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Abstract: Copper from sulfate baths without and with added inorganic pigment particles based on
strontium aluminate doped with europium and dysprosium (SrAl2O4: Eu2+, Dy3+) was electrode-
posited on a brass cathode by a galvanostatic regime. Morphological, structural, and roughness
analysis of the pigment particles, the pure (pigment-free) Cu coating, and the Cu coatings with
incorporated pigment particles were performed using SEM, XRD, and AFM techniques, respectively.
Hardness and creep resistance were considered for the examination of the mechanical properties of
the Cu coatings, applying Chicot–Lesage (for hardness) and Sargent–Ashby (for creep resistance)
mathematical models. The wettability of the Cu coatings was examined by the static sessile drop
method by a measurement of the water contact angle. The incorporation of pigment particles in
the Cu deposits did not significantly affect the morphology or texture of the coatings, while the
roughness of the deposits rose with the rise in pigment particle concentrations. The hardness of
the Cu coatings also increased with the increasing concentration of pigments and was greater than
that obtained for the pigment-free Cu coating. The presence of the pigments caused a change in the
wettability of the Cu coatings from hydrophilic (for the pigment-free Cu coating) to hydrophobic (for
Cu coatings with incorporated particles) surface areas.

Keywords: copper; electrodeposition; pigment; copper matrix composite coatings; morphology;
structure; hardness; creep; wettability

1. Introduction

Phosphorescent particles of strontium monoaluminates, typically in the µm/nm range,
are frequently applied doped powder materials in many engineering and scientific fields.
These particles have a wide spectral distribution of luminescence in the visible range [1],
exhibit a long afterglow at ambient temperature, and have very useful and applicable
properties in the paint industry as well as in the production of functional composite
coatings with a photoluminescence effect [2]. The application of afterglow phosphor
particles is wide, ranging from latent fingerprint detection in forensic applications [2,3],
road markings [4–6], light sensors [7], dye-sensitized solar cells [8], photocatalysis [9], and
dosimeters [7,10].

Some of the advantages of the strontium-aluminate pigment are as follows: a high fluo-
rescence intensity, non-radioactivity, an ability to emit yellow-green light in the dark, bright-
ness, lifetime [11], long-afterglow luminescent features, being eco-friendly and non-toxic,
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and being chemically stable [1,2]. Phosphorescent or persistent luminescent strontium-
aluminate pigments consist of a mineral part (SrAl2O4) and two earth elements: europium
(Eu2+) and dysprosium (Dy3+) as doping ions and activators that are responsible for ra-
diation after excitation [2,11]. The main disadvantage is the weak water resistance of
this class of pigment particles and the easily breaking bond of O-Sr-O. When bonds are
broken, phosphor shows a tendency to hydrolyze in water and deteriorate with the loss of
luminescent intensity [11]. The main applications of the strontium-aluminate pigment are
in paints, including paints used in automotive industries, luminous clocks, children’s toys,
emergency signs, traffic signage, and textiles [11].

Recently, pigment particles were co-deposited with nickel through an electrochemical
deposition process to obtain coatings for anticorrosion and decorative purposes [12]. This
specific powder material was also used as reinforcement for copper matrix coating pro-
duction in order to obtain materials for decorative and protective purposes with improved
tribological properties [13,14]. However, the number of papers dealing with pigment
particles as reinforcements with the aim to improve mechanical features of coatings is
drastically lower than the number of papers studying the optical properties of coatings,
such as phosphorescence.

The electrodeposition processes are performed in laboratory and industrial conditions
and do not require a complicated and expensive system such as a vacuum. This process has
simplicity, a low cost, manufacturability, and scalability when compared to other conductor
or semiconductor growth processes such as MOCVD (metalloorganic chemical vapor
deposition) or MBE (molecular beam epitaxy) [15]. Only the electrodeposition processes
provide the conditions necessary for the controlled growth of new materials.

