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A B S T R A C T

The influence of the structural state on deformation mechanisms under large strains was investigated in a Cu
– 2 wt.% Be alloy. Torque evolutions during straining exhibit serrations typical of structural relaxations in the
precipitation-hardened alloy, but not in the solid solution state. Microstructure characterization revealed that
homogeneous deformation of the solid solution led to strong grain size reduction (20 nm), while localization
occurred in the precipitated state with numerous shear bands. The role of CuBe precipitates on hindering
dislocation glide and the resulting shear localization under large strain is discussed.
1. Introduction

Dislocation glide is known to be a main mechanism of plastic
deformation in crystalline materials [1,2]. Several strategies have been
developed to shift the plasticity of materials at higher stresses and
tune their mechanical responses. Among these strategies, precipitation
hardening relies on the strong interaction between dislocations and
nanoscaled precipitates homogeneously nucleated during a so-called
precipitation treatment. For example, adding 2 wt% of Be to copper
may give rise to a yield stress of up to about 1000 MPa due to the
precipitation of CuBe bcc 𝛾-phase [3]. However, this increase in yield
stress as compared to commercially pure Cu is accompanied by a
significant decrease in ductility. This ductility, evaluated under given
stress conditions, is the maximum strain that can be sustained by
the material without significant damages that would lead to failure.
In some forming processes or under contact conditions, this damage
could be delayed due to high hydrostatic pressures, allowing much
larger maximum strains to be achieved than those measured in tensile
conditions. The mechanisms of plastic deformation and the resulting
microstructure evolution in such situation would be rather specific.
During the past years, such features have been extensively investigated
by severe plastic deformation techniques, for example High Pressure
Torsion (HPT). In pure metals or solid solutions, the accumulation of
crystalline defects – particularly dislocations – leads to the formation
of new grain boundaries, and large strains give rise to ultrafine grain
structures [4]. However, the mechanisms occurring in multiphase al-
loys, especially in the case of precipitation hardening, are not fully
understood. Under conventional tensile test conditions, nanoscaled

∗ Corresponding author at: Aalto University, Department of Applied Physics, Complex Systems and Materials Group, FI-02150 Espoo, Finland.
E-mail address: ivan.lomakin@aalto.fi (I. Lomakin).

precipitates could be sheared or by-passed by dislocations; transition
between the two mechanisms depends on the precipitate size [5]. Under
large strains, however, the accumulation of dislocations loops around
the precipitates and may provide new conditions, eventually leading to
precipitate shearing. Moreover, mechanical mixing has been reported
in a few extreme cases [6,7], thus precipitate dissolution is likely to
occur.

To gain new insights into the mechanisms controlling deformation
under large strains of alloys hardened by a high density of nanoscaled
precipitates, a Cu – 2 wt. % Be alloy was severely deformed up to a
total shear strain of 160 under high hydrostatic pressure at room tem-
perature by HPT. The in-situ monitoring of the stress required for severe
plastic deformation was combined with a systematic characterization of
post-deformation microstructures to highlight the specific mechanisms
occurring in the precipitation-treated alloy as compared to the solid
solution state.

2. Materials and methods

Samples of Cu–2Be in the form of discs (diameter 20 mm, thickness
2 mm) were solubilized at 780 ◦C for 30 min, then water quenched.
Next, half were artificially aged at 325 ◦C for 10 h to achieve precipita-
tion of CuBe bcc 𝛾 nanoscaled particles and a maximum hardening [3].
Severe plastic deformation was introduced by HPT processing at 6
GPa, up to 5 revolutions with a rotation speed of 1 rpm using a
Walter Klement GmbH high-pressure torsion press. To monitor the
vailable online 20 July 2021
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Fig. 1. (a) - engineering stress–strain curves for the Cu–2Be alloy after different thermomechanical treatments. (b) - torque measurements during HPT processing of the Cu–2Be
alloy after solid solution (SS) thermal treatment and artificial aging (SS + AA) at 325 ◦C for 10 h, showing structural relaxations (arrows) of the material.
Fig. 2. HRTEM image of the CuBe bcc 𝛾-phase particle in the fcc copper matrix after
artificial aging (SS + AA) of the Cu–2Be alloy at 325 ◦C for 10 h. Inverse Fast Fourier
Transform (IFFT) analysis (circled regions) of the particle–matrix interface indicating
lattices misfit.

flow stress during deformation, torque measurements were carried out
during HPT processing using built-in torque strain gauges connected
to a Wheatstone bridge attached to the upper anvil holder. The torque
measurement tool was calibrated before each processing procedure.

