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PapoBu yk/byueHun y 360pHMK NnpuxsaheHu cy oA cTpaHe peueH3eHaTa U NpUMKasaHu Ha 65.
roguwmoj kKoHdepeHumju Qpywtea 3a ETPAH (ETPAH 2021) u 8. UHTepHaLUMOHaNHOj KOHbepeHUUju
(MUETPAH 2021) koje cy oap:kaHe og 08. no 10. centembpa 2021. roanHe y ETHo ceny CtaHuwunhuy,
Peny6nunka Cpncka.

Bbpoj npujaB/weHnx pagosa 3a KoHpepeHumje ETPAH n MUETPAH je 162. PeueH3nje pagosa
06aBuNo je yKynHo 266 peueH3eHarta. lNpoceyaH 6poj peueHseHaTa no paay buo je 2. NMpuxsaheH je
M Ha KOHdepeHuMju npukasaH 141 pag Koju cy nybamkoBaHM y 0BOM 360PHUKY.

3ajegHMuKa TemaTcKa cecunja "AurntanHa Cpbuja u Penybnmka Cpncka" okynuna je
Hay4yHUKe, CTPyYHbaKe, UCTParknBayve, NpeacTaBHUKE BUCOKOLUKO/ICKMUX YCTAaHOBA U NpeacTaBHUKE
OprKaBe KOju cy M3HenM cBoOje noriede Ha 3Hayaj U pa3Boj MHPOPMALMOHUX TEexXHOoJornja m
BeLTa4YKe UHTeNuUreHunje, Ha HUXOBY yNOry y Pa3Bojy Npuepese u Ha oarosapajyhe npomeHe y
obpasosHoM cuctemy. KoopauHaTtopu cecnje bunm cy npod. ap bpaHko Jokuh u npod. gp Muno
Tomawesunh, AOK cy aKTUBHM yvyecHUuu cecuje 6unnm Mp CphaH Pajuesuh, MwuHuctap 3a
HAy4YHOTEXHO/OLKN Pa3Boj, BUCOKO obpasoBare n MHpopmaumnoHo ApywTeo y Bnagu Penybaunke
Cpncke, ap Cawa CrojaHosuh, nomohHMK MuHKUCTpa 3a NPOCBETY, HayKy U TEXHO/OLWKK Pa3Boj
Bnapne Cpbuje, npod. agp Muno Tomawesuh aekaH EnektporexHuukor ¢pakynteta YHUBep3uTeTa y
beorpaay, npod. ap 3opaH bypuh, aekaH EnekTpoTexHudkor dakynteta YHusep3uTeTa y bamboj
Nlyum n npod. ap boxkupap Monosuh, aekaH EnektpoTexHuuKkor dakynteta YHuBep3uTeTa y
MctouHom Capajesy.

KoopaunHatop cneuunjanHe cegHuue Ha cekumju MeTtponoruja, nog Hacnosom "CToxacTuuke
meToae y meperuma buo je Bnagumump Byjuumh. KoopauHatop cneumjanHe cegHuUue Ha CeKUUjU
PauyHapcTBO M BellTayka MHTENUreHumja, noa Hacnosom "LTa payyHapu gaHac He mory" 6uo je
bowko Hukonuh. Y OKBUPY CeKuMje 3a eNeKTPOEHEepPreTUKy oApiKaHa je crneuujanHa ceaHuua
"EnekTtpoeHepreTunka y 21. Beky" y opraHu3aumnju Oabopa 3a eHepreTury CAHY.

Ynan MNpepgcegHuwTea Mpeapar M. MNetposuh 6Mo je KoopaMHATOP 3ajeAHUYKE TeMaTcKe
cegHUUe opraHu3oBaHe Kao omaxK Munosmbyby Cmusbanuhy, MovacHom ynany JpywTea 3a ETPAH u
lFeHepanHOM cekpeTapy AKagemuje UHKeHEepCcKMX HayKa. Y3 nopykry "Aparn Muho, gusberse u
nowToBame ca 3axBanHowhy" rosopunu cy Mpegpar M. MNetposuh, fejan b. Monosuh, NpegcegHnk
ETPAH-a.