The co-deposition process is slightly more complex process than the usual electrodepo-
sition because it involves an incorporation of a secondary phase into a matrix of primary ma-
terial. The different materials as the second solid phase in powder, whiskers, or fiber forms
can be suspended in an electroplating bath and embedded into a metal deposit during the
co-deposition process. Common materials used to reinforce the copper metal matrix were
metal ceramic oxides such as corundum (Al2O3) [13,14,16,17], silica (SiO2) [18–20], titanium
oxide (TiO2) [21–23], CeO2 [24], zirconia (ZrO2) [25], Y2O3 [26], nitrides (Si3N4) [27,28],
silicon carbide (SiC) [29,30], carbon nanotubes (CNTs) [31], multi-walled carbon nanotubes
(MWCNTs) [32], graphene (Gr) and its derivatives such as graphene oxides (GO) and
reduced graphene oxides (RGO) [33–37], diamonds [38,39], and LDH (layered double
hydroxide) [40].

Copper coatings produced not only by electrodeposition processes but also by other
production methods have found applications in almost all technological spheres, such as the
aviation, automotive, electronics, and telecommunications industries [41]. These applica-
tions include Cu coatings obtained without and with different kinds of reinforcements [42].
Aside from traditional applications in the above-mentioned technologies, coatings of Cu
were used in medicine in a control of healthcare-associated infections [43] and forensics in
an analysis of latent fingerprints [44]. A modern application of electrolytically obtained Cu
coatings, including those obtained with reinforcements such as Al2O3 [16] and TiO2 [21],
is also related to the decrease in energy consumption in energy conversion devices. Cu
coatings are used in boilers, refrigeration, air-conditioning, microelectronic cooling, nu-
clear reactor cooling, military equipment, mobile devices, etc. to improve boiling heat
transfer mechanisms.

In this work, regarding the insufficient knowledge about the influence of pigment
particles as reinforcements on the mechanical properties of Cu coatings obtained by elec-
trodeposition, particles based on strontium aluminate doped with two rare earth metal
ions (europium (Eu2+) and dysprosium (Dy3+)) were used. Copper electrodeposition was
performed from a basic sulfate electrolyte to which various concentrations of the pigment
particles (SrAl2O4: Eu2+, Dy3+) were added. The goal of this investigation was to examine
the influence of a concentration of pigment particles on the morphological, structural,
and mechanical properties of copper deposits. The produced copper matrix composite
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coatings are denoted as CuMC-PigP throughout this paper. The microhardness and creep
resistance were examined based on mechanical properties using Vickers microindentation.
The wettability properties of CuMC-PigP coatings were analyzed. A comparison with a Cu
coating without added pigment particles was made.

2. Experimental
2.1. Materials and Method

Electrodeposition of copper without and with the pigment particles as reinforcements
was performed in a constant galvanostatic (DC) mode via magnetic stirring (MS) of an
electroplating bath (DC/MS mode) on a brass cathode (brass B36 type) in an open cell
at room temperature. The basic sulfate electrolyte of Cu was 240 g L−1 CuSO4·5 H2O
in 60 g L−1 H2SO4. The particles of the phosphorescent pigment were added to the
sulfate bath, and four various particle concentrations were examined: 0.50, 1.00, 1.50,
and 3.00 wt %. The electrolytes were made by use of doubly distilled water (Milipore,
18 MΩ·cm; Merck KGaA, Darmstadt, Germany) and p.a. reagents. The phosphorescent
particles were supplied by Sennelier Paint Pigment Phosphoyellow green, Company Max
Sauer SAS, Saint Brieuc, France. To ensure that particles were uniformly dispersed in the
electrolyte, the electrolytes were stirred for 60 min prior to the process of co-deposition.
For mixing and homogenization, a magnetic stirrer at 300 rpm was set. During the co-
electrodeposition process, a magnetic stirrer at 100 rpm was set. A lower rpm during
co-electrodeposition was used to avoid the appearance of vortices. The surface area of
the brass cathode was 1 cm2, while the anode was copper foil situated close to the wall of
the glass cell with a cylindrical shape. The current density of the electrodeposition was
50 mA·cm−2. The electrodeposition time was 750 s in all experiments.

