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During high-pressure torsion (HPT) the dynamic equilibrium establishes with a certain steady-state composition
of the solid solution along with the grain refinement by a factor of more than thousand. The formation of such
HPT steady-state in copper alloyswith Co, Ag and In has been studied. If precipitates of a second phasewere pres-
ent in the sample before HPT, their dissolution led to the enrichment in the (Cu) matrix solid solution. If precip-
itates of a second phase were absent, the HPT led to the depletion in the (Cu) matrix due to the segregation in
newly formed defects like grain boundaries.
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Recently we observed that two processes compete with each other
during high pressure torsion (HPT) of Cu-based binary alloys: (1) de-
composition (depletion) of solid solution with formation of precipitates
and (2) dissolution of precipitates with enrichment of solid solution
[1,2]. As a result, a dynamic equilibrium is reached and a steady state
is formed after about twoHPT anvil rotations. A certain steady state con-
centration css of second component was established in the solid solu-
tion. If the concentration cs in the solid solution before HPT is lower
than css, HPT leads to the partial dissolution of precipitates, and cs in-
creases up to css. If cs N css the solid solution decomposes partially, and
cs decreases down to css. What happens if the total concentration of
the second component is ctot b css?

HPT always leads to the strong grain refinement and formation of
other defects like vacancies, dislocations and grain boundary (GB) triple
junctions (GBTJs) [3]. In case of Cu-based alloys, the grain size typically
decreases by about the factor of 1000 [1,2,4–6]. The second component
usually form segregation layers in GBs and line complexions (segrega-
tion tubes) in dislocations and GBTJs. These segregation layers and
tubes newly formed during HPT can “consume” the atoms of the second
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component both from solid solution and precipitates. In case of GBs it
can be (a) monolayer Gibbs segregation, (b) multilayer Fowler-
Guggenheim segregation [7] or (c) few nanometer thin layers of GB
phases [8–11]. For example, GBs and other defects in nanograined ox-
ides can hide tens of percent of second component atoms [12]. In this
case we have to consider the competition between three “refugia” for
alloying atoms (Fig. 1): solid solution, precipitates, and defects (like dis-
locations, GBs and GBTJs). This is true if ctot N css. If ctot b css, the precip-
itates are absent, and only the competition between solid solution and
defects segregation layers and tubes takes place (Fig. 1). If the defects
segregation is high enough, the alloying atomswould leave the solid so-
lution, and cs would decrease during HPT in comparison with the con-
centration before HPT. The experimental search for such a depletion
effect in Cu\\Ag, Cu\\Co and Cu\\In alloys is the goal of this work
[1,2,13]. The published data witness strong segregation of silver in
(Cu)/(Cu) GBs [14–17].

The following copper alloys have been prepared from the high-
purity components (5 N5 Cu, 4 N8 Ag, 4 N4 Co and 5 N4 In) by vacuum
inductionmelting: Cu with 2.6 and 5.3% Co; 2.4 and 4.9 Ag; 2.3 and 5.8%
In (in at. %). For the HPT processing, the 0.6 mm thick disks sealed into
evacuated silica ampoules with a residual pressure of approximately 4
× 10−4 Pa and then annealed: Cu\\Co at 570 °C for 450 h and 900 °C
for 67 h; Cu\\Ag at 600 °C for 770 h and at 800 °C for 290 h; Cu\\In at
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Fig. 1. Schemeof the binaryphasediagram for theCu-based alloy showing the steady-state concentration in theHPT dynamic equilibrium css, the effective temperature for the composition
of matrix solid solution Teff

sol, and the competition between three “refugia” for alloying atoms: solid solution, precipitates and defects. Only GBs are shown for simplicity.
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570 °C for 400 h. The succeeding HPT took place at room temperature
and 6 GPa for 5 rotations at 1 rpm in a custom built computer controlled
HPT device (W. Klement GmbH, Lang, Austria). The samples for themi-
crostructure studies were cut from the HPT-processed disks at a dis-
tance of 3 mm from the sample center. The transmission electron
microscopy (TEM) is performed in a TECNAI G2 FEG super TWIN at
200 kV. TEM thin foils were prepared by a twin-jet polishing technique
using D2 Struers electrolyte. The X-ray diffraction (XRD) patterns were
obtained using Bragg–Brentano geometry in a powder diffractometer
(Philips X'Pert) with Cu-Kα radiation. For atom probe tomography
(APT) samples were prepared with a dual beam Zeiss Auriga with the
standard lift-out method on a microtip coupon [18]. These samples
were measured with a LEAP (Local electrode atom probe) 4000× HR
at temperatures of 25 K to 50 K with laser energy was 30–100 pJ per
pulse at a frequency of 100 kHz. For the evaluation of the APT results
the IVAS 3.6.14 software from Ametek was used.