MNpepcepgHuk ETPAH-a, akagemuk [ejaH b. Monosuh 6uo je KoopauHaTop 3ajeaHUYKe
TEMATCKe CeAHULEe OPraHM3oBaHe Kao OMaXK akagemuky HuHocnasy CrtojaguHosuhy, busem
MpepcepHunky ETPAH-a, unaHy NpeaceaHnwTea 1 3acnyXHom ynaHy JpywTtsa 3a ETPAH. Y3 nopyky
"Octajemo pa Heryjemo kerose unaeje" rosopunn cy npod. gp Lanujen AaHkosuh, [ejaH b.
MNonosuh, NMpeaceaHuk ETPAH-a n bpatucnas MunosaHosuh, akagemnk AUHC.

MocebHo ce 3axBasbyjemo opraHusaTtopuma u3 Penybnuke Cpncke u gomahuHuma u3
bujesbuHe, KOju Cy 4ONPUHENN CTBapakby YC0Ba 33 Paj U NNOAHY Pa3MEHY MULL/bEHA U KPUTUYKU
OCBPT Ha pe3y/TaTe y OKBUPY CBUX CEKLMja.

beorpag, 12.10.2021.
Akagemuk CnobopgaH Bykocasuh
3amMmeHuK npeacegHuka ETPAH
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these Proceedings.
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academician Dejan B. Popovi¢, ETRAN Society Chairman.

The ETRAN Society Chairman, academician Dejan B. Popovi¢ was the coordinator of the
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from Bijeljina who contributed to creating working conditions and a fruitful interchange of opinions,
as well as a critical review of the results within all sections.
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Academician Slobodan Vukosavié
Vice-Chairman of the ETRAN Society



Synthesis and characterization of thin copper
coatings obtained by sonoelectrodeposition
method

Ivana Mladenovi¢, Jelena Lamovec, Stevan Andri¢, Milo§ Vorkapi¢, Marko Obradov, DanaVasiljevi¢-
Radovi¢, Vesna Radojevi¢ and Nebojsa D. Nikoli¢

Abstract—Influence of an intensity of ultrasonic mixing of
electrolyte in a temperature range of 27-37 °C and ultrasonic
power intensity in the range of 3.77-18.84 W/cm? (10-50 %) on a
synthesis of fine-grained copper deposits was examined. Copper
coatings were electrodeposited on a brass substrate in direct
current (DC) regime with an applied current density of
50 mA-cm2. The laboratory-made copper sulfate electrolyte was
used without or with addition of additives. The variation of
temperature under sonoelectrodeposition process and variation
mixing intensity of electrolyte were ensured by using an
ultrasonic probe. The produced Cu coatings were examined by
optical microscope (OM) in order to observe the microstructural
modification with variation ultrasonic parameters and for
measuring imprints of Vickers indenter. The micro hardness
properties of composite systems were characterized using
Vickers micro indentation test. The composite hardness models
Chicot-Lesage and Chen-Gao were used for the determination
the coatings hardness and adhesion evaluation. Application of
Atomic Force Microscopy (AFM) technique also confirmed the
strong influence of ultrasonic mixing conditions of electrolyte
onto change of the microstructure of copper deposits and surface
roughness of the coatings. The maximum hardness, good
adhesion properties and minimum micro surface roughness was
obtained for the fine-grained Cu coating produced with
amplitude of 50 % ultrasonic mixing of electrolyte without
additives and 30 % for electrolyte with additives.

Index Terms— ultrasonic probe; microindentation; composite
system; coatings; adhesion; sonoelectrodeposition.