2.2. Characterization of the Pigment Particles

The micrographs of the pigment particles with mapping and elemental analysis were
obtained by the scanning electron microscope (SEM) JEOL JSM-IT 300LV (JEOL Ltd., Tokyo,
Japan) model, equipped with an energy-dispersive X-ray spectroscopy (EDS) Oxford
Instruments X-MANN (Oxford Instruments, Abingdon, UK) attached to it and with Aztec
software (version 3.1, Springfield, NJ, USA).

The obtained SEM images were analyzed using Image-ProPlus 6.0 image analysis
software (Media Cybernetics, Rockville, MD, USA) to calculate the mean diameter distri-
bution of pigment particles and roundness. The definition of degree of sphericity, i.e., the
roundness parameter, is given in [45]. If the value of this index is 1, the objects in the image
are ideally spherical, while a value of 0 describes elongated objects.

A X-ray powder diffractometer (XRD, SmartLab Rigaku, Tokyo, Japan) that works
on the principle of Bragg–Brentano geometry, using Cu Kα radiation of wavelength
λ = 1.54178 Å, was used for a determination of the structure of the pigment particles. The
voltage on the X-ray tube was 40 kV, and the current was 30 mA. Measurements were made
in the range of diffraction angles 2θ from 10◦ to 80◦, with a step of 0.02◦ and a measurement
speed of 2◦/min.

2.3. Characterization of Copper Deposits Obtained without and with Added Pigment Particles
(CuMC-PigP)

The morphology of Cu coatings electrodeposited without/with the pigment particles,
as well as their cross sections, was studied using SEM (models: JEOL JSM-6610LV and JEOL
JSM-IT 300LV, JEOL Ltd., Tokyo, Japan). The procedure for preparing the cross section of
the electrodeposited coatings is described in [46].

An atomic force microscope (AFM; model Auto Probe CP Research; TM Microscopes–
Veeco Instruments, Santa Barbara, CA, USA) was used for topographical and histogramm
analysis of the obtained coatings. The arithmetic average of the absolute (Ra) roughness of
the coatings was determined using a combination of the software SPMLab (SPMLab NT
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Ver. 6.0.2., Veeco Instruments, Santa Barbara, CA, USA) and the software WSxM 4.0 Beta
9.3 Version [47].

The preferred orientation of the produced Cu and the CuMC-PigP coatings electro-
deposited/co-electrodeposited on the brass cathodes was examined using a Rigaku Ultima
IV diffractometer (XRD, Rigaku Co. Ltd., Tokyo, Japan) in Bragg–Brentano geometry with
Cu Kα radiation in a 2θ range from 30◦ to 95◦. The obtained XRD diffractograms were used
to calculate the texture coefficients, TC(hkl), and the relative texture coefficients, RTC(hkl),
of the coatings [19,48,49].

Mechanical characterization (microhardness and indentation creep) of the obtained Cu
and CuMC-PigP deposits was performed using a Vickers microhardness tester known as
“Leitz Kleinert Prufer DURIMET I” (Leitz, Oberkochen, Germany). To obtain the composite
(or measured) hardness of pigment-free Cu and CuMC-PigP coatings, a range of applied
loads (P) from 0.049 to 2.94 N and a dwell time (t) of 25 s were applied. The composite
hardness of coatings was calculated using standard ASTM E384 and ISO 6507 [50]. The
Chicot–Lesage (C–L) composite hardness model [51–55] was used to obtain the absolute
hardness (Hcoat) of the Cu and CuMC-PigP deposits. Indentation creep was characterized
by variations in an indentation dwell time at a constant applied indentation load of 0.98 N.
The goal of this method was to analyze the validity of a power law model named Sargent–
Ashby (S–A) [56–59], to determine the creep mechanism according to the calculated creep
parameter and to compare the creep resistance between samples. A short-time micro
creep indentation experiment was performed in order to compare the Cu and CuMC-PigP
coatings and evaluate the stress exponent parameter (µ) depending on the amounts of
pigment particles in the electrolyte. All micro-indentation creep tests were performed at
room temperature. The dwell times were between 0 and 45 s with a step of 5 s.

