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and the additional effect of the Surface Mechanical Attrition Treatment (SMAT), which were analyzed by
means of electron backscattering and X-ray diffractions. A transition in the microstructure was observed
as the thickness of the deposit increased: from randomly oriented equiaxed (3D) nanograins at the begin-
ning of the deposition process towards elongated (2D) nanograins having a strong 〈1 1 0〉 fibre texture.
Meanwhile, the SMAT treatment is shown to randomize the strong texture of the electrodeposits.
oating materials
anostructured materials

. Introduction

Nanocrystalline (NC) and sub-microcrystalline metallic mate-
ials have been the subject of extensive investigations and
anostructured bulk materials have been produced by a number
f processing methods including (i) severe plastic deformation
f bulk microstructured materials such as high pressure torsion
HPT) [1], equal channel angular extrusion/pressing (ECAE/ECAP)
2,3] or accumulative roll-bonding (ARB) [4]; (ii) consolidation
f nanostructured particles by cold pressing and/or extrusion
5,6], thermal/plasma spraying of thick deposits [7–9], and, more
ecently, techniques for which an electric current was used to aid
he pressure assisted sintering [10,11]. However, the drawback of
anostructured bulk materials is their limited ductility of only a few
ercent of uniform elongation. For practical applications of nanos-
ructured metals, it is therefore required to optimize the balance
etween strength and ductility. One of the methods is to tailor
he grain size structure in order to get bimodal or multi-modal
rain size distributions [12]. Even if the number fraction of larger

rains in the nanostructure is low, their volume fraction can be
ufficiently high to contribute to dislocation-based plasticity in
he material [12]. Therefore, both thermo-mechanical and pow-
er metallurgy approaches have been tested over the last years
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to produce this type of hybrid microstructures [12–16]. In many
of the tested processes, the intrinsic heterogeneity of the recrys-
tallisation process was used to introduce some large recrystallised
grains within a heavily deformed structure. The difficulty how-
ever lies in the exact control of the thermo-mechanical sequence
to generate the suitable mixture in a fairly reproducible man-
ner [17]. An alternative method is also to exploit the specific
nature of twin boundaries as a specific barrier to dislocations [18].
Nanoscale twins can be introduced during the process of pulsed-
electro-deposition of Cu [19,20] and, with an increase of twin
boundary density, both the tensile strength and the ductility were
increased remarkably [21]. The texture developed in these pulsed-
current electro-deposited samples has not been considered yet.
This is however an interesting aspect because of (i) the intrinsic
anisotropy of copper and (ii) the oriented twinning mechanism
itself.

As the failure of the materials are very often triggered from the
surface (fatigue, fretting, corrosion, wear, etc.), the optimization
of the surface microstructure and properties is often an effective
approach to enhance the global behavior and service lifetime of
materials. The “Surface Mechanical Attrition Treatment” (SMAT)
has recently merged as a powerful technique to create nanostruc-
ture at the top surface while hardening the material over a depth of
several 100 of �m. SMAT induces a grain refinement through severe

plastic deformation imparted at high strain rate to the material by
balls [22,23]. The SMAT process has been successfully applied to
various material systems including Cu [24], Ni [25], Ti [26], iron
[27,28] and stainless steels [29,30]. Again, despite these numer-
ous studies, no information is available on the texture modification
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ig. 1. EBSD images of the deposited sample: (a) lower part (next to the substrate
ones.

mparted in the surface due to the heavy deformation associated
ith the SMAT treatment.

This paper presents the first results of an on-going research
tudy set-up to analyze the microstructure and texture evolution
n electro-deposited copper samples and see the additional effect
f the SMAT treatment.

. Experimental procedure

The pure copper deposit was obtained by means of electro-deposition using an
lectrolyte of CuSO4 solution with cathodic square wave pulses with an on-time of
.2 ms and an off-time of 2 ms. The nominal peak current density was 1.5 A/dm2.
he substrate was wax which coated with silver conducting paints prior to the elec-
roplating. Contrary to what was done in other studies where goal was to obtain
ltra fine grains with different twin densities [19,21], the electro-deposition condi-
ions were not optimized to increase the twin density. On the contrary, the fairly
igh on/out current ratio used here produced slightly larger grains with fewer twins
hat authorized a good EBSD characterization. A JEOL 6500F type field emission gun
canning electron microscope (FEG-SEM) equipped with an electron backscatter-
ng diffraction (EBSD) attachment was used to gain more information about the

icrostructure of the treated surface layers. For the EBSD analysis, the SEM was
perated at 15 kV with the sample tilted by 70◦ and the step size was set at 30 nm.
he texture analysis were carried out using an Inel diffractometer equipped with an
ulerian cradle and a Curve Position Sensitive Detector (Inel CPS120) able to cover
20◦ in 2�.

