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Strain hardening and softening in nanotwinned Cu
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Nanotwinned Cu foils with about 99% coherent twin boundaries (TBs) among all the boundaries were made. These coherent
TBs, with an average spacing of 25 nm, were engineered approximately parallel to foil surfaces. Low plane-strain deformation
enhances the hardness by refining microstructure and introducing dislocations. High plane-strain deformation results in crystallo-
graphic lattice rotation and reaction between dislocations and coherent TBs, and induces incoherent TBs, thus twin coarsening and
even diminishing of nanotwins accompanied by recovery and recrystallization, which cause softening.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Materials such as Cu-containing nanoscale
growth twins have been reported to have an attractive
combination of properties, including high strength
[1–7], ductility and stability [7–10]. Given the unusual
properties obtained in nanotwinned (NT) materials,
they can be exploited in a variety of structural and func-
tional applications, and have been a subject of research
for years. Many advances have been made in processing
techniques, improving mechanical properties and relat-
ing the microstructure to mechanical properties in NT
materials. Various microstructural features, such as
grain morphology, orientation of twin boundaries
(TBs) [11,12] and texture, influence the strength of NT
samples, while the strength is mainly governed by twin
spacing [4–6,13,14]. For instance, it was reported that,
when the average twin spacing in {111}-textured Cu
shrank from 100 to 5 nm, the strength was increased
from about 0.3 to 1.1 GPa [4,5,14]; in {110}-textured
Cu [15], the strength reached 0.9 GPa with reduction
of the twin spacing to 15 nm [2,16]. Moreover, the
microstructure can be refined by cold deformation,
and the refinement is proportional to the macrostrain;
this is another method to enhance the mechanical
strength [17]. Room temperature (RT) strain hardening
has indeed been reported in rolled (11 0)-textured NT
Cu [15]. However, grain or twin growth in nanocrystal-
line metals under deformation has also been reported,
and softening was observed in nanocrystalline Cu left
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for extended periods of time at RT [9,18–24]. It is un-
clear whether the deformation-enhanced hardness in
NT Cu can be maintained during long-term service,
though the stability of nanotwin boundaries in copper
under different mechanical loading states has been heav-
ily investigated [9,10,25]. If a TB is stable, it is important
to find the critical deformation strain to achieve the pos-
sible highest strength, because softening was reported in
NT Cu with a twin spacing of less than 15 nm [2,20]. As
a consequence, the characterization of deformation-re-
lated stability in NT Cu is studied in this work.

High-purity Cu foils (50 � 10 � 0.1–0.2 mm3 in size)
were synthesized by a pulsed electro-deposition tech-
nique. The details of the preparation are described in
Ref. [21]. Some of the as-deposited foils were cold de-
formed in a plane-strain condition by rolling with the
rolling plane perpendicular to the growth direction of
foils.

Microhardness tests were performed on a Tukon
2100 microhardness tester with a Vickers diamond pyr-
amid indenter on both the substrate sides and cross-sec-
tions of as-deposited, rolled and aged foils, complying
with the procedure in ASTM E384. The hardness of
the rolled samples was measured immediately after roll-
ing. To select the most suitable load, hardness was mea-
sured with loads of 50, 100 and 300 g on typical samples,
and the corresponding hardness numbers were found to
be within a 3% range. The indents were larger than
20 lm in the diagonal [24]. Further indents examina-
tions revealed that the indent depths were only 2, 3
and 5.5 lm, respectively. Therefore, the foil thickness
was at least 10 times the depth of indentation [22,23].
sevier Ltd. All rights reserved.
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No marks could be observed on the opposite surfaces.
To confine and minimize the deformation zone within
the foil under indentation without losing any accuracy,
a 50 g load was selected and used to generate the data
reported in this paper. The time duration was 10 s.
Our scanning electronic microscopy (SEM) observations
at the cross-section of indenters revealed that the visible
deformation zone under the indentation tip was less
than 1 lm, which further confirmed that 50 g was a
proper load for measuring the hardness. This load was
considered not so high as to penetrate the foils but not
so low as to overestimate/underestimate the mechanical
property. Six to ten tests were conducted for each mea-
surement. The microstructures of the as-deposited,
rolled and aged Cu were characterized by both SEM
and transmission electronic microscopy (TEM; JOEL-
2011) on the cross-sections. The cross-section TEM
samples were prepared by twin-jet electropolishing.
The details are presented in Ref. [26,27].