The static contact angle measurements with a sessile drop of 5 µL of water (18 MΩ·cm)
were performed for a determination of the wettability of the obtained electrodeposits [60,61].
For each deposit, 5 droplets at randomly chosen positions were recorded. An optical
microscope equipped with a high-resolution camera (Delta Optical Smart 5.0 MP Pro,
Mińsk Mazowiecki, Poland) was used for these purposes. The water drops and static
contact angles (θc) were examined after taking photographs of the drops on a deposit
surface (5 s after placing the drop) and determined by image analysis using Image-Pro
Plus 6.0 software. The sessile drop method was performed under ambient conditions
(temperature: 25 ◦C; relative humidity: 50%).

3. Results
3.1. Characterization of Pigment Powder Particles

The pigment powder was characterized using SEM and XRD techniques in order to
obtain an insight into the composition, size, shape, and distribution of its particles.

3.1.1. Morphology of the Pigment Particles

The morphology of the pigment particles is presented in Figure 1a,b. The distribution
of the average diameter and that of the roundness were obtained from the SEM images
and are shown in Figure 1c,d, respectively. The pigment particles have an irregular shape
and various sizes, as shown in Figure 1a,b. Analysis of the histogram of the distribution
of the size of the pigment particles showed that the majority of pigment particles were
smaller than 10 µm (Figure 1c). The values of the roundness parameter of 10 confirmed
non-spherical and irregular particles with sharp edges.

To characterize the composition of the pigment particles, an EDS map of element
distribution was produced for the surface of a larger particle (Figure 2). The elemental
mapping image analysis displayed that the pigment powder was composed of O, Al, Sr,
Na, Eu, and Dy (Figure 2b–g). It is clear in Figure 2 that all elements are evenly distributed
on the surface of pigment particle.
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3.1.2. XRD Analysis of the Pigment Particles

An XRD spectrum of the pigment powder is shown in Figure 3. All peaks were
assigned by the standards No. 01-074-0794 (for SrAl2O4), 01-074-1810 (for Sr4Al4O2), and
01-080-1195 (for SrAl12O19) [62].
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Figure 3. The X-ray diffractogram of the pigment powder.

The presence of strontium oxide (SrO2), aluminium oxide (Al2O3), and various
strontium-aluminium oxides such as SrAl2O4, Sr4Al4O2, and SrAl12O19 was identified. The
peaks at 2θ angles of 25.7◦, 35.2◦, and 37.9◦ correspond to γ-Al2O3 (No. 01-073-1512). The
peaks at 2θ angles of 27.0◦, 28.5◦, and 35.5◦ correspond to SrO2 (No. 00-001-1113). The
typical diffraction peaks of SrAl2O4 may be seen in sharp peaks (black circle) at 20.1◦, 28.5◦,
29.3◦, and 35.1◦ in the XRD pattern (No. 01-074-0794) [63]. The XRD pattern suggested that
another phase of a strontium-aluminate hexagonal type (SrAl12O19) might also be detected
(blue marker). The crystalline phases of doping ions (Dy3+ and Eu2+) were not detected in
this analysis probably due to their low content.

Since the peaks for SrAl2O4 oxide were only dominant, a composition of the used
pigment particles can be identified as SrAl2O4: Eu2+, Dy3+. Strontium-aluminate oxide
(SrAl2O4) has two crystallographic polymorphs: (1) monoclinic symmetry and (2) ideal
hexagonal symmetry, which makes it stable at high temperatures [11].

