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a b s t r a c t

High-pressure torsion of six homogenized Cu–In alloys (2.3 to 13.5 at. % In) with negative mixing
enthalpy has been studied. The torsion torque reached a steady-state after 1–2 anvil rotations.
Differently to the alloys with positive mixing enthalpy, the Cu(In) solid solution did not decompose.
Moreover, the precipitates of δ-phase in the Cu–13.5 at. % In alloy partially dissolved and additionally
enriched the Cu(In) solid solution.

& 2014 Published by Elsevier B.V.

1. Introduction

It has been well established that irradiation [1] and processes
called “mechanical alloying” (MA) like ball milling [2–5] and
severe plastic deformation (SPD) [6–8] can lead to the phase
transformations. However, the mechanisms of such mechanically
driven phase transitions are poorly understood up to now. Usually
MA procedures have been applied to elemental powders blends, or
to more or less equilibrium “matrix-precipitate” systems and they
produced metastable solid solutions [2–5,9], amorphous [10] and
quasi-crystalline [11] phases. Recently an opposite effect was
explored when SPD was applied for metastable supersaturated
solid solutions [12–15]. The supersaturated solid solutions in
systems Al–Zn, Co–Cu, Cu–Ni and Cu–Ag decomposed after high-
pressure torsion (HPT) straining. These systems possess a positive
mixing enthalpy (Table 1) and do not contain any intermetallic
compounds [16–24]. However, no systematic research was per-
formed on SPD of supersaturated solid solutions of elements with
negative mixing enthalpy and intermetallics. We have chosen the
Cu–In system, which possesses negative mixing enthalpy (Table 1)

and belongs to the broad class of Cu-alloys containing well-known
Hume-Rothery intermetallic compounds. The conventional
decomposition processes (like continuous and discontinuous pre-
cipitation, or spinodal decomposition) were thoroughly studied in
Cu–In alloys in the past [25–29].

2. Experimental

Six Cu–In alloys with 2.3, 4, 5.8, 7, 9.5 and 13.5 at. % In have
been prepared from high purity components (5 N Cu and In) by
induction melting in vacuum in the form of cylindrical ingots. For
HPT processing the 10 mm diameter and 0.6 mm thick discs were
cut from the as-cast ingots, then ground and chemically etched. In
order to prevent oxidation during high temperature anneal, the
samples were sealed in evacuated silica ampoules with a residual
pressure of approximately 4�10–4 Pa at room temperature. Sam-
ples were annealed at 56071 1C for 840 h and then quenched in
water. The annealed samples were subjected to HPT at room
temperature under a pressure of 6 GPa in a Bridgman anvil-type
unit (five rotations of the anvil with the rate of 1 rpm) using
a custom-built computer-controlled HPT device (W. Klement
GmbH, Lang, Austria). The torsion torque measured during HPT
increased during 1–2 anvil rotations and then remained unchanged
(i.e. reached the steady state as in Refs. [12–15]). Samples for
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microstructural and X-rays investigations were cut from the
HPT-processed discs at a distance of 3 mm from the sample center.
The prior inspection of the obtained material was carried out on a
Philips XL30 scanning electron microscope (SEM) equipped with
an Oxford Instruments LINK ISIS energy-dispersive X-ray spectro-
meter (EDS). The details of the phases’ composition and structure
were investigated using a TECNAI G2 FEG super TWIN (200 kV)
transmission electron microscope (TEM) equipped with an EDAX
EDX system. Identification of the electron diffraction patterns was
performed by the Process Diffraction program [30]. X-ray diffrac-
tograms were obtained using Bragg–Brentano geometry in a
powder diffractometer (Philips X’Pert) with Cu-Kα radiation. The
volume averaged crystallite size and the microstrain were esti-
mated from the XRD peak broadening using a modified William-
son–Hall method [31]. All reflections with Miller indices up to
(4 2 0) were used for the grain size and microstrains estimates.
Lattice parameter values were estimated using powder diffraction
tool of “Fityk” software” [32].

3. Results and discussion

Thin vertical lines in the Cu–In phase diagram (Fig. 1a) show
the indium concentration in the studied alloys. A thin horizontal
line shows the annealing temperature of 56071 1C. XRD patterns
for the alloys with 2.3, 4, 5.8, 7, and 9.5 at. % In show that after
annealing they contained only supersaturated solid solution Cu
(In). The Cu–13.5 at. % In alloy contained the Cu-based solid
solution with 10.7 at. % In and about 20% of δ-phase. The
δ-phase is one of the Hume-Rothery intermetallic phases. It
contains 29–31 at. % In and has B81 crystalline structure of NiAs
type [33]. Filled circles in Fig. 1a show the concentration in the Cu
matrix after annealing as measured by EDS (SEM). The filled circle
for the Cu–13.5 at. % In corresponds to the maximum indium
solubility at 560 1C and is on the solvus line. SEM measurements
show also that the Cu(In) grain size in all alloys was about 50–
100 μm; the size of δ-precipitates was about few microns. TEM
observations revealed thin and relaxed grain boundaries in Cu(In)
and interphase boundaries Cu(In)/δ-phase (see for example the
boundary between Cu (left) and δ-precipitate (right) in Fig. 2a).
Filled circles in Fig. 1b show the Cu(In) lattice spacing in homo-
genized alloys.