Figure 1 and Supplementary Figure S1(a) show that
the as-deposited Cu has a columnar structure filled with
a high density of {11 1} growth twins roughly parallel to
the substrate surfaces. The average angle between the
TBs and substrate is close to 0.8�. The average twin
spacing is measured to be around 25 nm. Two distinct
features are shown. First, the coarse columnar (about
4 lm) is two orders of magnitude wider than the twins.
Hence it is reasonable to assume that the hardness is pri-
marily determined by the twin spacing, rather than the
twin length (columnar size) in our materials. Second,
most of the TBs are coherent (�99%) and extend later-
ally across the entire column, with the densities of inco-
herent TBs and arbitrary angle GBs being about 1%.
The correspondent select area diffraction pattern
(SADP; see the inset in Fig. 1) shows that most of the
diffraction spots appear to be elongated in the <1 11>
direction due to the overlapping of the streaks with pri-
mary diffraction spots, which confirms the high density
of TBs. The coherent TB energies (24 mJ m�2) are an or-
der of magnitude lower than those of conventional GBs
(625 mJ m�2) [28]. From the above values, the total
coherent TBs and GBs energies are estimated to be
0.96 and 0.416 mJ mm–3, respectively, for our NT Cu.
Figure 1. Bright field TEM image showing the high density of coherent
TBs in as-deposited NT Cu.
For Cu with a grain size at RT of 100 nm, which is close
to the stable grain size at ambience, the grain boundary
energy is calculated to be about 18.7 mJ mm�3, which is
an order of magnitude larger than the stored TB energy
in our materials. The calculated results indicate that as-
deposited Cu samples have nearly no driving force for
twin coarsening or detwinning (detwinning loosely refers
to an irreversible twin coarsening process in this work)
at RT without external turbulence. This estimation is
further confirmed by our experimental observations.
Heat treatments at 100 �C for 72 h or aging at ambience
over a year have been respectively conducted on as-
deposited Cu. The densely twinned/matrix lamellar
structure is found to be stable, and no detectable varia-
tion in the twin spacing or orientation of twin bound-
aries is observed. Our materials with above relatively
simple structure were chosen for further rolling
experiments.

As illustrated in Figure 2, the trend of the enhance-
ment of hardness on the substrate sides by rolling is con-
sistent with the expected and previous results [15,29]
when the true strain is less than 20%. However, when
the true strain reaches 40%, work softening takes place.
Therefore the critical strain is about 20% for hardening
in our system. To determine whether such a softening
was time related, aging experiments at ambience were
undertaken with the rolled samples. Figure 2 shows that
the hardness drops significantly during aging. Since the
major deformation strain directions are either parallel
or perpendicular to the twin boundaries in our plane-
strain condition, it is hypothesized that the density of
incoherent TBs cannot remain as negligible as that in
the as-deposited Cu. Accordingly, we investigated our
samples in an effort to understand the softening mecha-
nism in NT materials as a result of deformation.

Figure 3 illustrates the hardness evolution of rolled
NT Cu on substrate sides during isothermal aging at
RT. It is seen that the hardness of the rolled Cu achieved
at RT begins to decay within a few days. An increase in
the cold-rolling strain accelerates the hardness recession.
For example, the hardness of the Cu foils at a true strain
of 71% drops by 19% in 5 days, in contrast to the slight
hardness decrease of 11% at a true strain of 51%. In
about 12 days, the hardness values of Cu with a true
strain of 15% decrease by only 9%, while the values of
Cu at a true strain of 71% drop pronouncedly, by
Figure 2. Strain-related age-softening curves of rolled NT Cu. “R.M.”
and “98 days aging” mean that hardness measurements are taken
immediately after rolling and after 98 days of aging of rolled NT Cu,
respectively.



Figure 3. RT hardness vs. aging time in NT Cu at different true strains,
et%.
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40%. The hardness of the deformed NT Cu continues to
fall over a very considerable aging period. By contrast,
the hardness of as-deposited Cu foils shows no evident
change during long-term aging, showing outstanding
stability (Fig. 3). This is consistent with our microstruc-
ture observations.

Deformation changes the structure of the nanotwins.
The SEM observations in Supplementary Figure S1(b)
and (c) show twin spacing before and after deformation,
respectively. In the marked area, the twin spacing is
shrunk by 13% after a true strain of 20%, which suggests
that most of the strain hardening under a small strain
can be attributed to the reduction in twin spacing.

Figure 4(a) shows that dislocations are tangled adja-
cent to or with TBs in rolled Cu at a true strain of 24%.
The corresponding SADP demonstrates that the diffrac-
tion spots become arched (see e.g. the {422} spots),
indicating crystal rotation. With an increase in deforma-
tion strain to 71%, the fine-twinned lamellar structure is
replaced by a coarse lamellar one (Fig. 4(b)). Figure 4(b)
also reveals an uneven microstructural response to
thermomechanical processing: some laminar grains are
significantly widened and coarsened, while others re-
main very fine. Further rolling deformation shortens
the coarsening process and introduces recrystallization.
Figures 4(c) and S1(d) show evidence of the formation
of a large area of new grains via recrystallization under
a true stain of 86% after 1 week of aging, though some
fine NTs can still be seen.