3.2. Characterization of Cu and CuMC-PigP Coatings
3.2.1. Morphological Analysis of the Copper Coatings–SEM Analysis

Figure 4 represents surface morphologies of the pigment-free or pure copper coating
(Figure 4a) and CuMC-PigP coatings (Figure 4b–e) electrodeposited with varying amounts
of pigment particles. In Figure 4f–j, the appropriate cross sections of all samples were
also given.

There is no difference at the micro level between the pigment-free Cu coating and
those obtained with different amounts of pigment particles (Figure 4a–e). All coatings were
fine-grained and microcrystalline (mc), with a grain size smaller than 5 µm. A difference
was only observed in their thicknesses, as shown in Figure 4f–j, which present cross sections
of the Cu coatings obtained without/with the pigment particles. The values of the coating
thickness, δ, obtained with different concentrations of pigment particles are given in Table 1.
Additionally, the non-uniformity of the Cu coatings rose with the rise in the concentration
of pigment particles.



Metals 2023, 13, 1979 7 of 20
Metals 2023, 13, x FOR PEER REVIEW 8 of 23 
 

 

  
(a) (f) 

  
(b) (g) 

  
(c) (h) 

  
(d) (i) 

  
(e) (j) 

Figure 4. Surface morphologies and cross-section analyses of electrodeposited pigment-free Cu
and CuMC-PigP coatings prepared on a brass substrate with different wt % values of the pigment
particles: (a,f) pigment-free Cu; (b,g) CuMC-PigP with 0.50 wt %; (c,h) CuMC-PigP with 1.00 wt %;
(d,i) CuMC-PigP with 1.50 wt %; (e,j) CuMC-PigP with 3.00 wt %. Magnifications: (a–e) ×1500;
(f–j) ×1000. The current density of the electrodeposition: 50 mA·cm−2.
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Table 1. The values of thickness (δ) of the pigment-free Cu coating and the coatings of Cu obtained
with various concentrations of the pigment particles (c, in wt %).

c/wt % 0 0.50 1.00 1.50 3.00

δ/µm 13.8 ± 0.11 17.0 ± 0.41 21.4 ± 0.67 22.5 ± 1.11 22.6 ± 2.17

Figure 5 shows the mapping analysis of pigment-free Cu (Figure 5a) and CuMC-PigP
coatings obtained with minimal (0.50 wt %) (Figure 5b) and maximal amounts of pigment
particles (3.00 wt %) (Figure 5c).

Metals 2023, 13, x FOR PEER REVIEW 8 of 21 
 

 

  
(e) (j) 

Figure 4. Surface morphologies and cross-section analyses of electrodeposited pigment-free Cu and 
CuMC-PigP coatings prepared on a brass substrate with different wt % values of the pigment par-
ticles: (a,f) pigment-free Cu; (b,g) CuMC-PigP with 0.50 wt %; (c,h) CuMC-PigP with 1.00 wt %; 
(d,i) CuMC-PigP with 1.50 wt %; (e,j) CuMC-PigP with 3.00 wt %. Magnifications: (a–e) ×1500; (f–j) 
×1000. The current density of the electrodeposition: 50 mA·cm−2. 

There is no difference at the micro level between the pigment-free Cu coating and 
those obtained with different amounts of pigment particles (Figure 4a–e). All coatings 
were fine-grained and microcrystalline (mc), with a grain size smaller than 5 µm. A 
difference was only observed in their thicknesses, as shown in Figure 4f–j, which present 
cross sections of the Cu coatings obtained without/with the pigment particles. The values 
of the coating thickness, δ, obtained with different concentrations of pigment particles are 
given in Table 1. Additionally, the non-uniformity of the Cu coatings rose with the rise in 
the concentration of pigment particles. 