I. INTRODUCTION

THE effects of ultrasonic electrolyte mixing can be seen
from a few aspects: chemical, mechanical and theirs
combination. The chemical effects of ultrasound are due to the
“implosion of microbubbles”, generating free hydroxyl
radicals [1, 2] with high chemical reactivity, while mechanical

Ivana Mladenovi¢, Stevan Andri¢, Milo§ Vorkapi¢, Marko Obradov, Dana
Vasiljevi¢-Radovi¢ and Nebojsa Nikoli¢ are with the Institute of Chemistry,
Technology and Metallurgy, University of Belgrade, Njegoseva 12, 11 000
Belgrade,  Serbia  (e-mail:  ivana@nanosys.ihtm.bg.ac.rs),  (e-mail:
stevan@nanosys.ihtm.bg.ac.rs), (e-mail: worcky@nanosys.ihtm.bg.ac.rs), (e-
mail: marko.obradov@nanosys.ihtm.bg.ac.rs), (e-mail:
dana@nanosys.ihtm.bg.ac.rs), (e-mail: nnikolic@ihtm.bg.ac.rs).

Jelena Lamovec is with the University of Criminal Investigation and
Police Studies, Cara Dusana Street 196, 11 000 Belgrade, Serbia (e-mail:
jelena.lamovec@kpu.edu.rs).

Vesna Radojevi¢ is with the Faculty of Technology and Metallurgy,
University of Belgrade, Karnegijeva 4, 11 000 Belgtrade, Serbia (e-mail:
vesnar@tmf.bg.ac.rs).
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effects are caused by “shock waves” formed during symmetric
cavitation or by “microyets” formed during asymmetric
cavitation [1]. The use of ultrasound in a reaction system
provides specific activation based on a physical phenomenon,
known as “acoustic cavitation”. Cavitation is caused by a
longitudinal sound wave, which results in a change in local
pressures and temperatures in the liquid electrolyte [2]. The
change in pressure causes the gas bubbles to form and burst,
which contributes to electrolyte mixing [3]. The scheme of the
mechanism of formation, growth and bursting of bubbles
under ultrasound conditions are shown in Fig. 1.

Probe-type
ultrasound

Power generation

Transducer

Bubble Unstable

Bubble
010\\1]] form

mlhpse

Bubble
Amplifier formation ﬂ
Probe ﬂ

Y O

Fig. 1. Schematic presentation of bubble implosion under ultrasonic
conditions in electrolyte near cathode surface [3].

Electrodeposition in presence of ultrasound (US-ED) may
have effects in terms of: degradation of the reaction, enhanced
electrochemical diffusion processes and mass-transport,
increase electrochemical rates and current efficiencies,
decrease electrode overpotentials [4]. The effects of ultrasonic
mixing of electrolyte and influence on the metallic coatings
properties have also reported in the literature: change
morphology (reduction in grain size or change grain
orientation), influence on residual stress, that hence good
adhesion and hardness, the increase of brightness has been
also  observed, etc [4-7]. Ultrasonic  deposition
(sonoelectrodeposition) is often used in combination with the
co-deposition of particles as reinforcement into a metal matrix
composite [8].

Using AFM technique, the coating surface roughness was
investigated in function of grow rate (applied current density)
[9], film thickness (deposition time), variation substrates and
mixing conditions [10], as well as variation electrolytes
[10, 11].
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Hardness and adhesion testing are the most important and
widely used methods for assessing the structural and
mechanical properties of the composite systems and coatings
[12]. If the thickness of the coating is very small, the
influence of the substrate must be considered during the
coating hardness determination [13] and mathematical
composite hardness models are used for this purpose [14—-19].

Hence, the present experiment aims here to find the
synergistic effects of ultrasound agitation, temperature
oscillation, while increasing the power of ultrasonic mixing
influence on the roughness, adhesion and micro hardness of
copper coatings.

I1. COMPOSITE HARDNESS MODELS

Multilayer complex structures such as thin coatings (films)
on bulk substrates are often used in fabrication of MEMS
devices. A thin coating deposited electrochemically on a
conductive substrate can be considered as a composite system.
Determination of the hardness of the coating, independent of
the influence of the substrate hardness, is not possible in the
entire region of the applied indentation loads. For this reason,
composite hardness mathematical models are used to estimate
the absolute hardness of a thin coating [14-19], and two
adequate ones have been selected in this paper. The composite
hardness model of Chicot-Lesage (C-L) was found to be
suitable for experimental data analysis (for composite
hardness values, H¢) and coating hardness determination
(Hcoat) based on our previous research [14-16]. Using this
model, it is possible to calculate the absolute value of the
coating hardness for each individual indentation load. The
model is based on Meyer's law which expresses the variation
of the size of the indent (d) in function of the applied load (P)
[13]:

