
  

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/cm2 (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·cm-2. 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 
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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.  

 

 
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.  

II. 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, Hc) 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]: 

 
*

* n
daP =  

(1) 

The variation part of the hardness number with load is 

represented by the factor n*. Chicot-Lesage adopted the 

following expression [16]: 
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In equation (2) m is the composite Mayer’s index, d is average 

diagonal size of Vickers indent and δ 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]: 

 bPmd += lnln  (3) 

The composite hardness can be expressed by the following 

relation [13, 16]: 
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Hardness of the film is the positive root of the next equation 

[13, 16]: 

( )

( ) ( )

( ) 22

23

2

2

1

1122

1

,0

SSC

S

HffHHfC

HfHffB

ffA

withCHBHA

c

coatcoat

−+=

−+−+−=

−=

=++

 (5) 

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 Hc and the critical reduced 

depth b are found as [12, 17−19]: 
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Hs and Hcoat are the hardness of the substrate and of the film, 

respectively, δ 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]: 
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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]: 
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The equation used to estimate adhesion properties 

coating/substrate composite system has the following form 

[12]: 
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III. 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 II). The composition of the 

electrolytes used in experiments is given in Table 1. Three 

different additives were used for electrolyte II: 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, ½ 

hard, (ASTM B36, K&S Engineering), 250 µm thick was us 

as cathode. Pure copper foil, cylindrical shape, was used as 

anode (see Fig. 2). 

 
TABLE I 

COMPOSITION OF THE ELECTROLYTES 

 

Electrolyte I g/l Electrolyte II g/l 

CuSO4·5 H2O 

H2SO4 

240 

60 

CuSO4·5H2O 

H2SO4 

PEG 6000 

MPSA 

NaCl 

240 

60 

1 

0.0015 

0.1240 

 

An ultrasonic cleaner (model HD 2200 Bandelin / 

Germany) of 20 kHz ± 500 Hz frequency (fs) equipped with a 

standard sonotrode (probe of 13 mm tip diameter), with power 

(I) of 200 W in continuous mode was used for sonication and 

mixing of electrolyte. In general, power intensity Ii (power 

irradiance) represents power, I, distributed over surface area, S 

(sonotrode tipe surface) as shown as Ii = I / S [W/cm2]. 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-2; deposition time was fixed at 15 

minutes and coating thickness was calculated according to 

Faraday’s law. 

 

 

 

Fig. 2.  Experimental setup for a sonoelectrochemical deposition process. 

TABLE II 

THE PARAMETERS OF THE SONOELECTRODEPOSITION 
 

No. Pi / % electrolyte ti / min Ti / °C 

1 10 I 

1 

5 

10 

15 

28.8 

29.7 

30.4 

32.2 

3 30 I 

1 

5 

10 

15 

28.3 

29.6 

30.6 

35 

5 50 I 

1 

5 

10 

15 

28.9 

30.9 

33.2 

37.2 

3’ 30 II 

1 

5 

10 

15 

27 

28.1 

30.5 

31.5 

 

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 Ra 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 µm2 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. 
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Fig. 3.  Microscopic images of Cu coatings obtained in sonoelectrodeposition 

regime on a brass substrate from electrolyte I. The sonoelectrodeposition 

parameters are: j = 50 mA·cm-2, t = 15 min,  = 16.61 m, Tav = 31.6 °C and  

fs = 20 kHz with variation of the amplitude range of ultrasonic mixing: a)      

Pi = 10 %, b) Pi = 30 % and c) Pi = 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 III. The average 

roughness can be calculated as: 
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where Nx 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].  

 

  

a) b) 

  

c) d)  
 

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-2, t = 15 min,  = 16.61 m, Tav = 31.6 °C and fs = 20 kHz with 

variation of the amplitude range of ultrasonic mixing: a) Pi = 10 %, b)           

Pi = 30 % and c) Pi = 50 % for electrolyte I and d) Pi = 30 % for electrolyte II. 

 

Based on the results in Table III and Fig.4, a decrease in the 

roughness of the Cu coating from electrolyte I 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 III 

THE VALUES OF ROUGHNESS PARAMETER FOR SONOELECTRODEPOSITION 

COPPER COATINGS WITH VARIATION ULTRASONIC AMPLITUDE AND 

ELECTROLYTE 

 

No. Pi % electrolyte Ra / nm 

1 10 % I 270 

3 30 % I 230 

5 50 % I 180 

3’ 30 % II 148.8 

 

C. Composite hardness of copper coatings/brass systems. 

The average values of the indent diagonal d (in m), 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]: 

201854.0 −= dPHc  (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 (h/δ =RID), where h is indentation 

depth (h = d/7) for copper coatings deposited from electrolyte 

I with change applied ultrasonic amplitude percent.  

 

  

a) b) 

 
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-2 and 15 min. Electrolyte I 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 
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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 

III (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. 

 
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 II. 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·cm-2 and 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 III (sample 3’) 

and Fig. 6 conclude that a 30 % ultrasound amplitude        

(3.77 W/cm2) is an optimal condition for copper ultrasonic 

deposition from electrolyte II. 

 

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. 

 

 
Fig. 7.  The dependencies of the composite hardness of the Cu coatings, Hc 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) WITH ROOT MEAN SQUARE 

ERROR (RMSE) 

 

No. Hcoat A B C RMSE 

1 1.381 1.446 -7.20 -55.2 0.005 

3 1.399 1.527 -5.46 -12.3 0.050 

5 1.466 1.494 -1.52 -54.1 0.021 

3’ 1.357 1.412 -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]. 

 

 
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 IV) were used for the 
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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’ II 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 II than ED Cu films from 

electrolyte I. 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 II on brass then 

copper films from electrolyte I, because the values of b are 

larger for system ED Cu (electrolyte II)-brass then ED Cu 

(electrolyte I-brass). Better adhesion properties shown copper 

film deposited with a higher mixing condition. 
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