Table 1. The values of thickness (δ) of the pigment-free Cu coating and the coatings of Cu obtained 
with various concentrations of the pigment particles (c, in wt %). 

c/wt % 0 0.50 1.00 1.50 3.00 
δ/µm 13.8 ± 0.11 17.0 ± 0.41 21.4 ± 0.67 22.5 ± 1.11 22.6 ± 2.17 

Figure 5 shows the mapping analysis of pigment-free Cu (Figure 5a) and 
CuMC-PigP coatings obtained with minimal (0.50 wt %) (Figure 5b) and maximal 
amounts of pigment particles (3.00 wt %) (Figure 5c). 

   
(a) (b) (c) 

Figure 5. Element mapping of the copper coatings: (a) pigment-free Cu coating and CuMC-PigP 
coatings with (b) 0.50 wt % and (c) 3.00 wt % of pigment particles. 

Aside from copper, the presence of other elements from the pigment particles was 
not identified on the surface area of CuMC-PigP deposits. A further mapping analysis 
was performed on a part of the cross section of a CuMC-PigP deposit obtained with 3.00 
wt % of pigment particles (Figure 6). Element mapping performed on this cross section 
confirmed the presence of copper, oxygen, aluminum, strontium, europium, and dys-
prosium elements in the coating. This indicates that the pigment particles were embed-
ded (incorporated) within the copper coating. The trapping mechanism of the 

Figure 5. Element mapping of the copper coatings: (a) pigment-free Cu coating and CuMC-PigP
coatings with (b) 0.50 wt % and (c) 3.00 wt % of pigment particles.

Aside from copper, the presence of other elements from the pigment particles was not
identified on the surface area of CuMC-PigP deposits. A further mapping analysis was
performed on a part of the cross section of a CuMC-PigP deposit obtained with 3.00 wt % of
pigment particles (Figure 6). Element mapping performed on this cross section confirmed
the presence of copper, oxygen, aluminum, strontium, europium, and dysprosium elements
in the coating. This indicates that the pigment particles were embedded (incorporated)
within the copper coating. The trapping mechanism of the co-deposition of small inert
particles suspended in an electrolyte is usually proposed to explain their incorporation
in a deposit [61]. It is clear that the increase in coating thickness with the increase in the
concentration of pigment particles can be attributed to their incorporation in the coating.
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3.2.2. Topographical Analysis of the Cu Deposits—AFM Analysis

Figure 7 represents the 3D (three-dimensional) AFM topographies of the coatings and
the appropriate histograms for the following coatings: the pigment-free coating (Figure 7a)
and the CuMC-PigP coatings with a variation in the amount of pigment particles: 0.50 wt %
(Figure 7b), 1.00 wt % (Figure 7c), 1.50 wt % (Figure 7d), and 3.00 wt % (Figure 7e).
Arithmetic averages of the absolute roughness (Ra) values obtained applying AFM software
(SPMLab NT Ver. 6.0.2.) for the Cu coatings produced without/with pigments are given
in Table 2.
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Figure 7. The 3D (three-dimensional) AFM images and the corresponding histograms of the
pigment-free Cu and CuMC-PigP coatings obtained with different amounts of the pigment par-
ticles: (a) pigment-free Cu coating and CuMC-PigP coatings with (b) 0.50 wt %, (c) 1.00 wt %,
(d) 1.50 wt %, and (e) 3.00 wt % of pigment particles. The current density of the electrodeposition:
j = 50 mA cm−2. AFM surface scan size was (70 × 70) µm2.

Table 2. Arithmetic averages of the absolute roughness (Ra) values obtained applying AFM software
(SPMLab NT Ver. 6.0.2.) from a 70 × 70 µm2 scan area for the Cu coatings obtained without/with
pigment particles.

c/wt % 0 0.50 1.00 1.50 3.00

Ra/nm 197.1 239.9 252.4 313.5 349.7

The roughness of the Cu coatings increased with the rise in the concentration of
pigment particles (Table 2). This is due to the influence of the incorporation of the pigment
particles in the deposit, where a higher concentration of pigment particles means a larger
incorporation in the coating and hence a higher roughness of the coatings.