*
P=g 4" )
The variation part of the hardness number with load is
represented by the factor n*. Chicot-Lesage adopted the
following expression [16]:

(e wont @

In equation (2) m is the composite Mayer’s index, d is average
diagonal size of Vickers indent and 4 is coating thickness. The
value of m is calculated by a linear regression performed on
all the experimental data obtained for a given
coating/substrate couple and deduced from the relation [13]:

Ind=m-InP+b (3)

The composite hardness can be expressed by the following

relation [13, 16]:
cufones )
+ f(Hs +f'(Hcoat _Hs))

Hardness of the film is the positive root of the next equation
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[13, 16];
A-H2, +B-H,, +C=0, with

A=f2(f-1)

B=(-2-f+2.f2-1)H_+(-f)-H,

C=f-H_-H_+f*-(f-1)-H’

®)

With the known value of m, only the hardness of the films
remains to be calculated. The values of composite hardness
and substrate hardness (Hs) are the values obtained by
measuring on a Vickers tester.

For the evaluation of the adhesion properties of thin films
and absolute film hardness, Chen-Gao (C-G) model was
chosen [17-19]. This method introduces the composite
hardness as the function of the critical reduced depth beyond
which the material will have no effect on the measured
hardness. The critical reduced depth, represents ratio between
the radius of the plastic zone beneath the indentation and
indentation depth [12, 17-19]. The large value of the critical
reduced depth corresponds to good adhesion, while low
values indicate poor adhesion of the films. The correlation
between composite hardness value H. and the critical reduced
depth b are found as [12, 17-19]:

(n+1)-6
n-b-h

HC=HS+{ ©)

}'(Hcoat _Hs)
Hs and Hcoar are the hardness of the substrate and of the film,
respectively, ¢ is film thickness, h is indentation depth, n is
the power index and b is the critical reduced depth. The
convenient value of n is found to be 1.8 for “soft film on hard
substrate” and n = 1.2 for “hard film on soft substrate”
[12, 17-19]. It is first necessary to perform the fitting of the
composite hardness depending on the depth of indentation
according to the model shown in the equation (7) [18]:
HC=A+B-1+C-L Q)
h hn+1
A, B and C are fitting parameters, and h is indentation depth.
Indentation depth can be calculated as 1/7 of diagonal size.
Then coating hardness can be expressed as [18]:

. +1 @)
Y LR VICREY |
n-|C|
The equation wused to estimate adhesion properties

coating/substrate composite system has the following form
[12]:

:7'(n+1)'(Hs _Hcoat)
‘ n-b

. ©

9
d



I1l. EXPERIMENTAL

A. Preparation of electrolyte and samples

Copper was electrodeposited from an aqueous solution of
copper sulfate and sulfuric acid without (electrolyte I) and
with added additives (electrolyte Il). The composition of the
electrolytes used in experiments is given in Table 1. Three
different additives were used for electrolyte 1l: polyethylene
glycol (PEG, molecular weight 6000), Na-3-mercapto-1-
propane sulfonic acid (MPSA) and NaCl, based on the
suggested recipe found in the reference [20]. The volume of
the electrolyte for all experiment was 100 ml. Brass foil, %2
hard, (ASTM B36, K&S Engineering), 250 um thick was us
as cathode. Pure copper foil, cylindrical shape, was used as
anode (see Fig. 2).

