Cu/Co-W Nanolayers Electrodeposited from Single Bath
and Investigations of their Nanohardness
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For the first time thick (~ 8 um) Cu/Co-W multilayered coatings with individual layers ranging from 5 to
200 nm were electrodeposited from a single bath. The content of tungsten in rich-in Co-W layers was controlled by
varying current densities in a citrate-borate bath. Continuous Multi-Cycle (CMC) nanoindentation technique was used
to analyze mechanical properties of those deposits. Optical examination of the indented zone revealed the absence of
cracks inside and outside the indentation area in the interval of the normal loads used. The hardness of Cu/Co-W multi-
layers varied with the bi-layer period and the electrodeposition parameters. The Cu/Co-W multilayers showed an in-
creased hardness compared to that of Co-W coatings electrodeposited under the same conditions.
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INTRODUCTION

Multilayers are attractive materials because a high density of interfaces induces physical and me-
chanical properties that differ from those of their bulk constituents. An electrodeposited multilayer thin film
consists of alternating layers of at least two different materials with submicrometer layer thicknesses [1-4] or
even in the nanometer range [5-9]. In most cases the co-depositing metals have quite different electrodeposi-
tion potentials. Frequently copper or gold are chosen as the noble metal, and an iron-group metal or its
alloy — as an active metal [10]. Since both Cu(Il) and Au(I) reduce easily, the concentration of these metals
in the electrolyte is relatively low that enables electrodeposition of Cu or Au under mass-transport control.
On the contrary, metals of the iron group are electrodeposited under kinetic control.

The electrodeposition of multilayers can be performed from a single bath under pulse current or
pulse potential mode and the periodicity of the current or potential pulses triggers the alternated growth of
the noble (active) metal layer at low (high) values of current or potential [10]. The electrodeposition of a
number of multilayered coatings was reported, namely, of Cu/Ni, NiCo/Cu, Cu/Co, Cu/NiFe, Au/Co,
Au/FeAu, and Cu/CoB/CoW(B)P [11-17]. Multilayered materials, tailored with a repetitive sequence of
magnetic segments (e.g. iron group metals) interspaced by noble metal layers, display unique magnetic prop-
erties [18-20].

Functionally graded and periodic multilayer films often are investigated with intentions to use for
applications as hard coating because of their superior properties which result from layered structure. Func-
tionally graded multilayer coatings have been explored to improve toughness, hardness and the adhesion to
the substrate [21]. The CMC nanoindentation test can be used to study delamination and the interfacial
strength between layers [22].

The Co-W coatings electrodeposited from similar citrate baths potentially might be used as anticor-
rosive and wear resistance coatings [23, 24].

The aim of this study is to electrodeposit Cu/Co-W multilayers from a single bath and to investigate
their mechanical properties.

EXPERIMENTAL

The electrodeposition of coatings was carried out in a standard 3-electrode cell. A graphite rod was
used as an anode, a saturated Ag/AgCl electrode as the reference electrode. All potentials are reported versus
the saturated Ag/AgCl reference electrode. Mild steel flat plates (working area 8 cm’, composition 98.5 at.%
Fe, 0.5 at.% C, 0.7 at.% Si, others 0.3 at.%) were used as substrates. Prior to electrodeposition, the substrates
were mechanically polished. In order to improve the adhesion of the Cu/Co-W multilayers onto the sub-
strates, the electrodeposition of a nickel seed layer was done from an electrolyte containing 1 M NiCl, and
2.2 M HCI at 3 A/dm® for 1 min. The electrodeposition conditions were controlled and monitored using a
PARSTAT 2273 system which was also used to record potentiodynamic polarization curves at a scan rate of
2 mV/s. In such experiments, a Cu wire was used as the working electrode.
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Cu/Co-W multilayred coatings were electrodeposited from a single electrolyte (SOLUTION 1) at pH
6.7 and 60°C. The contents of all solutions used in this study are presented in table 1.

The hardness of multilayers was determined by continuous multicycling nano-hardness tests (CSM
Nano tester). The applied load was varied between 10 mN up to 200 mN without removing completely the
indenter from the surface.

The surface roughness of as-deposited coatings was quantified by non-contact white light interfe-
rometry (WYKO NT 3300). The coating morphology was investigated by scanning electron microscopy
(SEM) with Philips XL 30 FEG equipped with the energy dispersive x-ray spectroscope and a super-ultra-
thin window. The composition of electrodeposited alloys reported in this study was calculated as the content
of metallic phases. FIB (focus ion beam) cross-sections were made to reveal the multilayered structure.

