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The results of measuring of the microhardness of Cu/(Ni—Cu) multilayer coatings are
reported. These coatings were deposited from the pyrophosphate-ammonium electrolyte. It
is shown that the microhardness of the multilayer coatings strongly depends on their
architecture, as long as coatings were formed from the layers under the identical optimal
conditions. The microhardness reaches its maximum when the bilayer thickness is in the
range of 40-60 nm and the Ni—Cu and Cu layers thicknesses ratio is in the range of
1.8-2.5. For each layer thickness ratio, the microhardness has the maximum at its own
bilayer thickness range.

IIpuBegeHLl pPe3yJLTATLI ONpPEAeeHUs MUKPOTBEPAOCTH MO BHKKepCcy MYJbLTHUCIONHEBIX
Cu/(Ni—Cu) morpsiTHil, 2JEKTPOOCAMKICHHBIX 13 HUpPodochaTHO-aMMOHUIAHOrO 3JIEKTPOIUTA.
ITokazano, 4T0 MUKPOTBEPAOCTb MYJIbTUCIONHBIX IIOKPBITUII, CHOPMUPOBAHHBLIX K3 CJIOEB,
MMOJIYYEHHBIX B UAEHTUYHBIX ONTHMAJbHBIX YCIOBHUIX, CYLIECTBEHHO 3aBUCUT OT UX APXUTEK-
Typbl. MUKPOTBEPAOCTh MAKCHMAJbHA B JUAIIA30HE 3HAUEHUN ToJaINuHBI Ouciaosa or 40 mo
60 HM 1 OTHOIIEHHSA TOJIIMH CJIOeB ciiaBa K megu or 1,8 mo 2,5. Ilpu KaxmoM coOOTHOIIE-
HUM TOJINHUH CJI0eB MHKPOTBEPIOCTL MAKCHMAJLHA B CBOEM [HAIIA30HE TOJIIUHBLI OGHCIOM.
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1. Introduction

The multilayer coatings with simple ar-
chitecture are used to improve the funec-
tional properties of the product surface. For
the multilayer made of two types layers the
architecture parameters are the number of
layers, their thicknesses and the ratio of
layer thicknesses in the bilayer [1-8]. Mi-
crohardness and wear resistance are among
the most important functional properties of
the contacting surfaces of various engineer-
ing materials. The relationship between sur-
face hardness and wear resistance of coated
parts in contact with another surface is not
single-valued. However, it is obvious that
study of the microhardness of coatings is an
important step toward understanding and
control of the wear resistance [4]. One of
the ways to improve the surface mechanical
properties is the electrodeposition of com-
position-modulated coating, particularly,
Cu/Ni—Cu multilayer coating, which consists
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of the alternating layers of copper and
nickel-copper alloy (in the paper we will
refer it simply "alloy”). The significant
elastic modulus and an increase of the hard-
ness of multilayer coatings can be associ-
ated with a high density of boundary layers
in a coating [5].

It is shown in [6] that the multilayer
copper-nickel coating with high wear resis-
tance exhibits high microhardness too.
Wear resistence depends on a ratio of thick-
ness of copper and nickel layers as well as
on thickness of the bilayer. The authors of
[6] found that copper-nickel multilayer coat-
ings with a ratio of nickel and copper layers
thicknesses of 1:2 demonstrate the highest
wear resistance. For multilayer coatings ob-
tained by magnetron sputtering the micro-
hardness maximum was observed at a ratio
of the thicknesses of nickel and copper lay-
ers of 3:1 [7] and the bilayer thickness of
20 nm [8]. In [9] it was studied the proper-
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ties of Cu/Ni multilayer coatings electrode-
posited using the programmed potential,
with different bilayer thicknesses and ratios
of the metal layers thicknesses. Multilayer
coatings exhibit greater microhardness than
the nickel-plated, with the increase in mi-
crohardness by up to 25 % for the thick-
ness of the bilayer of about 10 nm.

The cited studies of microhardness of the
multilayer coatings refer to the coatings
formed by various physical and electro-
chemical methods on the substrates of dif-
ferent materials. In the most of studies of
the electrodeposited miltilayer coatings mi-
crohardness, the sulfamate electrolyte was
used [5, 9-11]. Meanwhile, microhardness
largely depends on the type of electrolyte,
which itself affects the composition and mi-
crostructure of the coatings. It is techni-
cally difficult to obtain thick multilayer
coatings, so the small thicknesses of 38—
8 um were used and microhardness was
measured by nanoindentor or microinden-
tor with small load (0.2-10 g, the method
of Knoop). Since the values of microhard-
ness depend [12] on the method of the meas-
urement, thickness of the coating and mi-
crohardness of the substrate, it is difficult
to compare the published data with the val-
ues of Vickers microhardness for other me-
tallic coatings.