After HPT the grain and particle size drastically decreased. The
Williamson–Hall method permitted to obtain the crystallite size
(the size of coherently scattering domains) and microstrain in Cu
(In) grains after HPT (Fig. 1c) from the shape of XRD peaks.
Crystallite size after HPT decreased with increasing indium con-
tent (from 50 nm in pure Cu to about 5 nm at 13.5 at. % In). The
microstrain, conversely, increased with increasing indium concen-
tration (from 0.05% in pure Cu to 0.54% at 13.5 at. % In). TEM
micrographs (Fig. 2b,c) reveal that Cu(In) grains after HPT are
separated from each other by the broad and less-defined bound-
aries. After HPT δ-precipitates become extremely fine, only the
first XRD peak (very broad and weak) of δ-phase remains visible.
The electron diffraction patterns also contain the very weak rings
of δ-phase. The high level of internal elastic stresses and distor-
tions makes it impossible to image δ-precipitates after HPT by
TEM, even in the dark-field micrographs (Fig. 2d, e). The open

circles in Fig. 1a show the lattice spacing of the Cu(In) solid
solution after HPT.

We have chosen six indium concentrations for our investiga-
tions. We expected, similar to the studied Cu–Ni alloys, that the
supersaturated Cu(In) solid solutions would behave differently at

Table 1
Mixing enthalpy in studied alloys.

Alloy Cu–Ni Cu–Co Cu–Ag Al–Zn Cu–In

Mixing enthalpy, kJ/mol and literature source þ11.5 [17] þ10 [18] þ13 [19,20] þ2.5[21–23] �5 [24]

β

δ

Fig. 1. (a) The Cu-rich part of the Cu–In phase diagram [16]. Thin vertical lines
show the In concentration in the studied alloys. Thin horizontal line shows the
annealing temperature. Filled circles show the concentration in the Cu-matrix after
annealing and open circles show the concentration in the Cu-matrix after HPT.
(b) Dependence of lattice spacing on the In concentration before (filled squares)
and after HPT (open circles). The straight solid line between 0 and 11 at. % In is
drawn through the experimental data for the lattice spacing in Cu(In) solid
solutions obtained previously in the literature [34–37]. It continues above the
maximal solubility as a broken line. The experimental points from the literature
were omitted in order not to overload the figure. The arrows for the Cu–13.5 at. % In
alloy show the composition in the Cu(In) matrix before and after HPT. Experimental
error is less than symbol size. (c) Crystallite size or size of coherently scattering
domains (diamonds) and microstrain (stars) obtained using Williamson–Hall
method. Lines are the guides for the eye.
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various In concentrations. Surprisingly, the result was rather
unexpected. In the first five alloys the lattice spacing of the (Cu)
solid solution did not change at all after HPT compared with the
initial ones (e.g. open and filled circles in Fig. 1b). The straight solid
line between 0 and 11 at. % In is drawn through the experimental
data for the lattice spacing in Cu(In) solid solutions obtained
previously [34–37]. The experimental points from the quoted
references were omitted in order not to overload the figure. The
lattice spacing in Cu(In) solid solutions follows the linear Vegard's
law very good. Our experimental points for the five alloys before
and after HPT correspond well with this solid line, lattice spacing
linearly increases with increasing indium content. The arrows for

the Cu–13.5 at. % In alloy show the composition in the Cu(In)
matrix before and after HPT on the Vegard's law line.