With deformation in the rolled NT Cu, TBs rotation
and the softening mechanism are schematically modeled
in Figure S2(a)–(f). If the twin/matrix lamellar struc-
Figure 4. TEM images showing the evolution of the cross-sectional micro
dislocations lying in TBs in Cu rolled to a true strain of 24% (inset: SADP s
recovery of the deformed samples at a true strain of 71% (inset: SADP exhibi
86% (inset: SADP indicating the formation of new large grains).
tures in the as-deposited NT Cu are defined as T1 and
T2 crystals that have a twin orientation relationship to
each other (Fig. S2(a), all the T1 crystals have the same
orientation in the crystallographic space and so do the
ones in T2. The sizes of T1 and T2 are almost identical.
Rotation can occur within either T1 or T2, or in both of
them. For the former case, the arched spots are consid-
ered to be due to a formation of low-angle GBs within a
single crystal in either T1 or T2 (Fig. S2(b)). The dislo-
cation distance induced by crystal rotation is calculated
to be about 4 nm, which suggests that only a few dislo-
cations can exist within a twin with spacing of 25 nm.
This calculation is consistent with our current observa-
tions in the imaging mode that very few dislocations
are found within the grains. However, no arrays of
dislocations (i.e. more than 5) observed to form the
low-angle GBs are responsible for lattice rotation within
25 nm. Hence, the major rotations should occur among
a group of crystals in T1 and T2 (Fig. S2(c)). In other
words, the crystals defined as T1 in the as-deposited con-
ditions deviate from the original orientation established
in the as-deposited condition, and the twin boundaries
are no longer exactly parallel to the twin plane. The
rotations among different grains can result in the reac-
tion of tangled dislocations with TBs due to the narrow
twin spacing (25 nm). Such reaction leads to the genera-
tion of twinning dislocations [28,30–32] and incoherent
TBs, and reduces the density of fully and perfectly
coherent TBs. The deposited dislocations on TBs may
contribute to the strength of NT Cu by increasing the
slide resistance of other dislocations that are impinging
TBs, provided that the dislocations do not react with
the TBs. However, due to the reaction, such dislocations
contribute limited strengthen to the materials, since the
dislocation migration distance remains almost the same
with just the addition of dislocations at TBs. At the
same time, an increase in incoherent TBs makes the
overall TBs more mobile under stresses because Shock-
ley partial dislocations with increased density can glide
on (111) planes. Upon further deformation, more and
more TBs lose their coherency and become dislocation
sources, and the applied shear stress enables these inco-
herent boundaries to migrate easily [31], which weakens
the barrier to dislocation activity. The loss of coherency
is accompanied by recovery because no significant in-
crease in the dislocation densities is observed in our sam-
ples even when the deformation strain reaches about
structure with rolling deformation conditions. (a) Curved TBs with
howing the rotation of the lattice at g = {422}); (b) the progression of
ting the disappearance of twins); (c) recrystallization at a true strain of
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40%, and the major activities in the recovery process are
the dislocation annihilations. At a later stage, twin
coarsening or detwinning is triggered (Fig. S2(d) and
(e)), which is caused by the annihilation of coherent
TBs and is responsible for the abnormal softening phe-
nomenon in rolled NT Cu at intermediate deformation
strains. The higher the rolled strains, the more the stored
strain energy drives dislocations to rearrange into lower
energy configurations. Eventually, recrystallization oc-
curs (Fig. S2(f)), as exhibited by a dramatic drop in
hardness.

The above analyses do not imply that the softening
occurs homogenously. Differences in both orientation
[11,12,32] and the magnitude of deformation strain/
stress [9,29] may result in variations in a material’s re-
sponse to strain. In our case, the average hardness ob-
tained on the cross-sections is about 0.3 GPa lower
than that on the substrate sides. Because deformation
is never practically uniform in rolling deformation,
recovery, recrystallization and grain growth dominate
the microstructure’s evolution in some preferred loca-
tions, while in others the original twin spacing remains
almost intact (Fig. 4(c)).

In summary, NT Cu with a (111) texture is deposited
and deformed under plane-strain conditions. Its stability
is assessed as a function of deformation strain and aging
times. The as-deposited NT Cu is stable. By contrast,
softening occurs in the rolled Cu and is accelerated by
an increase in deformation strains, i.e. stored strain en-
ergy. The stored strain energy is related to dislocations,
incoherent TBs/partial dislocations and rotation of the
TBs, which are the driving forces for twin coarsening
or detwinning, recovery and recrystallization. Studies
of this unusual and strain-induced softening will help
us to understand how the reliability of NT materials is
dependent on coherent TBs.
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Supplementary data associated with this article can
be found, in the online version, at http://dx.doi.org/
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