TABLEI
COMPOSITION OF THE ELECTROLYTES

Electrolyte | g/l Electrolyte Il g/l
CuS04-5H,0 240
CuSOs5H,0 | 240 H2504 %0
H,SOs 60 PEG 6000 1
MPSA 0.0015
NaCl 0.1240

An ultrasonic cleaner (model HD 2200 Bandelin /
Germany) of 20 kHz + 500 Hz frequency (f,) equipped with a
standard sonotrode (probe of 13 mm tip diameter), with power
(1) of 200 W in continuous mode was used for sonication and
mixing of electrolyte. In general, power intensity I; (power
irradiance) represents power, I, distributed over surface area, S
(sonotrode tipe surface) as shown as I = 1 / S [W/cm?]. The
temperature change, Ti, of the electrolytes was observed
during the operation of the ultrasound probe with the variation
of the amplitude range, Pi. The temperature change of the
electrolyte was measured every 5 minutes (see Table II).
Electrochemical deposition was performed under DC
galvanostatic mode. The current density values were
maintained at 50 mA-cm; deposition time was fixed at 15
minutes and coating thickness was calculated according to
Faraday’s law.

VP!

e DC Power

- Brass plate (cathode)

..y Cylindrical copper
electrode (anode)

~ Sulfate bath

Fig. 2. Experimental setup for a sonoelectrochemical deposition process.
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TABLEII
THE PARAMETERS OF THE SONOELECTRODEPOSITION

No. Pi/ % | electrolyte | ti/min | Ti/°C
1 28.8

5 29.7

1 10 ! 10 304
15 32.2

1 28.3

5 29.6

3 30 ! 10 30.6
15 35

1 28.9

5 30.9

5 50 I 10 33.2
15 37.2

1 27

) 5 28.1
3 30 . 10| 305
15 315

B. Optical microscopy

The structural properties of Cu coatings were examined by
optical microscope (OM)—model Motic AE-2000 MET. A
metallographic microscope—Carl Zeiss Epival Interphako was
used to measure the diagonal size of Vickers indents.

C. Topography of the Cu coatings

The surface topography and roughness of the Cu coatings
were examined using atomic force microscope (AFM, TM
Microscopes-Vecco) in the contact mode. The values of the
arithmetic average of the absolute roughness parameters (Ra)
of the surface height deviation, were measured from the mean
image data plane, using free software Gwyddion [21]. The
values of R, roughness parameter, calculated as average from
three independent measurements at different locations of one
sample of copper surface obtained by the DC regime with
variation of ultrasonic intensity mixing and electrolyte
composition. The scanned area was 20 pum? in contact mode.

D. Mechanical characterization

The mechanical properties of the composite systems were
characterized using Vickers microhardness tester “Leitz,
Kleinharteprufer DURIMET I with loads ranging from
2.452 N down to 0.049 N. Three indentations were made at
each indentation load from which the average diagonal and
composite hardness could be calculated.

IV. RESULT AND DISCUSSION

A. Structural characterization of the Cu coatings

Fig. 3 shows morphologies of the Cu coatings obtained
using sonoelectrodeposition method with ultrasonic amplitude
at 10 % (Fig. 3a), 30 % (Fig. 3b), 50 % (Fig. 3c) from
electrolyte I.



Fig. 3. Microscopic images of Cu coatings obtained in sonoelectrodeposition
regime on a brass substrate from electrolyte 1. The sonoelectrodeposition
parameters are: j = 50 mA-cm?, t = 15 min, §= 16.61 um, T, = 31.6 °C and
fs = 20 kHz with variation of the amplitude range of ultrasonic mixing: a)
Pi=10 %, b) Pi=30 % and c) P; = 50 %.

The smaller number of different size of cavitation holes
were observed (Fig. 3a). It has been observed that the number
of holes decreases with increasing intensity of ultrasonic
mixing of the electrolyte (Figs. 3b and 3c). The bursting of
large gas bubbles caused by the mixing of electrolytes at the
low intensity, leads to the formation of micro cavities on the
surface of the coating (Fig. 1).

B. The roughness analysis of the Cu coatings

The AFM surface areas of Cu coatings produced under
different conditions are shown in Fig. 4. The average values
of the roughness parameters (Ra) obtained by application of
Gwyddion free software are given in Table Ill. The average
roughness can be calculated as:

1 N, Ny
Ra ZWZZ|Z(in)_ZmE/m|

y =1 j=1

(10)

where Ny and Ny are the number of scaning points on the x-
axis and y-axis; z(i, j) is the height of the (i, j) measuring
point, Zmean is the mean hight of all measuring points [22].