Fig. 2 shows the XRD patterns for the alloys before and after the HPT
deformation. The Cu–5.3% Co alloy (Fig. 2a) was annealed before HPT at
570 °C, i.e. below solvus line in the (Cu) + (Co) two-phase area of the
Cu\\Co phase diagram [19]. The respective XRD pattern contains
peaks of the (Cu) solid solution andweak peaks of the (Co) precipitates.
The annealing temperature for the Cu–2.6% Co alloy before HPT was at
900 °C, i.e. in one-phase (Cu) area of Cu\\Co phase diagram. Respec-
tively, the XRD pattern showed only peaks of (Cu) solid solution and
no cobalt peaks, which indicates the presence of only the (Cu) phase.

In Fig. 2b the XRD patterns are shown for the Cu–2.4% Ag and Cu–
4.9% Ag alloys. The Cu–4.9% Ag alloy was annealed before HPT at 600
°C, i.e. below the solvus line in the (Cu) + (Ag) two-phase area of the
Cu\\Agphase diagram [19],which is confirmed by theXRDpattern con-
taining the peaks of the (Cu) solid solution and weak peaks of the (Ag)
precipitates. The XRD pattern of the Cu–2.4% Ag alloy annealed before
HPT at 800 °C (one-phase area) contains only the peaks of the (Cu)
solid solution and no silver peaks.
Both Cu\\In alloys were annealed before HPT at 570 °C in the (Cu)
one-phase area of the Cu\\In phase diagram [19] and contain only
peaks of (Cu) solid solution and no peaks of Cu\\In intermetallic phases
in the XRD patterns (Fig. 2c).

HPT led to strong grain refinement in all investigated alloys. The
grain size decreased from ~500 μm to ~150 nm. Fig. 3 shows an example
of the microstructure for Cu – 5.3% Co alloy after HPT. As a result, the
peaks in respective XRD patterns broadened in comparison to those be-
fore HPT. In the Cu–5.3% Co alloy the (Co) peaks almost disappeared
after HPT and the XRD peaks of copper shifted to the right (shown
with arrows in Fig. 2a). This means that Co precipitates were also
fragmented and almost dissolved, and cs increased. It is because the ad-
dition of Co into the Cu lattice decreases the lattice parameter. In the
Cu–2.6% Co alloy, (Cu) peaksmoved to the left after HPT, in the direction
of pure copper, which implies that the Cu-matrix is “purified” and Co
atoms disappeared from Cu-based solid solution.

In the Cu– 4.9% Ag alloy the (Ag) peaks almost disappeared after
HPT, and Cu peaks shifted to the left, as shown in Fig. 2b. Thus, Ag pre-
cipitates were fragmented, almost dissolved and cs decreased. It is be-
cause silver addition increases the lattice parameter in copper. More
exact experiments demonstrated recently that the Ag precipitates
were not only fragmented [20] and the content of silver in copper-
matrix increased up to css, but also the concentration of copper in silver
precipitates increased towards a steady state one [21]. In the Cu–2.4%Ag
alloy, (Cu) peaks moved to the right after HPT, in the direction of pure
copper. As a result, the Cu-matrix after the deformation contains less sil-
ver than in the initial state.

For both Cu\\In alloys the XRD profiles show no measurable differ-
ence in the position of (Cu) peaks before and after HPT (Fig. 2c).

APT reveals that indeed there is segregation in GBs and other defects
for both, pre- and after HPT samples of Cu–2.4% Ag alloy. Fig. 4a shows a
heat map of a selected slice, representing the Ag-ion density. Low Ag-
ion density is blue, high Ag-ion density is greenish. The silver density



Fig. 2.X-ray diffraction patterns of (a) Cu\\Co, (b) Cu\\Ag and (c) Cu\\In alloys before and
after HPT. The patterns are vertically shifted for better comparison.

