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Abstract Lowering stacking fault energy (SFE) of face-
centered cubic (fcc, e.g., Cu) metals by adding alloying
elements (e.g., Al) is an effective way to create nanotwins
(NTs). In this work, nanostructured Cu thin films with
different Al additions (0, 1, 5, and 10 at.%) were prepared
by magnetron sputtering deposition on silicon and polymer
substrate, respectively, to investigate the effect of lowering
SFE on microstructural features and mechanical properties.
The Al addition can effectively reduce the SFE of Cu thin
films, which in turn promotes the formation of NTs and
facilitate the growth of (111) texture but suppresses (100)
texture of Cu—Al thin films. Increasing the Al addition to
~10 %, the crossed NTs network emerges in the nano-
structured Cu—Al thin films. The combined effect of texture
and NTs on hardness and ductility was demonstrated, and
an optimal hardness/ductility (6.2 GPa/6.3 %) combination
was achieved in the Cu-5.0 at.% Al film. Our findings
provide deep insight into tailoring the mechanical proper-
ties of Cu nanostructures by Al alloying.

Introduction
Nanotwinned materials have received much attention due

to their high strength and good ductility [1-3]. Twin
boundary (TB) spacing (Ar) has been found [2, 4] to be a
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critical size that determines the mechanical properties,
playing the same role as grain size (d) like in conventional
materials. In face-centered cubic (fcc) metals, lowering
stacking fault energy (SFE) by adding alloying elements
(e.g., Al, Zn) is an effective way to create nanotwins (NTs)
with reduced At [5-7]. Artificially controlling of the NTs
can also be achieved by tailoring the physical or chemical
preparing processes such as electrodeposition, sputtering
deposition, and plastic deformation [8—10]. For example, a
high density of NTs with At of a few nanometers have been
generated via either electrodeposition [2] or sputtering
deposition [8] at high deposition rates.

Magnetron sputtering deposition is a common method to
prepare metallic thin films, where texture is usually
developed during deposition and subsequent annealing
treatment [11]. The texture evolution is mediated by grain
boundary (GB) motion in preferential orientations caused
by anisotropic driving force [12, 13]. While the mere
reduction of GB energy does not favor specific grain ori-
entation(s), the anisotropy of surface/interface energy can
supply an orientation-dependent driving force. This often
results in the (111) orientation in fcc metallic films,
because the (111) plane has the lowest surface energy. In
contrast, the strain energy of fcc thin films under thermal
stress favor (100) oriented grains, which possesses the
smallest strain energy density [14, 15]. The addition of
alloying elements in fcc metallic thin films, aiming to
reduce the SFE and hence increase the NTs, will inevitably
change the surface/interface energy and internal strain of
these thin films. The film texture will be possibly altered,
which in turn impacts on their NTs formation and on the
final mechanical properties. In bulk ultrafine-grained Cu
alloys processed by severe plastic deformation, it has been
experimentally found that Al addition caused a simulta-
neous increase in strength and ductility by tailoring the
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SFE to form more NTs [9]. Quantitatively, the SFE can be
reduced from 78 mJ m~2 in pure Cu to 50 mJ m~? in Cu—
2.0 at.% Al alloy, and even down to 12 mJ] m~2 when Al
addition up to 10 at.% [5, 16-19]. The less is the SFE
caused by Al addition, the higher is the NT propensity and
the smaller is twin spacing [20]. However, in Cu thin films,
no work has been reported on the Al addition and its effect
on the microstructure and on the resultant mechanical
properties. In this paper, we study the microstructure (i.e.,
NTs and texture) evolution and its influence on hardness
and ductility of nanostructured Cu films with different Al
additions, which are prepared by magnetron sputtering, to
uncover the effects of Al alloying in Cu.

Experimental material and procedures

The Cu-Al thin films with thickness of ~1 um, were
deposited on SiO,/(100)Si substrate and flexible polyimide
substrate, respectively, by direct current (DC) magnetron
sputtering at room temperature. Different Al concentrations
of 0, 1.0, 5.0, and 10.0 at.% were, respectively, added to
achieve a series of SFE of 78, 61, 28, and 12 mJ m~2 [5,
16-19], correspondingly. In preparation, the chamber was
firstly evacuated to a base pressure of 4 x 1077, and
1-3 x 107 torr Ar was used during deposition. The
sputtering power and working pressure were kept at 100 W
and 0.2 Pa, respectively. X-ray diffraction (XRD) experi-
ment was carried out using an improved Rigaku D/max-RB
X-ray diffractometer with Cu Ko radiation and a graphite
monochromator to determine the crystallographic texture
and to evaluate the residual stress via the “sin*y method”
[21, 22]. Microstructure were examined using the JEOL-
2100F transmission electron microscope (TEM) with
200 kV accelerating voltage. Grains and twins were care-
fully observed and at least 500 grains were examined in
each sample. The average grain size, d, average nanotwin
spacing, Ar, and percentage of Cu grains containing NTs,
P, were statistically evaluated following the procedures
described in [23].