Opym 5 10 15

1.13um

0.50

0.00

-0.50

-0.76 -0.88

0.66 ym

0.40
020
0.00
-0.20

-0.40

-0.69

c)

Fig. 4. 2D-AFM images of copper deposits prepared on brass substrate
obtained in DC-US regime. The sonoelectrodeposition parameters are:

j=50 mA-cm?, t =15 min, §=16.61 um, T, = 31.6 °C and f; = 20 kHz with
variation of the amplitude range of ultrasonic mixing: a) Pi = 10 %, b)
Pi =30 % and c) P; =50 % for electrolyte | and d) P; = 30 % for electrolyte II.
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Based on the results in Table Il and Fig.4, a decrease in the
roughness of the Cu coating from electrolyte | was observed
with increasing mixing intensity (Fig. 4a—c).

The copper coating obtained from the electrolyte with
additives and 30 % applied ultrasound amplitude hads
minimal roughness (see Fig. 4d).

TABLE I
THE VALUES OF ROUGHNESS PARAMETER FOR SONOELECTRODEPOSITION
COPPER COATINGS WITH VARIATION ULTRASONIC AMPLITUDE AND

ELECTROLYTE
No. Pi % electrolyte Ra/nm
1 10 % | 270
3 30 % | 230
5 50 % | 180
3’ 30 % Il 148.8

C. Composite hardness of copper coatings/brass systems.

The average values of the indent diagonal d (in um), were
calculated from several independent measurements on every
specimen for different applied loads P (in N). The absolute
substrate hardness and composite hardness values, Hc (in
GPa) were calculated using the formula [23]:

H,=0.01854-P-d> (11)
where 0.01854 is a constant, geometrical factor for the
Vickers indenter.

Fig. 5 shows the variation in composite hardness values with
relative indentation depth (4/0 =RID), where h is indentation
depth (h = d/7) for copper coatings deposited from electrolyte
I with change applied ultrasonic amplitude percent.
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Fig. 5. Variation hardness vs. relative indentation depth for the copper
coatings deposited on brass substrates with variation ultrasonic mixing of
electrolyte: a) composite hardness and b) hardness of the coating calculated
according to Chicot-Lesage model. The current density and deposition time
were 50 mA-cm? and 15 min. Electrolyte | was used.

The effect of changing the intensity of the ultrasonic
mixing of the electrolytes is reflected in the change values of
the composite system hardness and the coating hardness. An
increase in composite hardness with increasing electrolyte
mixing was observed. The maximum value of the composite
hardness was obtained for the copper coating deposited with
the 50 % ultrasound mixing electrolyte (Fig. 5a) and the



minimum value for the 10 %. The results of the calculated
coating microhardness according to the C-L model more
clearly indicate the influence of the applied ultrasound mixing
condition on the microstructure and the hardness of the
coating, and the highest coating microhardness value was
obtained for the 50 % ultrasound amplitude settings (Fig. 5b).
For shallow indentation penetration depth (0.1 < RID <1), it
was found that the response was that of the coating and
substrate together. Based on the results from: Fig. 3c), Table
Il (sample 5), Fig. 4c and Fig. 5a,b conclude that a 50 %
ultrasound amplitude is an optimal condition for copper
ultrasonic deposition from electrolyte I.
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Fig. 6. Variation hardness vs. relative indentation depth for the copper
coatings deposited on brass substrates with applied 30 % amplitude of
ultrasonic mixing of electrolyte Il. Red points are composite hardness values
and green points are values for hardness of the coating calculated according
Chicot-Lesage model. The current density and deposition time were:

50 mA-cm2and 15 min.

The composite hardness response has a growing tendency
with increasing applied indentation load or relative
indentation depth (see Fig. 6). The hardness of the coating is
lower than the composite hardness in the composite region so
it is confirmed that the system belongs ,soft film-hard
substrate” composite system type.

Based on the results from: Fig. 4d, Table Il (sample 37)
and Fig. 6 conclude that a 30 % ultrasound amplitude
(3.77 Wicm?) is an optimal condition for copper ultrasonic
deposition from electrolyte 11.