Table 1 The compositions of electrolytes

No. Ccososs M | Cnwowoss M | Ceusos, M | Ceensor, M | Crascnsor, M Cuzpoz, M
Solution 1 0.2 0.2 0.002 0.04 0.25 0.65
Solution 2 — — 0.002 0.04 0.25 0.65
Solution 3 0.2 0.2 - 0.04 0.25 0.65

Mechanical properties of the electrodeposited Cu/Co-W multilayers were compared to those of
Co-W coatings electrodeposited at 3 A/dm” from a similar electrolyte as described elsewhere [24].

RESULTS AND DISCUSSIONS
Electrodeposition of multilayered coatings

The electrodeposition conditions were selected based on the potentiodynamic polarization curves re-
corded in three electrolytes whose compositions are presented in table 1. The obtained potentiodynamic po-
larization curves are shown in fig. 1. As it is seen, the electrodeposition of pure Cu starts at a more positive
potential (approx -0.1 V) than the electrodeposition of Co-W (approx. -0.5 V), and electrodeposition at rea-
sonable rate is observed at potentials more negative than -0.7 V. In all multilayer deposition experiments de-
scribed hereafter the current density used to electrodeposite Cu layer was kept as constant so that the electro-
deposition potential would remain more positive than that for Co-W electrodeposition. The current densities
for Co-W electrodeposition were varied. The pulse duration was chosen in such a way that the thickness of
both the Cu-layers and the Co-W would be almost the same, namely 5-200 nm. The electrodeposition cycle
contained also a pause needed to remove hydrogen bubbles from the cathode surface and to settle the values
of pH in the pre-electrode space increased during the electrodeposition of Co-W layer due to hydroxyl ion
production in the pre-cathode layer. To keep the constant pH values in course of the electrodeposition is very
important when the electrodeposition of tungsten or molybdenum alloys is performed in deep recesses
[25-27].
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Fig. 1 Cathodic branches of potentiodynamic polarization curves recorded in Solutions 1-3.
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Table 2 Conditions used for electrodeposition of Cu/Co-W multilayers
and some coating characteristics obtained

Mean
tll\j:'pi)af ¢ i N i ¢ Sublayer | Coating gﬁ?ée;tegfe?:g surface
- Cu» Cu, CoW> CoW pauses : . 5 _
ting con- S Aldim? . A/dm? S thickness, | thickness, Co/W/Cu rougll:lia1
ditions m Hm at. % 1ess M,
nm
1 37.5 1.25 3 2.5 ~5 10 76,2/19,0/4,8 110
2 1500 50 3 100 ~ 200 10 61,6/18,7/19,7 853
3 45 0.05 2.4 2 12 ~7 8 79,2/14,3/6,5 150
4 90 4.8 2 24 ~12 7 71,9/16,8/11,3 201
5 45 3.2 1 16 ~4.5 7 82,5/14,2/3,3 480

The following electrodeposition sequence was finalized to obtain multilayered coatings: (step 1) cur-
rent pulse for the electrodeposition of Cu layer (duration tc, and amplitude ic,); (step 2) current pulse for the
electrodeposition of the rich-in-Co-W layer (duration tcow and amplitude icow); and (step 3) pause (duration
towse and amplitude iy = 0). The parameters used for ectrodeposition of multilayers are summarized in
table 2. The potential response on the applied current path shown in fig. 2 illustrates that the potential re-
corded during the galvanostatic growth of Cu sublayers remains sufficiently more positive than the one re-
corded during the growth of Co-W sublayers.
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Fig. 2.Cathode potential changes during electrodeposition under conditions No 2 and 4 (see table 2). Potentials are
reported without ohmic drop compensation.

Structure of the multilayered coatings

Fig. 3 presents the FIB-analysis of multilayers electrodeposited under the plating condition No. 2 and
indicated in table 2. The dark layers are copper sublayers and the grey ones are Co-W sublayers.

The FIB-analysis allows to estimate the thickness of the sublayers and to derive the current effi-
ciency. As is shown in fig. 3, the thickness of each layer was determined as ~200 nm and this values is close
to the calculated one using Faraday’s law (equation). Multilayers with thick sublayers of 200 nm grow uni-
formly till a total thickness does not exceed 1-2 um (fig. 3,c and d). When the coatings become thicker, the
uniformity of the thickness of individual layers is lost probably due to the following reasons: (1) the interfa-
cial roughness and/or substitutional disorder (i.e. mixing of the adjacent metal atoms at the interface) that is
always present in experiments [28]; (2) the influence of hydrogen evolution leading to the intensification of
roughness [29]; (3) Cu(Il) electroreduction from citrate solutions occurs under diffusion control [30]. All
these peculiarities might cause the sequential decrease in the thickness of layers.