Phase identification was performed using X-ray diffraction analyses
using a Brucker D8 Discover diffractometer (CuK𝛼 radiation, Bragg’s
angle 25◦ to 125◦ and scanning rate of 5◦/min). Microstructures were
characterized by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM).

SEM specimens were polished and etched with an ammonium per-
sulfate water solution (10 mg of (NH4)2S2O8 with 100 ml of distilled
water) for 60 s to reveal grain boundaries. Images were recorded
on a JEOL JSM-7500FA microscope operated at 5 kV, and with an
Everhart-Thornley secondary electron detector. TEM specimens were
prepared from 3 mm discs cut 5 mm from the center of the HPT
samples. After 5 revolutions, this region has sustained a shear strain
of 𝛾 ∽ 75 (𝛾 = 2𝜋𝑁𝑟∕ℎ, where 𝑁 is number of revolutions, ℎ is
thickness of the specimen and 𝑟 is the radius). Specimens were first
mechanically ground then electropolished using a Struers TenuPol 5
2

apparatus (electrolyte: 1/3 HNO3 + 2/3 methanol at −30 ◦C). The
final preparation was carried out using a Gatan PIPS II ion polishing
system (acceleration voltage 4 keV). Observations were performed on a
JEOL ARM-200F microscope operated at 200 kV. Scanning TEM images
were recorded with high-angular annular dark field (HAADF) and dark
field detectors (collection angles of 80–180 mrad and 20–80 mrad,
respectively).

Stress–strain curves were recorded using a Shimadzu AGX-50 Plus
uniaxial tensile test machine at a strain rate of 5 ⋅10−4 s−1 with samples
of 5.0 × 2.0 × 1.0 mm (details are given in [8]). Specimens were cut
out of the HPT samples by electric discharge machining such that the
gauge center was located 5 mm from the center of the HPT samples.
At least three measurements were carried out for each state to obtain
representative data.

3. Results and discussion

As expected, the yield stress of the precipitation hardened Cu–2Be
alloy is much higher than after the solubilization treatment (130 MPa
vs. 1.2 GPa, respectively, Fig. 1a). To reveal the peculiarities of sec-
ondary phase interaction with the copper matrix, HRTEM observations
were made (Fig. 2). It was found that precipitates are semi-coherent
with a copper matrix and crystallographic misfit compensated by a
number of dislocations presented on the precipitate–matrix interface.
The solubilized Cu–2Be alloy exhibits a significantly larger tensile elon-
gation with a larger strain hardening capability (250 MPa compared
to 150 MPa), but the ultimate tensile stress is much lower than for
the precipitation-treated alloy (450 MPa vs. 1245 MPa, Fig. 1a). In
spite of these significant differences, the torque curves recorded during
the severe plastic deformation by HPT are rather similar (Fig. 1b).
After two rotations (720◦), it seems that a steady state is reached for
both materials; the torque saturates at about 2280 and 2650 N m for
solubilized and precipitation-hardened alloys, respectively. This 20%
difference is consistent with the 20% difference in yield stress measured
after HPT (Fig. 1a). Indeed, this type of saturation is quite typical for
metallic alloys processed by SPD [4]. However, serrations characterized
by avalanche-like drops of the torque are clearly exhibited on the curve
of the precipitation-hardened alloy. They do not appear for the solu-
bilized alloy, and indicate some specific structural relaxations during
straining. It is well known that some mechanical instabilities may occur
during plastic deformation, such as the Portevin–Le Chatelier effect [9]
that results from macroscopic localized shear banding due to dynamic
aging provided by deformation. Similar strain localization behavior was
previously observed both experimentally [10] and as an outcome of
simulation [11] over aluminum processed by equal channel angular
pressing (ECAP). SEM observations were carried out on as-processed
materials to clarify the origin of torque instabilities during HPT.
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Fig. 3. SEM images of the plane surface (a, c) and cross section (b, d), taken 5 mm from the center of the HPT-processed specimens. (a, b) — solubilization treatment with
subsequent HPT; (c, d) — artificial aging with subsequent HPT. RD — radial direction, SD — shear direction, AD — axial direction.
Fig. 4. (a) - XRD patterns of the Cu–2Be alloy after different thermomechanical
treatments combining solid solution treatment (SS), artificial aging (AA) and severe
plastic deformation (HPT). (b) - Enlarged XRD patterns in the range of 40 and 54
degrees.
3