D. Determination the copper coatings hardness and
adhesion

Absolute hardness of the brass substrate, Hs, necessary to
calculate the absolute hardness of the coating, is 1.41 GPa,
according to our previous measurements [25].

The results of calculated film hardness according to the
Chen—-Gao model for the system ED Cu film on brass as the
substrate were given in Table IV. Fitting of experimental
datas (Fig. 7) were done in Matlab using the cftool command.

Films obtained with optimal condition of ultrasonic mixing
appear harder than others deposited (sample No. 5). Copper
coatings deposited from electrolyte with additives show lower
hardness value then same coatings from electrolyte I.
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Fig. 7. The dependencies of the composite hardness of the Cu coatings, H. on
indentation depth, h calculated by Eq. (7) for various ultrasound mixing
amplitude of electrolyte I.

TABLE IV
THE RESULTS OF CALCULATED FILM HARDNESS ACCORDING CHEN-GAO
MODEL AND FITTING PARAMETERS (A, B, C) wiITH ROOT MEAN SQUARE

ERROR (RMSE)

No. Hcoat A B Cc RMSE
1 1381 | 1.446 | -7.20 | -55.2 0.005
3 1.399 | 1527 | -5.46 | -12.3 0.050
5 1466 | 1494 | -1.52 | -54.1 0.021
3’ 1.357 1412 | -4.13 | -43.0 0.038

The increase in hardness of electrodeposits obtained with
ultrasonic agitation has been associated with the production of
deposits with a fine grain size and higher grain-packing
density [24]. Equation (9) was used to calculate the critical
reduced depth b for the system of thin ED Cu films on the
brass as the substrate. The value of the parameter n in the CG
model can be 1.2 or 1.8, for soft films 1.8 is taken [12, 17-19].
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Fig. 8. Hardness difference vs. ratio between the film thickness and the
indentation diagonal for copper films on the brass as a substrate. The slope

value, k, ED Cu films (electrolyte I) for different ultrasonic mixing amplitude
% is shown.

According to the model Chen—-Gao (C-G) in Fig. 7 and Fig.
8 the values of slope, k (its value is used to calculate the
critical reduction depth, b) for ED Cu films on brass deposited
with different ultrasonic amplitude (10, 30 and 50 %) were
shown. It was noted higher value of the slope, k, for the
sample deposited at lower ultrasound intensity values.

The slopes values, k, (from Fig.7) and the absolute hardness
values of the film (from Table 1V) were used for the



calculation the critical reduction depth, b, the calculated
values are shown in the Table V.

TABLE V
THE RESULTS OF CALCULATED CRITICAL REDUCTION DEPTH, ACCORDING TO
CHEN—-GAO MODEL

No. electrolyte k b
1 I 0.3708 2.995
3 I 0.3343 2.736
5 I 0.1589 1.165
3’ I 0.2872 4,777

Comparison of the adhesive strength by the adhesion
parameter, b, can be noticed that higher value corresponds to
the ED Cu films from electrolyte Il than ED Cu films from
electrolyte 1. That means that better adhesion properties have
ED Cu film with additives then ED Cu films without
additives. When additives are added, more intense ultrasonic
mixing power contributes to an increase in the adhesive
strength of the substrate film and a better dissolution of the
additives in the basic electrolyte. In the case of no additives,
the adhesion value is almost unchanged with the variation of
the mixing power.

V. CONCLUSION

Based on the microhardness measurements, it was shown
that the same film with different structural properties giving
different  mechanical response depending on the
electrochemical parameters during synthesis. The copper films
deposited on brass from basic electrolyte have higher
composite and film hardness values then sonoelectrodeposited
copper films from electrolyte with additives for same
deposition parameters and projected thickness.With increasing
value of applied amplitude ultrasound mixing of electrolyte I,
composite hardness value increasing, too. Adhesion properties
is better for copper films from electrolyte 1l on brass then
copper films from electrolyte I, because the values of b are
larger for system ED Cu (electrolyte Il)-brass then ED Cu
(electrolyte 1-brass). Better adhesion properties shown copper
film deposited with a higher mixing condition.
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