Measurement on hardness was performed on Si-sup-
ported Cu—Al films at room temperature using the TI950
TriboIndenter (Hysitron, Minneapolis, MN) that is equip-
ped with a standard Berkovich tip [24] at a constant strain
rate of 1 x 1072 s™', following the Oliver-Pharr method
[25]. To avoid the substrate effect on the hardness test, the
indentation depth is of ~200 nm [26, 27]. A minimum of
10 indents separated from each other by at least 50 um
were performed on each film to obtain an average hardness
value.

Ductility was evaluated by tensile-testing the polyimide-
supported films, which was performed on Micro-Force Test
System (MTS® Tytron 250) at a constant strain rate of
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1 x 107* 57" at room temperature. A macroscopic strain
(ec) corresponding to the critical condition of microcrack
formation (measured in situ using an electrical resistance
change method, ERCM), in lieu of the rupture strain or
elongation, was used to characterize the ductility [28, 29].

Results and discussion

Figure 1 shows XRD results of the four films. One can
clearly find that the pure Cu film displays (111) and (100)
peaks. While in the Cu-Al films, (100) orientation is
remarkably suppressed and only a strong (111) texture is
observed. This indicates that the Al addition promotes the
(111) texture growth but suppresses the (100) one, which is
similar to recent experimental results observed by Velasco
et al. [20]. The observed (111) texture means the grain
growth is more controlled by surface and interface energy.
This may be related to the solution of Al atoms into the Cu
matrix, which will change the relative difference in surface
energy among the (111), (110), and (100) orientations, and
concomitantly motivate the (111) texture growth. Experi-
mental results also show that the Cu—Al films have residual
stresses of ~40-60 MPa, which are slightly greater than
that in the pure Cu film (~20-30 MPa). The growth of
(100) grains is not favored from the view of minimization
in strain energy density [14, 30]. In contrast, the highly
developed (111) texture indicates that the (100)-oriented
grains are consumed during thin films preparation.
Representative planar TEM images of the pure Cu and
three different Cu—Al films are presented in Fig. 2a. It is
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Fig. 1 XRD spectra of nanostructured pure NC Cu film (a) and Cu—
Al films with 1 at.% (b), 5 at.% (c), and 10 at.% (d) Al addition
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Fig. 2 a Representative planar
TEM images of the pure Cu and
Cu-Al films; b representative
cross-sectional TEM image of
the pure Cu (upper) and Cu—
5.0 at.% Al (down) films;

¢ statistical results on the
average size (d), average NT
spacing (A1), and percentage of
grains containing NTs (P”) as a
function of Al additions;

d present results of At compared
with previous results from
nanostructured Cu—Al alloys
prepared by other methods

obvious that Al addition causes a refinement in the Cu
grains. This is reasonable, because the added Al solute
atoms have the capability of dragging or pinning the grain
boundaries and hence hindering grain growth during
deposition [31]. Cross-sectional TEM observations (as
typically shown in Fig. 2b) demonstrate that both the pure
Cu and Cu-Al films exhibit columnar grains. Statistical
results of the average grain size d, average nanotwin
spacing, /Ar, and percentage of Cu grains containing NTs,
P”, are presented in Fig. 2c as a function of the added Al
concentration. The pure Cu film has d of ~80 nm. How-
ever, d is reduced to ~40 nm when the Al concentration
beyond 5 at.%, indicative of the refinement of ~50 % by
the Al addition. At is monotonically reduced while P is
monotonically increased with raising Al addition. Ay in the
pure Cu film is ~ 18 nm. In the Cu-10 at.% Al film, At is
only ~4 nm, far smaller than that of in the pure Cu film.
According to the twin nucleation and growth model pro-
posed by Zhang et al. [8], the formation of NTs can be
correlated to the relative difference between the radius of a
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perfect nucleus and that of a nucleus with a stacking fault
defect. A can be quantitatively expressed by [8]

n ,))2 h Yiwin > (1)
KTAG,(hAG, — ppin))’

Ar =h X exp(

where £ is the (111) interplanar spacing, K is the Boltz-
mann constant, 7 is the temperature, y is the surface
energy, Yuwin 1S the TB energy (&~ SFE/2), AG, is the bulk
free energy per unit volume that can be given by