The purpose of the current study is to
determine the effect of architecture of the
multilayer coatings deposited from pyro-
phosphate-ammonium polyligand electrolyte
on the coating microhardness.

2. Experimental

Cu/Ni—Cu multilayer coatings were depos-
ited on copper samples from pyrophosphate-
ammonium electrolyte [18] by single-bath
technique, using a current regime pro-
grammed by the programmer PR-8 and po-
tentiostat PI-50.1. A saturated silver chlo-
ride electrode was used as a reference elec-
trode.

Thicknesses of the copper and alloy lay-
ers h, nm, were calculated from the value of
current and time of deposition of each
layer, according to Faraday’s law,

L E-J-t-Eg (1)

B 36p
where k is the electrochemical equivalent of
copper or the alloy, g-:A"1.h71; J is the cur-
rent density during deposition of copper or

the alloy layer, mA-cm™2; ¢ is the time of
copper or the alloy deposition, s; E, is the
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current efficiency of copper or the alloy
deposition, % ; p is the density of copper or

the alloy, g-ecm™3.
The electrochemical equivalent of the
alloy % is

kcy - BN (2)

k = ’
kCu SNt kNi "y

where kg, and ky; are the electrochemical
equivalents of copper and nickel, respec-
tively; ng, and ny; are the mass fractions of
copper and nickel in the alloy.

The density p of the alloy is

Pcu * PNi 3
PCu - Ni T PNi - oy

p:

where dg,, dy; are the densities of copper
and nickel, respectively.

The current efficiencies of copper and
the alloy deposition, as well as the mass
fractions of copper and nickel in the alloy,
were determined by the anodic stripping
voltammetry, when the individual copper
and the alloy layers on platinum electrode
were dissolved in ammonia-glycinate solu-
tion [14]. The current efficiency E, of the
alloy is

Qcu + Qi 4
Q b
where Qc, and Q); are charges calculated
from the peak areas of the anodic polariza-
tion curve, corresponding to dissolution of
copper and nickel, respectively; @ is charge
during the cathodic deposition of the alloy
layer.
The current efficiency of copper alloca-
tion is determined by Eq.(4) with @y; = 0.
The mass fraction of copper in the alloy is

N = kCuQCu (5)
Cu= .
Y kcy Qoy t Eni - Qi

EC:

The relative error in determining of the
layers thickness was less than 5 %.

The surface morphology was observed
using a scanning electron microscope
REMMA-101A at an accelerating voltage of
20 kV.

Vickers microhardness of the coating
with thickness of 28-33 um was studied
using microhardness tester PMT-3. The load
on the diamond pyramid was 20 g. Each mi-
crohardness value was the average one of
the 5—8 measurements.
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Table 1. The parameters of the multilayer coatings and their Vickers microhardness

Sample| Fig. Curve dg,> hm dyi_cy» DM d, nm dni—cu/ ey HYV, kg}?‘.mnf2
1 la 1 40 33 73 0,83 600
2 la 2 50 33 83 0,66 552
3 - 14 23 37 1.64 500
4 - 9 23 32 2.56 656
5 1b 1 20 33 53 1.65 650
2 1b 2 40 33 73 0.83 600
6 2a 31 17 48 0.55 500
7 2b 31 51 82 1.65 463
8 2¢ 31 60 91 1.94 428
9 4 1 20 33 53 1.65 650
5 4 2 20 6 26 0.30 464
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Fig. 1. E-t — curves of electrodeposition of the multilayer coatings with different copper layer
thickness using different current densities (a) and different time of electrolysis (b).
3. Results and discussion ences to the Figs. that show E—f — curves
(changing of electrode potential with time)
In order to determine the effect of the of its obtaining. The E—t — curves reflect

multilayer coatings architecture on their
microhardness the set of coatings was
formed in the pyrophosphate-ammonium
electrolyte. We varied the bilayer thickness
and thickness of each layer by: (1) changing
the chronogram of electrolysis, i.e. duration
of the pulses of copper layer and the alloy
layer deposition; (2) changing the rate of
the layer electrodeposition, using the corre-
sponding current density in the pulse.

