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Phase transformations of some Hume—Rothery phases (electron compounds) to others in a copper—tin sys-
tem subjected to high-pressure torsion were detected in our previous work [B.B. Straumal et al., JETP Lett.
100, 376 (2014)]. In particular, the torsion of the { + € phase mixture at high pressure led to the formation of
the 0 + € phase mixture, as after long-term annealing in the temperature interval 7 ;= 350—589°C. In this
work, it has been shown that the high-pressure torsion of a-solid solutions of tin in copper results in the final
stable solid solution whose composition is independent of the composition of the initial o phase before high-
pressure torsion. The final composition is the same as after long-term annealing at the temperature 7 4 =
(420 = 10)°C. The rate of high-pressure torsion-induced mass transfer is several orders of magnitude higher
than the rate of conventional thermal diffusion at the treatment temperature 7pt and is close to values at 7 .
This occurs because high-pressure torsion increases the concentration of lattice defects and this increase is in

turn equivalent to an increase in the temperature.

DOI: 10.1134/S0021364019210112

Severe plastic deformation can induce phase tran-
sitions in condensed matter [1—7]. This means that
phases in a sample after severe plastic deformation will
be different from those before severe plastic deforma-
tion. In particular, crystalline phases can be trans-
formed to amorphous phases [8—12] and vice versa
[11, 13, 14]. The decomposition of a supersaturated
solid solution can compete at severe plastic deforma-
tion with the solution of particles of the second phase
in the matrix [2, 15—17]. Severe plastic deformation
can induce transformations between different possible
allotropic modifications of a metal (e.g., a—¢ Co, a—y
Fe, o—pB-o Ti, o—pf—m Zr or hBN—wBN) [18—25].
Phase transformations with mass transfer can be com-
bined with martensitic transformations [26, 27]. In
more complex cases, one can observe transformations
between intermetallics, e.g., between Hume—Rothery
phases (electron compounds) [16, 28]. Hume—Roth-
ery phases appear when the matrix formed by univa-
lent atoms (such as gold, copper, or silver) is supple-
mented by atoms with a higher valence (zinc, tin,
indium, etc.) [29, 30]. In particular, the equilibrium
composition of the Cu—24 at % Sn alloy varies with
increasing temperature from o +¢ (at 7< 350°C)

through 8 + € (at 350°C < 7' < 589°C) and { + ¢ (at
589°C < T<640°C) to y (at 640°C < T<700°C) [28].
Severe plastic deformation by high-pressure torsion of
the initial sample with the { + € phase mixture results
in the formation of the d + € phase mixture. In other
words, the phases appearing in the alloy after high-
pressure torsion are the same as if it were annealed in
the temperature range of 7. = 350—589°C. The
phases formed in the sample at severe plastic deforma-
tion in other experiments also exist on equilibrium
phase diagrams at a certain effective temperature 7.
In other words, these phases are those as if the sample
were annealed at an increased temperature Ty for a
long time. Meanwhile, the process of severe plastic
deformation occurs at room temperature for a short
time (usually several minutes). The aim of this work is
to study the high-pressure torsion of the Cu—8.1 at %
Sn alloy with a lower tin content than in [28]. We
expected that the high-pressure torsion of the alloy
would lead not to the mutual transformation of inter-
metallics as in [28] but to the formation <> decompo-
sition reaction of the solid solution similar to those we
observed in other copper alloys [2, 15, 17]. Our aim is
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Fig. 1. (Color online) Part of the phase diagram of Cu—Sn
[31]. Thick solid lines indicate first-order phase transi-
tions. Closed squares mark the compositions of the solid
solution annealed at 400 and 500°C before high-pressure
torsion. Open squares indicate the compositions of the
solid solution after high-pressure torsion. The vertical

dashed straight line shows the equifinal concentration cg
in the solid solution after high-pressure torsion.

to determine whether the effective temperature in this
case correlates with the value 7 4= 350—589°C differs
from that for the transformations of intermetallics
in [28].