_KT1n<J\/2anT>

AG,
Q P

(2)
where (2 is the atomic volume, J is the deposition flux, m is
the atomic mass of the interacting species, and P; is the
vapor press above the solid. It is revealed from Eq. (1) that
the less iS 7Yuwin, the smaller is Ar. This explains the
experimental results that A is monotonically reduced with
Al addition, since Al addition can markedly decrease SFE.
Using the parameter values given in [8], At is calculated to
be ~6 and ~ 14 nm for the Cu-10 at.% Al and Cu-1 at.%
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Al film, respectively, quite close to the experimental results
of 44 £+ 1.6 and 11.2 + 2.4 nm, respectively. Note that Ar
in the present experiments is smaller than other’s results of
nanostructured Cu—Al alloys prepared by either dynamic
plastic deformation or quasi-static compression [6], see the
comparison in Fig. 2d. This indicates that magnetron
sputtering deposition can create growth NTs even narrower
than the deformation NTs created by severe plastic defor-
mation methods, which provides an alternative choice for
developing high-performance nanostructured materials
with higher densities of NTs.

In addition to the monotonic reduction in A, monotonic
increase in P’ is resulted from the Al addition. This is
mainly related to the reduction in SFE. Moreover, grain
refinement is also responsible for the increase in NTs. It is
well known that formation of NTs is strongly dependent on
d and partials emission from GBs dominates the formation
of NTs in the nanoregime [23, 32]. Because smaller sized
grains are accompanied with more GBs, the probability to
emit partials is then increased by reducing the size of
nanograins, which facilitates twinning as observed in the
present Cu—Al thin films.

Accompanying with the microstructural evolution,
mechanical properties have been affected by the Al addi-
tion. Figure 3a shows the dependence of hardness and

Fig. 3 a Dependence of 10

ductility on the added Al concentration. We first discuss
the hardness and the relative strengthening mechanisms. Al
addition causes an increase in the hardness, and the more is
the addition the higher is the hardness. Generally, the NT
strengthening is proportional to v/t [33]. In other words,
smaller At will result in higher strength/hardness. Recent
results [2, 4] have revealed that, in the nanotwinned pure
Cu foils prepared by electrodeposition, the tensile yield
strength reaches a maximum at At ~ 15 nm. When Ay is
further reduced, the strength will be decreased while the
strain hardening capability and tensile ductility will be
enhanced. The strongest twin thickness effect on strength
has been suggested [2, 4] to originate from a transition of
the yielding mechanism from the slip transfer across TBs to
the dislocation-nucleation-controlled softening mechanism
with TB migration resulting from nucleation and motion of
partials parallel to the twin planes. However, in the present
Cu-Al films prepared by magnetron sputtering, the highest
hardness (~6.2 GPa) is achieved in the Cu-10 at.% Al
film that has the smallest Ar (~4 nm) far below 15 nm.
The hardness of ~6.2 GPa is above three times that of the
pure Cu film (~2.0 GPa) and about 2 folders that of the
Cu-1 at.% Al film (~3.3GPa). This can be well explained
from the atomistic simulations [4] that the critical NT
spacing for the onset of softening in nanotwinned Cu and
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the maximum strength depend on the grain size: the smaller
the grain size, the narrower the critical TB spacing, and the
higher the maximum strength of the material. Here in the
Cu-Al films, the grain size is reduced by the Al addition,
and hence the critical NT spacing should be smaller than
that in the nanotwinned pure Cu. The strengthening
mechanisms in the Cu—Al films include NT strengthening
and GB strengthening. Since some grains contain NTs and
others have not, we can simply consider the film as a
composite consisting of NT phase and NT-free phase.
Taking the weight of NTs strengthening into account, yield
strength (oy) of the films can be expressed by [32, 33]

oy = 0og + {PT (kTB)V;l/Z + kGBdil/z)
(1= ") (kand ) . 3)

where o is lattice friction stress (~ 116 MPa), ktg = -
ks = 3478 MPa nm'? [33], and other parameters have
been defined and experimentally evaluated. The predicted
oy (dash line) is in agreement well with the experimental
results (=hardness/3), see Fig. 3b. This indicates that
Eq. (3) is feasible for evaluating both the GB strengthening
and the NT strengthening mechanisms in a quantitative
manner.