Fig. 3. Bright field TEM micrograph of annealed Cu – 5.3% Co, 570 °C alloy after HPT.
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interval is between 0 and 3 atoms/nm3, the curved slope of a high den-
sity indicates a GB (marked by arrows). The possibility to rotate the
three-dimensional APT image permitted to find the two-dimensional
curved “tape” enriched by silver atoms. It corresponds to the Ag segre-
gation in a (Cu)/(Cu) GB. Other Ag-enriched areas are point-like or lin-
ear. They correspond to other defects like dislocations. The radial
distribution function [22] around Ag atoms is shown in Fig. 4b. An Ag
segregation is revealed by the increased normalized Ag concentration
close to the centers of Ag atoms. The Ag segregation slightly increased
in the samples subjected to HPT in comparison with ones before HPT.
Itmeans that after HPTmore silver atoms are surrounded by other silver
atoms than before HPT. From the Fig. 4b, it is possible also to estimate
the width of the segregation layer, which is around 1 nm thick. Since
the overall segregation effect is rather small, one has to consider the
possibility that the observed segregation could be an effect of preferen-
tial evaporation at the GBs. The expected evaporation fields of Ag with
24 V/nm and Cuwith 30 V/nm [23] differ enough tomake this possible.
Thuswe changed the evaporation conditions by decreasing the temper-
ature from 50 to 25 K. The observed segregation effect was retained,
suggesting that the segregation is true.

We observed that if the initial alloy contained Co or Ag precipitates,
HPT led to their dissolution, and Co or Ag concentration in the solid so-
lution increased towards css like in [1,2]. It is because cs b css in the stud-
ied alloys. If the samples contained only solid solution without
precipitates, the Co or Ag concentration in the solid solution decreased.
After HPT the grain size decreased more than thousand times and a lot
of new GBs as well as dislocations and GBTJs formed together with the
respective segregation layers and tubes. If the alloy contained precipi-
tates, they were used as the sources for defects segregation layers and
tubes. If precipitates were absent before HPT, the solid solution served
instead as the source to form the segregation. If GB andGBTJ segregation
is strong enough (like in Cu\\Co and Cu\\Ag alloys), the latter process
led to the depletion of a solid solution. In case of weak segregation
(like in Cu\\In alloys) the depletion of the solid solution was not
measurable.

From the obtained data one can estimate the impurity concentration
in the GB segregation layers. Let us suppose for the estimation that all
impurity segregates in GBs andGBTJs. GBTJs can be considered as super-
position of GB segregation layers [24]. The lattice period of (Cu) in Cu–
2.6% Co alloy before HPT was a = 0.36137 nm and after HPT it was a
= 0.36147 nm. This means that, according to the Vegard law the (Cu)
solid solution contained 2.6% Co before HPT, and only about 1.2% Co
after HPT [1]. Thus, about 1.4% Cowas used for the formation of GB seg-
regation. Let us suppose that the Cu grains have the shape of
tetrakaidecahedron [25] which gives the least GB surface. For GB thick-
ness δ = 1 nm and for the grain size of 100 nm, the GB layers occupy
about 1.65% of the total volume. In this case Co atoms would occupy
about 85% of the sites in GB layers. The GB segregation factor s = 71 is
the ratio between GB and bulk concentration. Similarly, the lattice pe-
riod of (Cu) in Cu–2.4% Ag sample before HPT was a = 0.362728 nm,
and after HPT a = 0.362539 nm, i.e. the (Cu) solid solution lost about
0.3% Ag [2,26–28]. If the grain size was 100 nm silver atoms would
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occupy about 20% of the GB sites. s=10 for the Cu–2.4% Ag alloy. In the
Cu–2.3% In alloy the change of lattice period before and after HPT does
not exceed Δa = 0.00005 nm. In Cu\\In alloys this corresponds to
about 0.2% In [3,29–32]. For the grain size of 100 nm it means that the
In enrichment at GBs is below 2% and s ~1. Thus, the observed GB segre-
gation decreases in the sequence Co → Ag → In.