3.2.3. Textural Analysis of the Copper Deposits—XRD

The pigment-free Cu coating and CuMC-PigP coatings were also used for structural
and textural analysis. The X-ray diffraction patterns obtained for the Cu deposits obtained
from electrolytes without pigment particles and with different amounts of pigment particles
are presented in Figure 8.
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Figure 8. The XRD diffractograms for the pure Cu coating and the CuMC-PigP coatings electrode-
posited with the different amounts of pigment particles.

The diffraction peaks at 2θ angles corresponding to the crystal planes of Cu were
obtained: 43.3◦ for (111), 50.4◦ for (200), 74.1◦ for (220), and 89.9◦ for (311) crystal planes,
according to JCSDS standard No. 04-0836 for Cu [64]. As expected, the Cu and CuMC-PigP
coatings crystallize in a face-centred cubic (FCC) crystal lattice type [26].

The dominant intensities of the diffraction peak for the (220) crystal plane was ob-
served for all types of Cu coatings. A true estimation of the preferred orientation of the
Cu electrodeposits was made by a determination of texture coefficients, TC(hkl), and the
relative texture coefficients, RTC(hkl), based on the procedure described in [48,49,55,65].
The values of these coefficients of different Cu deposits are presented in Table 3.

Table 3. The values of TC(hkl) and RTC(hkl) coefficients calculated for the pigment-free Cu and the
CuMC-PigP electrodeposits obtained with different concentrations of pigment particles.

TC(hkl) RTC(hkl)/%
c/wt TC(111) TC(200) TC(220) TC(311) RTC(111) RTC(200) RTC(220) RTC(311)

0 0.29 0.33 6.1 0.96 3.8 4.3 79.4 12.5
0.50 0.24 0.31 6.5 0.86 3.0 3.9 82.2 10.9
1.00 0.29 0.32 6.1 1.00 3.8 4.1 79.1 13.0
1.50 0.27 0.33 6.3 0.86 3.5 4.3 81.2 11.0
3.00 0.21 0.34 6.6 0.78 2.6 4.3 83.2 9.90

The TC(hkl) and RTC(hkl) coefficient values for the (220) crystal plane were considerably
larger than 1 and 25%, respectively, which represent the limiting values for the existence of
the preferred orientation in Cu coatings [55,65,66].

Hence, the predominant (220) preferred orientation was obtained for the coating
produced without pigment particles and coatings produced with various concentrations of
the pigment particles. No difference in the values of these coefficients was observed for
various Cu coatings. The addition of pigment particles did not manifest by the appearance
of new XRD peaks, which can be explained by a concentration that is too low for XRD
detection, as well as their incorporation in the interior of the coatings.
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3.2.4. Mechanical Features of Cu and CuMC-PigP Coatings—The Vickers
Microhardness Test

The microhardness and creep resistance were used for the examination of the mechan-
ical properties of pure Cu and CuMC-PigP coatings obtained with different amounts of
pigment particles. Vickers microindentation was applied for the analysis of these proper-
ties. The hardness of any material, and hence an electrolytically deposited coating, usually
includes contributions from both the substrate (cathode) and the material (coating), and
the measured hardness is denoted as the composite hardness. This variable depends
on the applied load and the diagonal size of the imprint made by the used load in a
coating [54–57,65,67]. One of the ways to determine the absolute hardness of a deposit is by
use of composite hardness models (CHMs), whose application eliminates the contribution
of the cathode to the measured (composite) hardness. For a deposit of Cu on a brass
cathode, a “soft deposit on hard cathode” type of composite system, the Chicot–Lesage
(C–L) CHM is recognized as an ideal mathematical model for an estimation of the absolute
hardness of Cu deposits. The basis of C–L CHM is given in [52–55].

