled by bulk diffu-
sion with coefficient of Dypr = (d t)"2 = 107'® m?s~!. The extrapola-
tion of the literature values to Typr gives D = 103! m?/s for diffusion
of Sn in Cu [94]. It is about 15 orders of magnitude lower than esti-
mated Dypr. Thus, Dypy is equal to the bulk diffusion of Sn in Cu at
~600 °C [94] which is somewhat higher than Tes = 400410 °C
obtained from the css measurement in this work (Figs. 1 and 8). We
can conclude that the estimated bulk diffusion coefficients for the
HPT-driven mass-transfer are much closer to the respective diffusion
coefficients for self diffusion in copper and tracer diffusion of Co, Ag
and Sn at T than at HPT temperature Typr.

In addition to the bulk phase transformations discussed above,
one can investigate the influence of HPT on the structure of grain
boundaries (GBs) and GB phase transitions assuming, in particular,
GB segregation and GB faceting/roughening.

4.3.3. GB segregation

In the binary, ternary and multicomponent systems a part of
diluted atoms segregate in GBs. In other words, the concentration of
diluted atoms in GBs cgp differs from that in the bulk of matrix grains,
cp. Their ratio s = cgp/cp, is called GB segregation factor. Most fre-
quently s > 1. In copper-based alloys s and segregation enthalpy H;
has been measured by radiotracer method, Auger electron spectros-
copy (AES) and atom probe tomography (APT) [95—111]. The HPT
leads to the strong grain refinement. In Cu-based alloys the grain size
typically decreases from several hundreds of microns to 100-200 nm
[4,112,113]. As a result, a lot of new GBs are formed during HPT
together with those segregation layers. In order to construct those
GB novel segregation layers, one needs the solute atoms. If the total
solute concentration in the sample ¢, > Css, the sample contains the
particles of a second phase and they originate as a source of solute
atoms for the segregation layers in the newly formed GBs. On the
contrary, if cior < Css, the sample contains only the solid solution. In
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this case, the solid solution originates as a source of solute atoms for
the segregation layers in the newly formed GBs. As a result, the con-
centration of a second component in the matrix decreases, and in the
case of strong GB segregation this decrease is measurable by shift of
Cu peaks in XRD patterns, i.e. changes in lattice parameter [95]. In
such a way, we observed the GB segregation in Cu—Co, Cu—Ag and
Cu—In alloys after HPT [95]. The measured values of s were found to
be 71 for cobalt in copper GBs, 10 for silver atoms and only about 1
for indium atoms. The data for s and H; measured for the Cu—Co and
Cu—Ag alloys by radiotracer method and AES [78-90| permit to
extrapolate s values to the temperature of HPT treatment of about
25 °C. Such extrapolation gives s > 10°—-10% [95]. The values of s = 71
for the Cu—Co and s = 10 for Cu—Ag alloys after HPT correlate with
the radiotracer data of s at high temperature of T > 500 °C. In other
words, the GB enrichment after HPT is equivalent to that in the sam-
ples annealed at a certain elevated temperature, which can be called
as GB segregation effective temperature Tefgsegr > 500 °C.

4.3.4. GB faceting/roughening

Similar to the free surfaces of single crystals (like very well-known
salt, sugar, diamond etc.), GBs can also possess the flat segments called
facets [114]. The facets of free surfaces are parallel to the most highly
dense packed atomic planes in the crystal lattice. In the case of GBs,
the so-called coincidence site lattice (CSL) [115] plays the role similar
to that of crystal lattice for surface facets. The GB facets are observed
mainly in the GBs with CSLs with high density of coincidence sites
and, therefore, low 3, value (so-called coincidence GBs) [116]. The
coincidence GBs usually exhibit low energy, migration rate, diffusion
permeability, and high strength [117,118]. With increasing tempera-
ture, the flat facets can lose their stability as a result of so-called facet-
ing-roughening transition at a certain temperature Tg [119—121]. The
temperature of faceting-roughening transition depends on the “perfec-
tion” of free surface or GB [122]. Ty is higher for free surfaces or GBs
densely packed by the lattice or CSL nodes [123—125]. In Ref. [126] we
experimentally constructed the phase diagram for the facets of 23
twin and 29 GBs in high-purity 5N5 copper. At high temperatures
only symmetric twin facets (111),//(111), exist corresponding to the
most densely packed 23 CSL plane (100)s3cs; together with non-CSL
9R facets [126]. With decreasing temperature the new and new facets
consequently appear with less densely packed 23 CSL planes like
(010)23C5Lv (110)23CSL1 (110)23C5Lv (130)23CSL- On the other hand, we
observed that by HPT of a very pure copper (same 5N5 copper like in
[126]), the dynamic recrystallization takes place deep in the HPT sam-
ple [127,128]. Thus, the recrystallization twins are clearly visible in the
HPT samples, and the spectrum of crystallographically different facets
can be analyzed [129]. As a result, the structure of facets in the 2.3
twin GBs after HPT corresponds to the state at Tegrac = 6204£50 °C
[129]. In other words, the GB faceting after HPT is equivalent to that in
the samples annealed at a certain elevated temperature which can be
called as GB faceting effective temperature Teggac = 620450 °C.