For our experiments, we prepared Cu—38.1 at % Sn
alloy ingots 10 mm in diameter by means of vacuum
induction melting of copper and tin with a purity of
99.998 wt %. These ingots were cut into 0.7-mm-thick
disks by means of spark cutting. These disks were
sealed in evacuated quartz ampules with a residual
pressure of 4 X 10~* Pa. The ampules with the samples
were annealed in a SUOL electric resistance furnace at
a temperature of 400°C for 888 h and at a temperature
of 500°C for 894 h. Points corresponding to annealing
temperatures and concentrations of the alloy with
8.1 wt % tin lie on the phase diagram of Cu—Sn (Fig. 1
[31]) in the regions (Cu) + & and (Cu), respectively.
After annealing, the samples were quenched in water
(the ampoules were broken). After annealing and
quenching, the samples were subjected to high-pres-
sure torsion in a Bridgman anvil cell (W. Klement
GmbH, Lang, Austria) at room temperature and a
pressure of 7 GPa for five turns of anvils at a rate of
1 rpm. In this regime, a steady state is reached in the
sample already after one and a half turns of anvils; in
this state, the torsional moment of the device for high-
pressure torsion is saturated and does not change at
further deformation [2, 15, 17]. The steady state is also
reached at the high-pressure torsion of other materials
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[32—34]. The samples for structural studies were
mechanically ground and polished using a diamond
paste with a grain size down to 1 um. The samples after
high-pressure torsion were cut at a distance of 3 mm
from the center of a deformed disk. The prepared slices
were examined by means of scanning electron micros-
copy and X-ray microanalysis with a Philips XL30
scanning electron microscope equipped with a LINK
ISIS (Oxford Instruments) energy-dispersive X-ray
spectrometer. X-ray diffraction patterns were obtained
in the Bragg—Brentano geometry on a Philips X’ Pert
powder diffractometer with Cu Ko radiation. The lat-
tice constant was determined using Fityk software
[35]. Phases in the alloys were identified by comparing
with the X’Pert HighScore Panalytical phase data-
bank. The transmission electron microscopy analysis
was performed with a TECNAI G2 FEG super TWIN
(200 kV) microscope equipped with an EDAX energy-
dispersive spectrometer. Thin-film samples for the
transmission electron microscopy analysis were pre-
pared by the electropolishing method with an Electro-
Iyte D2 (Struers) device.

Figure 2 shows (a) the scanning electron micros-
copy image of the Cu—8.1 at % Sn alloy annealed at a
temperature of 400°C for 888 h, (b) bright and
(c) dark-field transmission electron microscopy
images of the same alloy annealed at 500°C for 894 h
after high-pressure torsion, and (d) selected area dif-
fraction pattern. The electron microscopy studies and
X-ray diffraction patterns show that the samples
annealed at 500°C for 894 h contained only a Cu-
based o -solid solution with an fcc lattice and a lattice
constant of 0.3692 nm. The composition of the sam-
ples annealed at 500°C for 894 h is marked by the
closed square at 500°C on the phase diagram in Fig. 1.
Figure 3 shows the dependence of the lattice constant
of the fcc solid solution of tin in copper on the tin con-
tent plotted using the data from [35—40]. The lattice
constant increases linearly from 0.3621 nm in the solid
solution with 0.6 at % Sn to 0.3702 nm in the solid
solution with 8.5 at % Sn. Such a linear dependence is
known as Vegard’s law valid for ideal solid solutions
[41]. The lattice constant in the sample annealed at
500°C for 894 h is also marked by the closed black
square in Fig. 3. The samples annealed at 400°C for
888 h contained two phases: 0 intermetallic and
Cu-based o-solid solution with the fcc lattice and a lat-
tice constant of 0.36872 nm. The J (or Cuy, Sn,;) phase
has a cubic structure with the space group F-43m and
the lattice constant ¢ = 1.79632 nm. The lattice con-
stant 0.36872 nm of the sample annealed at 400°C for
888 h is also marked by the closed black square in
Fig. 3. The lattice constant 0.36872 nm corresponds to
a content of 7.1 at %, which is below 8.1 at % because
some amount of tin is contained in & intermetallic
crystals. The corresponding closed square on the
phase diagram in Fig. 1 is located at 400°C on the sol-
vus of tin in copper. Figure 2a shows one of the
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Fig. 2. (a) Scanning electron microscopy image of the Cu—8.1 wt % Sn alloy annealed at 400°C for 888 h. (b) Bright and
(c) dark-field scanning electron microscopy images and (d) the selected area diffraction pattern of the same alloy annealed at

500°C for 894 h after high-pressure torsion.

O-phase crystals (light) surrounded by the matrix of
the Cu-based a-solid solution (dark).

The size of grains in the sample after high-pressure
torsion decreases sharply from tens and hundreds of
microns in annealed samples to about 150 nm (see the
microstructures shown in Figs. 2b and 2c¢). Peaks on
X-ray diffraction spectra are significantly broadened
and points on electron diffraction rings are joined in
almost solid lines (see Fig. 2d). A grain size of 150 nm
is typical of copper alloys after high-pressure torsion
[2]. The lattice constant in the solid solution of the
sample annealed at 500°C for 894 h decreases from
0.36962 nm (the closed square on the straight line of
Vegard’s law in Fig. 3 and on the phase diagram in
Fig. 1) to 0.36935 nm (the open square on the straight
line of Vegard’s law in Fig. 3 and on the phase diagram
in Fig. 1). This indicates a decrease in the tin content
in the solid solution (Cu) and its partial decomposi-
tion. The lattice constant in the solid solution of the
sample annealed at 400°C for 888 h increases from

0.36872 nm (the closed square on the straight line of
Vegard’s law in Fig. 3 and on the phase diagram in
Fig. 1) to0 0.36925 nm (the open square on the straight
line of Vegard’s law in Fig. 3 and on the phase diagram
in Fig. 1). This indicates an increase in the tin content
in the solid solution (Cu) and a partial solution of the
second 0 phase.