. Results and discussion

Fig. 1a shows an orientation imaging microscopy EBSD map
rom the bottom part of the deposit. The grains are represented with
ifferent colours while the substrate shows up with a dark contrast
t the bottom of the image. The black areas present close to the
ubstrate or within the deposit correspond to domains for which
ikuchi bands could not be indexed (either absent or blurred).
hese were essentially domains where the material was prefer-
ntially removed during the electro-polishing procedure. This is

or example the case in some locations along the substrate/deposit
nterface where the finest grains constructed at the early stages
f the deposition process were removed. The part of the deposit
long the substrate consists of a zone of fairly equiaxed grains that
xtends, depending of the local areas, over distances ranging from
ing the equiaxed to columnar transition, (b) higher magnification of the equiaxed

5 to 15 �m. The equiaxed grains in this zone have sizes ranging
from about 100 nm to 1 �m. A higher magnification of a local area
in this zone is presented in Fig. 1b. As was confirmed by a detailed
boundary misorientation analysis, the alternate change in colours
(arrowed) indicates the presence of twins within some equiaxed
grains. On top of this zone of equiaxed grains are gradually growing
grains of higher aspect ratio. These grains are generally elongated
towards the growth direction of the deposit. Ultimately, some of
these grains can be 200 nm in diameter for a length of several tens
of micron (double arrowed). This type of behaviour was verified
on several deposits. There is a clear change during the growth of
pulsed-electro-deposited materials from equiaxed (3D) nanograins
towards the formation of elongated (2D) nanograins.

Fig. 2 gives results of the X-ray diffraction analysis showing the
global texture at the beginning of the pulsed-current deposition
process (analysis carried out after removing the substrate; Fig. 2a)
and after several mm of growth (analysis on the top surface of the
deposit; Fig. 2b). For each case, a set of two recalculated pole figures,
namely the (2 0 0) and (2 2 0), is given. The pole figures in Fig. 2b
clearly show a fibre texture with the 〈1 1 0〉 orientations parallel to
the growth axis (i.e. the normal direction (ND) to the sample sur-
face). This texture is fairly sharp. The maximum, at the centre of the
(2 2 0) pole figure, reaches 8.9 mru (multiple of random unit) for a
texture index of 6.6. Comparatively, the pole figures in Fig. 2a show
a broad distribution of orientation. The maximum is at 2.7 mru for
a texture index of 1.5 only. The occurrence of a 〈1 1 0〉 fibre texture
when thickness increases is consistent with recent XRD studies of
the texture development in copper deposits obtained by using con-
tinuous current [31–33]. In addition, our EBSD investigation clearly
show a transition in the grain morphology when thickness increase.
This indicates that the 3D nanograins formed at the beginning of
the pulsed electro-deposition process are rather randomly oriented
and that the elongated grains corresponds to a selective growth of

the 〈1 1 0〉 oriented grains.

Fig. 3 gives the (2 0 0) and (2 2 0) recalculated pole figures
obtained from the XRD analysis of the top surface of the pulsed
deposited sample after the SMAT process. The strong 〈1 1 0〉 fibre
texture (Fig. 2b) present at the end of the pulsed deposition has been
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ig. 2. Recalculated (2 0 0) and (2 2 0) pole figures from the bottom (a) and top (b)
urfaces of the deposit.

educed drastically after SMAT. The maximum, still at 〈1 1 0〉//ND,
s now only at 3.4 mru and the texture index has dropped to 1.5.

icrostructural evolution and grain refinement under SMAT have
ecently been investigated in pure coarse grain copper [24]. It was
emonstrated that two different mechanisms took place depending
n the levels of strain rate. In the subsurface layer of the SMAT Cu
amples (deeper than 25 �m), at low strain rates, the grains were
efined via the formation of dislocation cells. Comparatively, in the

op surface layer (below 25 �m), the grain refinement mechanisms
nvolved the additional formation of deformation nano-twins [24].
ig. 4 gives a SEM image of the cross-section of the material in the
MATed area after strong etching. At the bottom part of the image,

ig. 3. Recalculated (2 0 0) and (2 2 0) pole figures from the top surface of the deposit
fter SMAT.
Fig. 4. SEM image of an etched electro-deposited sample after SMAT showing the
presence of equiaxed grains at the top surface.

the etching reveals the columnar structure that build up during
electro-deposition. Comparatively, equiaxed grains are present at
the top surface that was subjected to the SMAT treatment. This sug-
gests that, in the present case, some recrystallisation took also place
under SMAT of this electro-deposited sample. The present analy-
sis indicates that these mechanisms occurring during SMAT also
involve a randomization of the strong texture created during the
pulse electro-deposition.

4. Conclusion

(i) The analysis of the microstructure evolution in electro-
deposited copper samples obtained under pulsed-current
clearly revealed a transition from equiaxed (3D) nanograins
towards the formation of elongated (2D) nanograins as the
thickness of the deposit increases.

(ii) For the present deposition conditions, this transition took place
at about 10–15 �m form the substrate.

iii) The equiaxed (3D) nanograins formed at the beginning of the
deposition process presented a fairly random texture. Com-
paratively, a strong 〈1 1 0〉 fibre texture characterized the areas
where the elongated (2D) nanograins were retained.

(iv) The SMAT treatment is shown to randomize the strong texture
created during the pulse electro-deposition. This is due to the
occurrence of some recrystallisation.
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