The Table 1 shows the architecture pa-
rameters of the deposited multilayer coat-
ing, i.e. bilayer thickness d and the thick-
nesses ratio dyj_g,/dc, of copper dg, and
alloy dyj_c, layers in the bilayer; the values
of Vickers microhardness HV; the refer-
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the electrolysis chronograms and the poten-
tials corresponding to the programmed cur-
rent density in the period. Copper layers
were deposited in the range of potentials
from -0.7 V to -0.9 V, and the range of
potentials of the alloy layers electrodeposi-
tion is from -1.1 V to —-1.15 V. For com-
parison we obtained the value of microhard-
ness HV, = 154 kgF-mm~2 for copper coat-
ing that was deposited from copper
pyrophosphate-ammonia electrolyte and did
not contain nickel ions. Respectively, the
value of microhardness of nickel coating
HV)yi =360 kgF-mm™2 was found for the
coating electrodeposited from nickel pyro-
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phosphate-ammonium electrolyte in the ab-
sence of copper ions.

Fig. 1a shows the formation process for
the two multilayer coatings with different
copper layer thicknesses. Deposition dura-
tions of copper and the alloy layers for this
two samples are the same, and an increase
of copper layer thickness was achieved by in-
creasing of the current density resulting in the
shift of deposition potential to the negative
side (curve 2) and a decrease of the coating
microhardness value (samples 1 and 2, Table).

The decrease of the microhardness with
the increase of the current density of cop-
per layer deposition is observed, if an agita-
tion is used or for thinner layers of the
bilayer (samples 3 and 4 in Table).

Using traditional pulsed electrolysis a
deposition of copper layer occurs via the
contact displacement mechanism during the
current pause. Thickness of the layer is lim-
ited by kinetics of the contact displacement
in this method. As opposed to the pulse
electrolysis using the programming current
or potential method does not impose any
limits on copper layer thickness. However,
this only applies to copper coatings obtained
under the optimal conditions of electrolysis.
If the current density is exceeded, which
corresponds to more negative potentials at
E-t — curve, copper layers become less
dense, which obviously is the reason for the
coating microhardness decrease (samples 2
and 3).

Reduction of the thickness of copper
layer, which was deposited under optimal
conditions (Fig. 1b), leads to increasing of
the microhardness of the multilayer struc-
ture (samples 1 and 5, Table).

Fig. 2 shows E—t — curves of the multi-
layer coatings obtained with the same elec-
trolysis parameters for copper layer deposi-
tion, and different amounts of charge for
the alloy layer deposition (samples 6, 7, 8).
Despite the increase of nickel fraction
(which is harder than copper) in the coating
the increase of the alloy layer thickness
does dot lead to the increase of the micro-
hardness of the whole multilayer coating.
This is due to the inevitable codeposition of
copper during nickel deposition. In any elec-
trolyte for copper-nickel multilayer deposi-
tion when the polarization is very signifi-
cant for electropositive copper, the concen-
tration of copper ions in the region of
near-electrode surface decreases. This leads
to copper deposition with the rate limited
by the diffusion of copper ions to the elec-
trode surface. The coating quality deterio-
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Fig. 2. E-t — curves of electrodeposition of
the multilayer coatings with different alloy
layer thicknesses, using different charges.

rates with the increase of electrolysis time
and the concentration of copper ions in the
electrolyte. Character and degree of quality
deterioration of the coatings depends on the
electrolyte: at the limiting current the coat-
ing becomes either less compact or dendrites
and outgrowths grow on the surface, it is
polluted with hydroxides inclusions and its
surface becomes dark and rough.

The feature of polyligand pyrophosphate-
ammonium electrolyte is that a nature of
the limiting current for copper deposition is
not purely diffusive, but it is also associ-
ated with the previous stage of chemical
dissociation of the complexes [15]. This al-
lows deposition of compact coatings by
nickel-copper alloy of greater thickness and
greater concentration of copper ions in the
electrolyte, which in its turn, can increase
the thickness of a compact layer of the
alloy, copper content in the alloy and rate
of copper layer deposition.

An increase of the alloy layer deposition
time leads to greater decrease of the concen-
tration of copper ions in the electrolyte be-
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10 um
x 3000

Fig. 3. Surface morphology of the samples 6 (a) and 8 (b) from Table.

side an electrode, so the value of its limit-
ing current decreases. If it decreases to the
value of the operating current density for
copper layer deposition the deposition po-
tential shifts to the negative side. In the
case of sample 8, the potential shifts by
200 mV (Fig. 2¢) during 10 cycles. This re-
sults in deposition of copper under the lim-
iting current not only during its codeposi-
tion with nickel, but also during copper
layer formation. The multilayer coating be-
comes less dense and its microhardness de-
creases.

Fig. 8 shows SEM images of the surface
of the samples 6 and 8. The images reflect
a small grain size of the coating, that is
comparable with those given in [16, 17] for
the nanostructured multilayer coatings. It
also can be seen, that the surface of the
sample 6 (Fig. 3a) is more compact than for
the sample 8 (Fig. 3b).