In other words, the supersaturated Cu(In) solid solution did not
decompose after HPT. This behavior is similar to the Cu-based
solid solutions with low Ni content of 9 and 26 wt. % [15]. The
supersaturated Cu(In) solid solution in the Cu–13.5 at. % In alloy
also did not decompose. Moreover, the lattice spacing increased,
pointing toward a corresponding increase of In content in the Cu
matrix from 10.7 at. % before HPT to 11.4 at. % after (shown by the
arrow in Fig. 1b and by the open circle in the phase diagram,
Fig. 1a). It means that the precipitates of δ-phase in the Cu–13.5 at.
% In alloy partially dissolved and thus enriched the Cu(In) solid

Fig. 2. TEM micrographs of Cu–13.5 at. % In (a, d, e) and Cu–9.5 at. % In (b, c) alloys after annealing at 560 1C for 840 h before (a) and after HPT (b to e). Insets show the
respective electron diffraction patterns. (a) Cu grain (left) and δ-phase (right). (b, d) Bright field. (c, e) Dark field.
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solution. 11 at. % is the maximal amount of indium which can be
dissolved in copper at eutectoid temperature of 574 1C [16]. The Cu
matrix in the Cu–13.5 at. % In alloy contained after HPT even
slightly more indium, than would be contained after the annealing
at 574 1C. Therefore, the open points in Fig. 1a are placed at 574 1C
being the temperature of maximal In solubility in solid Ci
(In) phase.

The grain size estimated from TEM dark field images in samples
with lower indium content (Fig. 2b, c) is about 2–4 times larger
than the crystallite size measured by XRD (Fig. 1c). It is because the
Williamson–Hall method delivers the size of coherent scattering
regions, which corresponds rather to subgrain than to grain size.
We observed previously in the alloys with positive mixing
enthalpy that the GBs after HPT are thin and well-defined, and
the grain size in Cu-rich matrix was about 150–400 nm [12–15]. In
the Cu–In alloys with negative mixing enthalpy the grain size is
much smaller. Moreover, an increase of indium content led to a
further drastic decrease of the grain size (like for example in alloys
exhibiting solution hardening after ball milling [4]). Note that the
grain boundaries are broad and less-defined. Such grain boundaries
are often called nonequilibrium [38]. It looks like indium prevented
the dynamic recrystallization of Cu matrix during HPT. At highest
indium content the crystallite size and visible GB width become
almost equal (Fig. 2d,e).

HPT of the Cu–13.5 at. % In alloy leads to the partial dissolution
of δ-phase precipitates. We can estimate the equivalent diffusion
coefficient DHPT for the results of this HPT-driven mass transfer
from the simple equation L¼(DHPT t)0.5, where t¼300 s (being the
HPT duration) and L is the distance of the mass transfer. The initial
rarely positioned few-micrometer large precipitates were substi-
tuted by the fine particles of nanometer size. The shortest possible
distance for this HPT-driven mass transfer is comparable with a
matrix grain size L¼20 nm. Other estimations would give even
larger values of L. Thus, DHPT¼10–18 m/s–2. The extrapolation of D
for Cu self-diffusion and In bulk diffusion in Cu to 300 K (tem-
perature of HPT treatment) gives D¼10–35 m2/s [39] and D¼
10–39 m/s–2 [40], respectively. Similar extrapolation of In GB diffu-
sion coefficient gives DGB¼10–28 m/s–2 [26]. In spite of the fact that
high pressure slows down both bulk and GB diffusion [41,42], the
DHPT is 10 to 21 orders of magnitude higher than these extrapolated
values. It means that, like in previously studied systems, HPT
strongly accelerates mass transfer.

Most likely the difference in the behavior of Cu–In alloys in
comparison with the previously studied Al–Zn, Co–Cu, Cu–Ni and
Cu–Ag alloys can be due to the sign of the mixing enthalpy. The
positive mixing enthalpy in these (Table 1) promotes the cluster-
ing of impurity atoms. Therefore, in case of positive mixing
enthalpy the impurity atoms would tend to form a kind of zone
or precipitate in the supersaturated solid solution, The HPT
treatment would speed up this decomposition by delivering
nonequilibrium vacancies.

The negative mixing enthalpy in the Cu–In alloys thermodyna-
mically prevents the alloy decomposition during HPT. Remaining
in solid solution, In atoms promote grain refinement down to a
nanoscale range (Figs. 1c, 2e). It has been frequently argued that
the large volume fraction of grain boundaries present in nano-
crystalline state enhances the solid solubility in these materials
[3,4]. That is why partial dissolution of the δ-phase precipitates in
Cu – 13.5 at. % In alloy after HPT was possible, leading to the
increased concentration of In in the Cu matrix as compared with
that after the annealing at 574 1C.

4. Conclusions

The Cu–In supersaturated solid solution during HPT behaves
differently as compared to Al–Zn, Co–Cu and Cu–Ni systems with
positive mixing enthalpy and without intermetallic phases. It does
not decompose during HPT. Furthermore, in the Cu–13.5 at. %
In alloy, the δ-phase particles partially dissolve in the Cu-matrix,
leading to its additional enrichment with indium. As a result, the
concentration of indium in the Cu-matrix becomes at least as high
as a sample annealed at 574 1C.
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