4.3.5. General remarks

The performed investigation established that the sustainability
area (i.e. interval for the c;,; concentrations) for the HPT-driven com-
petition between dissolution and precipitation is quite broad for
Cu—Ag and Cu—Sn alloys. In other words, the steady state concentra-
tion ¢, is equifinal and “attracts” the composition of solid solution
from very wide interval of initial concentrations, cj,i;, both higher
and lower than cg. Moreover, the stationary solubility css during HPT
at Typr corresponds to the equilibrium solubility in copper-based
solid solution at certain elevated Te. It is because the non-equilib-
rium phase diagrams for open systems differ from equilibrium ones.

We observed that not only the HPT-driven precipitation/dissolution
competition permits to estimate the value of the (elevated) effective
temperature Te. Four other HPT-driven processes like transformations
between intermetallics, accelerated mass transfer, grain boundary

faceting and grain boundary segregation also witness that the state of
material during SPD (i.e. in non-equilibrium stationary conditions) at
Typr is equivalent to that in an equilibrium system but at elevated tem-
perature Tg. The most reliable explanation of these facts is based on the
idea that in the steady state during HPT the rate of the defects produc-
tion by the external force is equal to the rate of defects annihilation. As
a result, the steady-state concentration of defects (like vacancies, dislo-
cations, GBs etc) is higher than in the equilibrium at the HPT tempera-
ture Typr (usually close to RT). The high vacancy concentration during
HPT has been directly observed recently using the in situ synchrotron
irradiation [130-132]. As it is well known, the increase of temperature
leads to the increase of equilibrium vacancy concentration. Thus, one
can consider the increased vacancy concentration during HPT (i.e. in
non-equilibrium stationary conditions) as an equivalent of increased
temperature in an equilibrium system. This fact explains why the
observed T is always higher than Typr in Cu-based alloys.

However, why Tef is so different for Cu—Ag and Cu—Sn alloys? It is
because in the steady state during HPT the rate of the defects produc-
tion induced by the external force is equal to the rate of defects anni-
hilation. In both cases, the external mechanical influence is the same
(geometry of HPT machine, deformation rate, pressure and tempera-
ture, and even the hardness of Cu-matrix). However, the rate of
defects annihilation is different. It is because during the diffusion-like
mass transfer the potential barrier has to be overcome for each atom
jumping into the neighboring lattice node. The height of this barrier
is lower for tin atoms in copper matrix than for the silver ones. More-
over, we observed the linear correlation between T.s for different
alloying elements in copper and their enthalpy of bulk diffusion Hq
[4]. Tegr increases nearly linear with increasing Hy. In other words,
lower Hy facilitates the annihilation of defects, the steady-state
vacancy concentration decreases, it is equivalent to the decrease of
temperature, and, as a result, Teg becomes lower as well.

Thus, the observed correlation between Teg and Hy permits to pre-
dict the behavior of copper-based alloys during HPT. For a certain
alloying element one can find the Hq value in the handbook, then
estimate the Tee value from the graph [4]. In turn, the Teg permits to
estimate the ¢ from the respective phase diagram (see Fig. 1). By
knowing the css one can predict the precipitation/dissolution pro-
cesses in the alloys and tailor the materials’ behavior during SPD.

5. Conclusions

The HPT of binary Cu—Ag and Cu—Sn alloys has been studied. The
preliminary annealing before HPT produces the samples with broad
spectrum of initial concentration cj,; of silver and tin in the matrix solid
solution. During HPT, a certain steady-state concentration cs of the
alloying element is reached in the matrix. The measured css values were
5.5+0.1 wt. % Ag and 13.14:0.1 wt. % Sn. If the initial concentration cj;;
in Cu matrix was below cgs (cinit < Css), it increased towards css during
HPT. If ¢;nie > Css it decreased towards css. We observed that ¢ did not
depend on ¢y, in broad interval of ¢y and was, therefore, equifinal. We
explained this phenomenon by the competition between decomposi-
tion of a solid solution with dissolution of precipitates during HPT. The
established dynamic equilibrium between precipitation and dissolution
led to a certain ¢ of the alloying element in the matrix. In Cu-based
alloys, the obtained Teg is always higher than Typr and correlates with
activation enthalpy of dopant diffusion in Cu. Other HPT-driven phe-
nomena such as accelerated mass transfer, intermetallic phase forma-
tion, grain boundary faceting and grain boundary segregation were
taken into account to evaluate the effective temperature Teg.
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