In Table 1 the values of s and segregation enthalpy Hs measured by
radiotracer method and Auger electron spectroscopy are given. The ex-
trapolation of s for Cu\\Ag and Cu\\Co systems for the temperature of a
HPT treatment at 25 °C gives s N 103–104. The estimated values of s=71
for the Cu–2.6% Co and s= 10 for Cu– 2.4% Ag after HPT correlate with
the radiotracer data of s at high temperature of T N 500 °C. Thus, the GB
enrichment after HPT at T = 25 °C is similar to that after conventional
annealing at a certain effective temperature Teff

segr N 500 °C. Previously
Table 1
GB segregation factor s and segregation enthalpy Hs measured by radiotracer method and
Auger electron spectroscopy.

Alloy s Hs,
kJ/mol

T, °C Ref.

Co in Cu 103 34.7 260–650 [16,33-38]
Ag in Cu 10 150–200 [39,40]
Ag in Cu 102–103 150–300 [41,42]
Ag in Cu–0.2% Ag 1–4 25 350–600 [43]
Ag in Σ5 (310) [001] symmetric tilt
GB

5·102–2·103 27–28 260–650 [17,44]
we observed that the composition of the matrix solid solution after
HPT in the Cu\\Co and Cu\\Ag alloys aswell as the rate ofmass transfer
is the same as for conventional annealing at 900 and 700 °C,
respectively.

The APTmap in Fig. 4a indicates the Ag segregation in (Cu)/(Cu) GBs
[42–45]. The two-dimensional “tape” of a (Cu)/(Cu) GB is enriched by
silver atoms. The inhomogeneity of silver distribution inside the copper
grains reveals segregation in low-angle GBs or dislocations [45]. The ra-
dial distribution in Fig. 4b demonstrates that the difference in GB con-
centration between GBs before and after HPT is not very big, which
suggests that the structure of GBs in the steady-state reached after 5
anvil rotations is very close to that after long annealing and, therefore,
to the equilibrium one. It is in contradiction to the generally accepted
ideas about the formation of non-equilibrium GBs during HPT [46,47].
The radial distribution (Fig. 4b) shows that, indeed, in agreement with
the XRD data (Fig. 2b) the silver concentration in the bulk after HPT
(~2.5% Ag) is lower than before HPT (~2.75% Ag). We can conclude
that the formation of GB segregation layers in GBs newly formed during
HPT “consumes” indeed the Ag atoms from the solid solution. Theoret-
ical works also predict the strong Ag segregation in Cu GBs including
transition from monolayer to multilayer segregation or even to the
thick premelting GB layer [48–59].

It is important to underline that the steady-state establishes during
HPT very quickly, after 1–2 anvil rotations, i.e. within 1–2 min at the
room temperature [4,60]. The respective mass transfer needed for the
redistribution of impurities is equivalent to that performed by the
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conventional bulk diffusion at the increased temperature Teff
diff [1,2]. The

composition of matrix solid solution in the steady-state is also equiva-
lent to the solubility at certain Teff

sol [60,61]. In thisworkwe estimated an-
other value, namely Teff

segr, based on the GB segregation. All three values
are comparable Teff

diff ~ Teff
sol ~ Teff

segr. In other words, the state of dynamic
equilibrium between defects production and defects relaxation during
HPT is indeed similar to the state at a certain increased temperature Teff.

To conclude, HPT leads to the redistribution of a second component
between the bulk solid solution, the precipitates of a second phase and
the grain boundary segregation layers. In case the precipitates in the
alloy are absent, the segregation is formed on the newly appeared GBs
at the expense of the depletion of the matrix solid solution. Based on
this effect, we concluded that the GB segregation decreases in the se-
quence Co → Ag → In.

Thus, the goal of this short work was to demonstrate the principle
possibility to observe and quantitative measure the GB adsorption by
comparing the position of XRD peaks before and after HPT in coarse-
grained and fine-grained samples. We demonstrated that it is possible
and the effect is measurable in Cu\\Ag and Cu\\Co alloys. It is possible
when the alloys are annealed in such away that precipitates of a second
phase are absent and “new” grain boundaries “soak” silver (or cobalt)
from solid solution leading to its impoverishment. In turn, it shifts the
XRD peaks. Respective GB adsorption is also visualized by APT. Using
this approach it will be possible to compare the GB adsorption in alloys
with different alloy concentration and after different heat treatments, as
well as after HPT in different conditions (like temperature, pressure or
strain rate)with a hope to find the transitions from single- tomultilayer
GB adsorption like in other alloys [7,62–64].
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