The last hypothesis can be qualitatively explained in the following way. Cu sublayers are electrode-
posited under diffusion that limits current control (fig. 1), therefore the concentration of Cu(Il) complexes at
the cathode surface is [Cu(Il)]-o=0. During electrodeposition of the rich-in-Co-W layer, Cu electroreduction
occurs also at [Cu(Il)]x-=0, but with the gradually decreasing value of the concentration fluxion

(B[Cu(H)]
oX

low:

j . The partial current density for Cu electrodeposition (j¢,) is proportional to this term, as be-
x=0
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a[Cu(H)]j )
x=0

qu = nFDCu(H) ( ox

where D¢, is the diffusion coefficient of Cu(Il) species.
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Fig. 3.SEM images taken on a FIB cross-section of a Cu/Co-W multilayer coating electrodeposited under the set of
parameters 2 listed in table 2. The a, b, ¢ and d are the images taken in different spots of cross-section.

The decrease of the concentration fluxion with time under condition [Cu(Il)],—o=0 can be describe
based on the Cottrell equation, and is expressed in a following way:

(B[Cu(ﬂ)]) _ [CudD],
x=0

oX Tyt

where [Cu(ID)], is concentration in the bulk of electrolyte.

The decrease of the concentration fluxion results in the growing thickness of the diffusion layer du-
ring the pulse duration, because of the distance where concentration flux of [Cu(ID)] = [Cu(Il)], becomes
longer. Probably, during the pause time the concentration of Cu(Il) at the cathode surface does not restore
fully to its initial value but remains less than in the bulk of the electrolyte. Therefore, each subsequent depo-
sition cycle starts at a gradually lower [Cu(II)]4o, which results in a lower partial current for Cu and thus in a
sublayer thickness deviation.

Another reason is dealing with Cu electrodeposits obtained at limiting current density. In this case a
relatively rough surface is formed, which results in widening the real surface area, thus causing a decrease in
current density at constant current applied. Lowering of the Cu sublayer thickness appears more pronounced
at a thicker initial sublayer thickness.

2
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Fig. 4.SEM images of as-plated surfaces of Cu/Co-W multilayers. Numbers under images correspond to numbers of
electrodeposition parameters listed in table 2.

SEM images of multilayers electrodeposited under different conditions are shown in fig. 4. The coa-
tings differ in as-plated roughness (table 2) and in surface inhomogeneities. The coatings deposited under
condition No. 2 (table 2), resulting in the highest sublayer thickness, have the highest roughness, whereas
coatings deposited under other conditions indicated in table 2 exhibit only “islands” of inhomogeneity. It is
worth noting here that an intensified roughness is also obtained when the low current densities are applied
for the electrodeposition of Co-W layers (condition No. 5).

Mechanical behaviour of Cu/Co-W multilayers

The nanohardness of Cu/Co-W multiyares was investigated by CMC nanoindentation. In CMC, the
coatings are loaded up to a specific value, then unloaded and immediately re-loaded to a higher load at the
same place; and a cyclic nanoindentation curve is recorded. This method allows to check stability and crack
initiation during continuous and high-speed loading. This test can be used to study buckling, delamination of
the coating and the interfacial strength between the layers and the substrate. To understand the influence of
the layered structure, 19 cycles were performed in one CMC test with the progressive loading from 10 mN
up to 200 mN (fig. 5). This allowed to keep the penetration depth not exceeding 10% of the coating thick-
ness.

The topographies of the indented zone acquired by optical microscopy of the investigated coatings
after CMC indentations are shown in fig. 6, numbered respectively on the electrodeposition mode used. Se-
veral factors influence the hardness: the formation of cracks in the coating, properties of the material, inden-
tation size, influence of the substrate effect and others [31]. As can be noticed from fig. 6, the indentation

53



imprints did not show any cracks, but such factors as tungsten content, hydrogen evolution, thickness of
sublayers do have effect on the resulting topography and hardness of the multilayered coating (figs. 6 and 7).
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Fig. 5 Typical CMC loading nanoindentation test on Cu/Co-W multilayers.