As revealed by Fig. 3, large differences can be noticed: images
of the solubilized alloy (SS + HPT) are featureless, with only a few
relatively coarse particles (about 1 μm) that result from the imperfect
etching procedure (Fig. 3a, b). These observations are consistent with
a strong grain refinement induced by SPD [3]. On the other hand, the
precipitation-hardened alloy (AA + HPT) exhibits coarse grains (about
20 μm) both in plane-view (Fig. 3c) and cross-section (Fig. 3d) of the
HPT disc, indicating that no grain refinement occurred during SPD.
This result is rather unusual for a severely deformed metallic alloy [4].
There are, however, numerous linear features (arrows on Fig. 3c and
d) with a much higher density on the cross-sectional view (Fig. 3d). As
the main shear direction (SD) is orthogonal to this surface, these lines
might be attributed to localized shear events. This explains the higher
amount of observed bands in the cross-section surface compared to
the plane-view surface. Microstructural features along grain boundaries
and at triple junctions are clusters of discontinuous precipitation in Cu–
Be alloys [12]. X-ray diffraction measurements (Fig. 4) confirm that
relatively little microstructural changes occurred under the large strain
imposed by SPD, as both phases (fcc Cu and 𝛾 CuBe) are still detected
after HPT. Before processing, peaks are relatively broad because of
elastic strains necessary for accommodating the misfit between the two
phases [3]. The peak width remains relatively constant during HPT,
indicating that a high level of internal stresses is maintained. It is
important to note that the relative intensity of Cu peaks has changed,
indicating some texture change during HPT, thus proving that the
material was effectively strained.

TEM observations were made to confirm and clarify the very dif-
ferent behavior of the Cu–2Be alloy in solid solution and precipitate-
hardened states under large strain. In agreement with our earlier
study [3], a nanoscaled structure with a mean grain size of about
20 nm is exhibited in the as-processed solubilized alloy (Fig. 5a).
Note that here we show the image at lower magnification in order to
emphasize the visibility of the dramatic differences in microstructures.
These observations are also consistent with the significant hardening
induced by HPT, leading to an increase in yield stress of up to 1 GPa
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Fig. 5. TEM images of the Cu–2Be alloy subjected to solubilization (a) and artificial aging (b–d) prior to HPT. (a) STEM DF images of the Cu–2Be alloy, processed by HPT after the
solubilization treatment; (b) STEM DF image at low magnification showing shear bands (arrows); (c) STEM HAADF image of shear band (arrows); (d) TEM BF image corresponding
to (c) and SAED patterns recorded in the circled areas.
(Fig. 1a). The situation is however very different in the precipitation-
hardened state (Fig. 5b), where grains are still in the micrometer range,
in agreement with the SEM observations (Fig. 3). The bright field
TEM image (Fig. 5d) exhibits very strong contrast variations, indicating
that the copper matrix sustains large elastic strains, partly due to the
misfit accommodation between precipitates and the matrix, but also to
a high density of dislocation introduced during SPD. Planar features
intersecting grains clearly appear (arrows on Fig. 5b, c, d), which
are thin bands with a mean apparent thickness of about 50 nm. The
typical plate-shaped 𝛾-CuBe precipitates nucleated during the precip-
itation treatment [3,13,14] are detected on SAED patterns (Fig. 5d),
and remain homogeneously distributed as evidenced by the darkly im-
aged STEM-HAADF image (Fig. 5c). On this image, precipitates clearly
appear inside of a deformation band, indicating that they were not
dissolved locally, which is also confirmed by the SAED pattern (inset
bottom left on Fig. 5d). Shear localization has already been reported
in ordered compounds deformed by SPD at a relatively low strain
rate [15] or high temperature [16], or in hardened Ni-based alloys [17].
It is usually connected to local dynamic recrystallization, and leads to
grain refinement. However, the mechanisms involved during SPD are
quite different, since precipitates are not dissolved.
4