An increase in the alloy layer thickness
leads to decreasing of the coating micro-
hardness due to decrease of its density. But
this dependence has a maximum, when de-
creasing of the alloy layer thickness leads to
increasing of the microhardness first, and
then it decreases. The examples of this can
be the samples 5 and 9 (Table), which differ
by the time of the alloy layer electrodeposi-
tion. The decrease of the microhardness
with the decrease of the layer thickness is
obviously caused by weakening of the
strength of a thin layer, and then by loss of
the layer continuity and incomplete overlap
with the previous layer. The minimal thick-
ness of the continual layer decreases with
an increase of the number of nuclei formed
during the layer electrodeposition, and in-
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Fig. 4. E-t — curves of electrodeposition of

the multilayer coatings with different alloy
layer thicknesses using different electrolysis
times.

crease of the tangential growth rate [18].
We found that both 2D instantaneous and
3D progressive nucleation take place during
electrodeposition of copper and nickel layers
from the ammonium-pyrophosphate electro-
lyte [19]. Also it is known that the coatings
that were deposited from pyrophosphate
electrolyte have small grain size [20, 21]. So
we can suggest the possibility of electrode-
position from polyligand electrolyte of the
continuous layers with the lower thickness
than, for example, from acid solutions.

The samples layers thickness in Figs. 1
and 3 is the same, but the microhardnesses
of the coatings differ due to the different
potential of the electrodeposition. So, we
used the electrodeposition time wvariation

Functional materials, 19, 2, 2012
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Fig. 5. Dependence of microhardness of mul-
tilayer coatings on the bilayer thickness d
and thickness ratio dy_c,/dc, of copper and
alloy layers in the bilayer.

for formation of the layers with different
thickness. Also, thickness of the layers was
limited by the formation of the compact lay-
ers of copper and alloy. Pyrophosphate-am-
monium electrolyte allows reducing the
lower boundary of the thickness of copper
and the alloy layers due to more uniform
thickness and fine-grained coatings overlay-
ing the previous layer. Also, this electrolyte
allows raising the upper limit of the thick-
ness of compact alloy layers due to the
mixed nature of the limiting current of cop-
per electrodeposition [22]. We electrodepo-
sited the coatings with Vickers microhard-
ness in the range of 300—-800 kgF-mm2,

Dependence of microhardness on the bi-
layer thickness and ratio of the layer thick-
ness in the bilayer is shown in Fig. 5. All of
the dependences have a maximum, which
shifts from the bilayer thickness of 80 nm,
when thickness ratio of alloy and copper
layers is 0.5, to the bilayer thickness of
40 nm, at a ratio of 1.8-2.5. With the fur-
ther increase of the ratio, the dependence
maximum shifts to the greater bilayer
thicknesses again.

4. Conclusions

Microhardness of the multilayer coatings
formed under identical optimum conditions
extremely depends on their architecture.
The microhardness of the coatings elec-
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trodeposited from pyrophosphate-ammo-
nium polyligand electrolyte has the maxi-
mum in the range of the bilayer thickness
of 40 to 60 nm and the thicknesses ratio of
copper and the alloy layers from 1.8 to 2.5.
Each dependence of the microhardness on
the bilayer thickness has a maximum differ-
ent for each layer thickness ratio.
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BnauB apxiTeKTypH MYyJbTHIIAPOBUX MOKPHUTH
Cu/(Ni—Cu) ma ix mikpoTBepaicTh

A.O.Mai3senic, B.I.Baiipaunui, JI.B.Tpy6niroea, B.A.Casuyvruii

HaBemeno pesyapraru Bu3HaueHHd MikporBepmocTi 3a Bikepcom MyJabTUIIaPOBUX
Cu/(Ni-Cu) mokpurriB, 110 eleKTpoocamKeHi 3 mipodocharHo-aMOHIAHOIO eNeKTpoIiTy.
HoBemeHo, 1110 MiKpPOTBEpPAiCTh MYJbTUIIAPOBUX IOKPUTTIB, 1110 (PopMOBaHi 8 HIAPiB, oTpHMA-
HUX B iIeHTHUYHMX ONTUMAJbHUX YMOBAaX, CYTTEBO 3aJeXKHUThb Bif ix apxirexkrypu. Mikpo-
TBEPAICTh MaKCHUMaJIbHA B JiamasoHi sHauvenb ToBIMH 6imapy Bim 40 xo 60 um i BizHOmIEeH-
Hs TOBIIUH IIapis cmiaasBy mo mizi Bix 1,8 mo 2,5. Ilpu KosHOMY cuiBBigHONIIEHHI TOBIIWH
mriapie MiKpoOTBepAicTh MAKCHMMAJIbHA B CBOEMY [IiamasoHi TOBIHH Oimapy.
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