Fig. 6.Images of nanoindentation imprints of Cu/Co-W coatings electrodeposited under electrochemical conditions as
shown in table 2. Condition No. 4 can have different degrees of roughness and is presented by 2 images.
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Thus, a higher current density (3 A/dm’, condition No. 1) applied for Co-W electrodeposition leads
to a higher cathodic polarization and tungsten content in the multilayered coatings (table 2). The presence of
more tungsten in the coating results in higher hardness values (fig. 7 graph 1), but simultaneously it promotes
a more intensive hydrogen bubbles formation (fig. 6, image 1). Increase of surface heterogeneities under
condition No. 1 in comparison with electrodepostion under conditions No. 3 and 5 leads to higher scattering
values of hardness, which can be bigger or smaller than those for the Co-W ones (~ 9 GPa). Even, under the
electodeposition condition No. 2, with the same current density as in No. 1, but with ~ 200 nm sublayers, the
indentation cannot be carried out correctly, because of the extremely high roughness of the as-deposited
Cu/Co-W coating. Increase of the thickness of sublayers requires longer deposition time, that leads to inten-
sification of hydrogen evolution and roughness.

The negative influence of the increased sublayer thickness on the hardness of the investigated multi-
layers can be also noticed for the coatings electrodeposited under condition No. 4: coatings with ~ 12 nm
sublayers have increased copper content and hence the hardness values can be very low (fig. 7, graph 4).
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Fig. 7.Nanohardness measured by CMC method for the deposition conditions No 1, 3—5 (see table 2). Different curves
correspond to measurements at different spots on the coating.

The remaining coatings electrodeposited under conditions No. 3 and 5 are more uniform and their
hardness varies within a narrower range. The scattering of the hardness values at small penetration depths
(fig. 7) can be due to the mixing of adjacent atoms at the interface of the upper layers of the coating. Never-
theless, for the majority of cases, the Cu/Co-W multilayers have better elastic recovery, which resulted in
lower values of the penetration depth in comparison to those of Co-W coatings (fig. 7). The hardness of
Cu/Co-W coatings is close to or even exceeds the values obtained for the electrodeposited Co-W coatings.

CONCLUSIONS

The electrodeposition of Cu/Co-W multilayers was performed for the first time.The challenge of this
study was to produce Cu/Co-W multilayers with a high total thickness of coatings and nanosized sublayers.
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The mechanical properties of these Cu/Co-W multilayered coatings were compared with those of Co-W
coatings electrodeposited from a similar bath. The hardness of Cu/Co-W multilayers varies with the electro-
deposition parameters. The Cu/Co-W multilayers show, in most cases, an increase in hardness compared to
that of Co-W coatings electrodeposited under the same conditions.
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Brepsric 011 MOMYUCHBI TOJCTEIC (~ 8 MKM) Cu/Co-W MHOTOCIOWHBIC TOKPHITHA W3 OJHON BAaHHBI C WHIH-
BHAYaIbHEIMH crosamu oT 5 10 200 am. Conepxanne W B oborameHHBIX Co-W CITOSIX KOHTPOJIHPOBAIOCH H3MCHEHHEM
IUTOTHOCTH TOKA HPH 3JICKTPOOCAKICHUN H3 IUTPaT-00paTHOH BaHHBI. |11 aHaIHW3a CBOMCTB TAKHX MOKPBITHH UCTIOIb-
30BAHO HAHOWH/CHTHPOBAHUE HENPEPHIBHBIM MHOTOLHMKIMYHBIM METOOM. ONTHYCCKAS OLCHKA 30H HHACHTHPOBAHUA
MOKa3aia OTCYTCTBUE TPCIIMH KaK HA BHCIIHEH, TaK U BHYTPCHHEH 00NACTAX HHACHTHPOBAHHUS B HHTECPBAJIC HCIIOJIB30-
BAHHBIX HATPY30K HA HHACHTOP. I10Ka3aHO, 4TO TBEPAOCTh HCCICAOBAHHBIX MHOTOCIOMHBIX MOKPBITHI BaphbHPOBATA B
3aBHCHMOCTH OT TOJINUHBI HHAWBUIYATbHBIX CIOCB M mapaMeTpos 3ekrpoocaxacHust. Cu/Co-W nokpeITus obmaxann
60Jee BHICOKOH TBEPAOCTHIO B CPABHCHHH C KOOANBT-BOIb(PAMOBBIMH, OTYUCHHBIMH B TEX JKC YCIOBHUAX.
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