It is remarkable that the lattice constants in the
(Cu) solid solution after high-pressure torsion in
both samples are almost the same (0.36935 and
0.36925 nm). This means that there is a certain con-

centration ¢ established at high-pressure torsion in
the steady state for the solid solution of tin in copper.

If the initial concentration ¢ ., in the solid solution is

init
below ¢, it increases at high-pressure torsion. If the

initial concentration c;,;, in the solid solution is above

¢, it decreases at high-pressure torsion to ¢,. Such a
property is called equifinality of the steady state (this
notion was introduced by von Bertalanffy [42]). It
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Fig. 3. (Color online) Lattice constant of Cu—Sn solid
solutions versus the tin content (Vegard’s law). Small sym-
bols are data taken from [36—40]. Large symbols are the
lattice constants in the samples annealed at 400 and 500°C
before and after high-pressure torsion obtained in this
work.

serves as a certain attractor; i.e., other states approach
it at high-pressure torsion, as, e.g., observed at the
decomposition <> formation of the solid solution in
copper—silver [15] and copper—cobalt [17] alloys.

It is seen in the phase diagram in Fig. 1 that the red

vertical dashed line at the concentration ¢ intersects
the solvus of tin in copper at a temperature of (420 £
10)°C. This means that the concentration in the (Cu)
solid solution after high-pressure torsion is such as if
the samples were annealed for a long time at the tem-
perature T = (420 = 10)°C. This temperature is
called the effective temperature and lies in the effective
temperature range 7.4 = 350—589°C, which we previ-
ously determined from the { + € — & + € transforma-
tion. Agreement between temperatures 7, for trans-
formations between Hume—Rothery phases and for-
mation <> decomposition transformations of the (Cu)
solid solution means that the transformation mecha-
nism is the same in both cases. We believe that this
mechanism is the dynamic growth/solution of grains
of the solid solution and/or intermetallic owing to the
transition of tin atoms from one phase to another
through the interface [15].

Thus, high-pressure torsion stimulates mass trans-
fer similar to diffusion. We now compare deforma-
tion-induced mass transfer to conventional thermal
diffusion. To this end, we formally estimate the bulk

diffusion coefficient Dypr necessary for such a mass

transfer by the formula L = (D;pr#)"”. The duration
of high-pressure torsion is 300 s. The distance L to
which the mass is transferred can be estimated as a half
of the grain size after high-pressure torsion, i.e.,

L ~ 70 nm. Correspondingly, Dypr ~ 107'® m?/s. The
extrapolation of D for bulk self-diffusion in copper to

300 K (temperature of high-pressure torsion 7ypy) and
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bulk diffusion of tin in copper gives the values

D=10"" m¥s [43] and D =10""' m%/s [44], respec-
tively. Although compression reduces the bulk and
grain-boundary diffusion coefficients [45, 46], the
Dypr value is 13—17 orders of magnitude higher than
these extrapolated values. This means that high-pres-
sure torsion strongly accelerates mass transfer, as in
our preceding experiments.

The extrapolation of the diffusion coefficient to T
rather than to the temperature of high-pressure torsion

Typr =300 K gives D =10"" m?¥/s [43] and D =
10~ m?/s [44] for the bulk self-diffusion of copper
and bulk diffusion of tin in copper, respectively. These
values almost coincide with Dypr. This phenomenon
can be explained by an increased concentration of
defects (in particular, vacancies) in the steady state at
high-pressure torsion, which is equivalent to an
increase in the temperature.

To summarize, we have revealed that high-pressure
torsion in the copper—tin system results not only in
phase transformations of some Hume—Rothery
phases (electron compounds) to others but also in
competition between the decomposition and forma-
tion of the solid solution of tin in copper. In this case,
a certain stationary concentration c is established,
which is independent of the initial conditions (the

concentration in the initial solid solution c,,; before
high-pressure torsion), i.e., is equifinal. The concen-
tration ¢ is such as if the samples were annealed for a
long time at the temperature 7. = (420 £ 10)°C. This
temperature is called the effective temperature and lies
in the effective temperature range 7, = 350—589°C,
which we previously determined from the
€ +¢& — 0+ ¢ transformation. The observed decom-
position/formation of the (Cu) solid solution requires
mass transfer. Its rate is 13—17 orders of magnitude
higher than the rate of conventional thermal diffusion
at room temperature (i.e., at the temperature of high-

pressure torsion Typr). However, the rate of mass
transfer is close to the rate of diffusion at 7. This
phenomenon is apparently explained by an increased
concentration of defects (in particular, vacancies) in
the steady state at high-pressure torsion, which is in
turn equivalent to an increase in the temperature from

Tipr to Togy.

Strictly speaking, high-pressure torsion is not
equivalent to an increase in the temperature and even
is not equivalent to the acceleration of diffusion [5—7,
23—27]. At high-pressure torsion, mass transfer occurs
at large distances from nanometers to millimeters. In
this process, a huge number of different defects are
produced (and disappear). In particular, high-pres-
sure torsion is often accompanied by the amorphiza-
tion of alloys, which is not observed at their heating
[11, 12]. As a result, the final picture is close to that
observed at an increase in the temperature [47—49].
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