Next, the effect of Al addition on the ductility will be
discussed in terms of deformation mechanisms. It is
revealed from Fig. 3a that (i) all the Cu-Al films display
ductility (g < 7.0 %) smaller than the pure Cu film
(¢ ~ 10.0 %); (ii) among the Cu-—Al films, the Cu—
50at% Al film exhibits the highest ductility
(e ~ 6.3 %). When the Al addition is raised to 10 at.%, &
is sharply decreased down to ~2.0 %. NTs have been
experimentally found [5, 33, 34] to enhance the strength
and at the same time maintain an appreciable ductility,
which makes the NTs-contained Cu superior to the NT-free
nanostructured or ultrafine-grained Cu counterparts. It has
been suggested [35, 36] that dislocations approaching NTs
can propagate into the adjacent twinned grain by cross-slip
at the boundary or combined with dissociation within the
boundary plane. The present finding that the Cu—Al films
with more NTs have ductility lower than the pure Cu film
with less NTs disagrees with previous results on nano-
twinned Cu alloys. The texture characters of metallic films
should be considered to explain the discrepancy. As men-
tioned above, the pure Cu film contains both (111) and
(100) grains, while the Cu-Al films display strong (111)
texture. Grains with (100) are expected to have lower yield
stresses than the (111) grains [14], because the former ones
will yield before the latter. This is responsible for the
higher ductility in the pure Cu film than in all the Cu—Al
alloy films. Among the Cu—Al films which have the similar
(111) texture and almost equal grain size, it is assumed that

the more is NTs, the higher is ductility. However, the
highest ductility is reached in Cu-5.0 at.% Al film that
contains NTs more than the Cu-5.0 at.% Al but less than
the Cu—10 at.% Al film. The Cu-10 at.% Al film, having
the most NTs, unfortunately displays the lowest ductility,
which is only 1/3 that of the Cu—5.0 at.% Al film. Careful
microstructural examinations demonstrate that intersected
NTs or NT pattern are formed in most of grains in the Cu—
10 at.% Al film (see Fig. 3c), while in few grains in the
Cu-5.0 at.% Al samples. In the Cu—1 at.% Al and pure Cu
films, however, no intersected NTs have been detected.
Formation of these patterned NTs is definitely a result that
the extreme low SFE (~ 12 mJ mfz) makes the NTs easily
created in the Cu-10 at.% Al. Recent atomistic simulation
[37] has uncovered that easy glide of dislocations parallel
to the TBs contribute primarily to the ductility, while the
dislocations cross the TBs contribute primarily to the
strength of nanotwinned materials. This means that the
patterned NTs network, consisted of two sets of NTs with
different orientations, should have additional hardening
effect than a single set of NTs, because the TBs can hinder
the dislocations in two directions. Besides, the patterned
NTs can also reduce the anisotropic plastic response of the
grains [37], in particular for the highly textured thin films.
It is concluded that the intersected NTs network patterns
are responsible for the highest hardness/strength and the
lowest ductility in the Cu-10 at.% Al film. The Cu-
5.0 at.% Al film, however, has the best combination of
hardness/strength and ductility, since it has more NTs than
in the Cu-1 at.% Al film but less intersected NTs than in
the Cu-10at.% film.

Figure 3d shows the hardness versus ductility of the four
films for comparison. For the nanostructured pure Cu, Cu—
1.0 at.% Al, and Cu-10 at.% Al films, it is generally found
that they have either low hardness or low ductility. The
Cu-5.0 at.% Al film with simultaneous high hardness and
ductility, however, clearly stand out, above and beyond the
known trend (dash line and the region below which) for the
normal trade-off between hardness/strength and ductility.
This indicates that the concentration of alloying element
should be suitably chosen in order to achieve optimal
strength/ductility combination in the supported metal films
by reducing SFE and introducing more NTs.

Conclusions

We prepared nanostructured Cu films with different Al
additions by magnetron sputtering to study the effect of
alloying on the microstructural evolution and concomi-
tantly on mechanical properties. The Al addition can
effectively reduce the grain size, enhance the NT
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formation, and narrow the NT spacing via lowering the
SFE of Cu nanostructures. At the same time, the Cu film
texture is also changed after adding Al alloying element,
i.e., (111) texture is promoted while (100) texture is sup-
pressed. Accompanying with the microstructural evolution,
the hardness of Cu—Al films is monotonically raised with
increasing Al addition, much greater than the pure Cu film.
A maximum hardness of ~6.2 GPa can be achieved in the
Cu-10 at.% Al film, which is 3 times that of the pure Cu
films. The increase in hardness is quantitatively described
by simultaneously considering the NT strengthening and
GB strengthening. All the Cu-Al films display ductility
smaller than the pure Cu film. Among the Cu-Al films, the
Cu-5.0 at.% Al film exhibits the greatest ductility. These
phenomena are well rationalized by considering a com-
bined effect of texture and NTs on the deformation
mechanisms. Finally, the optimal hardness/ductility com-
bination is highlighted in the Cu-5.0 at.% Al film that has
the intermediate NTs. This indicates that the concentration
of alloying elements should be suitably chosen in lowering
the SFE, which can appropriately promote the NTs and
enhance the mechanical properties of the nanostructured
metallic films.
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