To summarize our experimental results, a schematic representation
of microstructure evolution during SPD is given in Fig. 6, where the
influence of Be in solid solution in fcc Cu is compared with that of a
high density of nanoscaled 𝛾-CuBe precipitates. Applying large strain in
quasi-hydrostatic conditions (HPT) to a solubilized alloy (Fig. 6a) leads
to a dramatic increase in the dislocation density and classical dynamic
recovery, and the recrystallization mechanisms lead to grain refinement
after unloading [4]. However, the achieved grain size is much smaller
than that in pure Cu due to the strong interaction of Be with crystalline
defects, which slows down recovery mechanisms [3].

If dislocation nucleation and glide are assumed to be a deforma-
tion energy dissipation mechanism and their originating phenomenon
are used for further grain refinement, one can expect that hindering
dislocations mobility can significantly change strain accommodation
mechanisms in materials. Such effect can be clearly observed in the
precipitation-hardened Cu–Be system, since dislocations pinning by
nanoprecipitate particles leads to considerable strengthening, even in
a coarse-grained state, due to higher yield stress. At the applied large
strain in quasi-hydrostatic conditions (Fig. 6b), these 𝛾-CuBe precip-
itates with theoretical hardness of 1000 HV [3] are too stiff to be
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Fig. 6. Schematic representation of the microstructure evolution stages in solubilized (a) and precipitation-hardened (b) Cu–2Be alloy during the application of large strain by
severe plastic deformation.
sheared during deformation at relatively low strain rates, thus, dislo-
cations mobility most likely appear in the matrix while deforming the
alloy. Misfit of lattices (Fig. 2) leads the precipitate–matrix interface
to emit dislocations, providing their looping as an outcome of Orowan
mechanisms. Due to the high density of precipitates and the fact
that their hardness makes them unable to efficiently accommodate
dislocations, dislocation density in the surrounding Cu matrix increases
dramatically. In a classical tensile test at a critical strain value, the main
energy draining mechanism would leave a loop around the by-passed
precipitates, giving rise to a strain hardening and hence providing
uniform elongation [18] with further fracture as a mechanical energy
accommodation mechanism (Fig. 1a). However, under the applied high
hydrostatic pressure, fracture is hindered since the high hydrostatic
pressure under HPT conditions (6 GPa) inhibits damage. In order to
minimize total energy and decrease dislocation density in such condi-
tions, local high stress creates twisted (rotated) regions. Shear bands
appear in the direction governed by crystallographic orientation of the
copper matrix in a certain grain. This can be clearly seen from SEM
images, where shear bands traverse a single grain following crystal-
lographic defects such as copper twins (Fig. 3d). Under this process,
precipitates became weaker obstacles, and hence sheared. As soon as
the plastic strain is localized in such shear bands, the mean disloca-
tion density remains relatively stable and the conditions for dynamic
recrystallization that lead to grain refinement are not fulfilled, at least
for the range of plastic strains used in the present HPT experiments.
The presence of this shear band affects further mechanical properties
of the processed alloy. Boundaries of these shear bands seem to become
additional obstacles for effective dislocation glide, and trap dislocations
in a way similar to that for nano-twins boundaries [19]. This leads
5

to the observed insignificant increase in yield limit compared to the
un-deformed precipitation-hardened alloy (Fig. 1a).

4. Summary

In summary, this experimental work shows that when dislocation
glide is strongly hindered by a high density of precipitates, large strains
applied under high hydrostatic pressure may localize in shear bands.
Such phenomenon occurs even at a relatively low strain rate, and thus
is very different in nature from adiabatic shear band formation followed
by complete precipitates dissolution reported for high strain rates [20]
and precipitation-hardened alloys [21].
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