Determination of the Microhardness of Pigment-Free Cu and CuMC-PigP Coatings by Use
of C–L CHM

The dependencies of the composite hardness (Hc) as well as the absolute hardness of
the coatings calculated by the C–L CHM (Hcoat) on the relative indentation depth (RID) are
shown in Figure 9a and 9b, respectively. The RID is defined as a quotient between a depth
of indentation (h) and a thickness of coating (δ), i.e., RID = h/δ [55,66,67]. An indentation
depth is related to diagonal size as h = d/7 [65–67]. To estimate the absolute hardness
of the deposits by the C–L CHM, it is necessary to know the hardness of the substrate
and a parameter known as Meyer’s composite index, calculated for every coating under
consideration. For the brass cathode used in this investigation, the hardness had already
been calculated by the PSR (Proportional Specimen Resistance) model (1.41 GPa) [51].
By analogy with Meyer’s law [67], a modified Meyer’s index, denoted as the composite
Meyer’s index (m) [68], was introduced for every coating, and calculated values are shown
in Table 4.
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obtained with different amounts of pigment particles.

Table 4. The Meyer’s composite index m values for the Cu and CuMC-PigP deposits.

c/wt % 0 0.50 1.00 1.50 3.00

m 0.4221 0.4323 0.4314 0.4351 0.4439

Both the measured hardness and the calculated absolute hardness of the deposits
increased with the increase in the concentration of pigment particles and were larger than
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those obtained for the pigment-free coating. The CuMC-PigP coating with the maximum
microhardness was obtained for the maximal concentration of pigment particles (3.00 wt
%), and this value is higher than that for the pure Cu coating by about 50% (46.32% for the
minimal load and 49.51% for the maximal load).

Using the C–L CHM model, a critical relative indentation depth (RID)c of 0.14 has
been established [51,66,68]. When (RID)c < 0.14, Hcoat > Hc, and the deposit hardness
corresponds to the measured (composite) hardness. On the other hand, Hcoat < Hc when
(RID)c ≥ 0.14, and the deposit hardness is equivalent to the values calculated by the C–L
CHM. These values exclude the contribution of the cathode hardness to the measured
hardness. This critical value has a universal character for free Cu deposits produced by
various electrodeposition regimes and is independent of all electrodeposition parameters
(coating thickness, the types of electrolyte stirring and the cathode, the composition of
the electrolyte, i.e., the addition of levelling/brightening compounds in the electroplating
bath) [65,68].

Analysis of the data shown in Figure 9a,b showed that an RID value of 0.14 as the
critical value separating two areas is valid for the pigment-free Cu deposit. For easier anal-
ysis, data used for plotting graphs shown in these figures are given in the supplementary
materials (Tables S1 and S2). For the Cu deposit formed with 0.50 wt % of pigment particles,
Hc and Hcoat values were very close to each other when (RID)c ≥ 0.14 (for some loads,
Hcoat was even higher than Hc). However, starting from c = 1.00 wt % of pigment particles,
Hcoat values become larger than Hc values in the entire range of RID values. The difference
between Hc and Hcoat values rose with the rise in the concentration of pigment particles.
For that reason, a concentration of 1.00 wt % can be denoted as the critical value after which
this type of pigment particle begins to significantly affect the Cu coating hardness. It is clear
that this critical concentration led to a transformation of Cu coatings from a “soft deposit
on hard cathode” type of composite system to a “hard deposit on soft cathode” type.

The Creep Resistance of Cu and CuMC-PigP Coatings—Indentation Creep Test

The creep response of the pigment-free Cu and CuMC-PigP coatings containing
various concentrations of pigment particles was investigated with a variation in indentation
dwell time (t) and by a determination of the stress exponent, µ, with the help of the Sargent–
Ashby (S-A) [56–59] model.

The relationship between Hc and t enabling an analysis of creep behavior of the Cu
coatings is given by Equation (1) [56–59]:

Hc =
σ0

(C·µ·ε0·t)
1
µ

(1)

In Equation (1), ε0 is the strain rate at reference stress σ0, C is a constant, t is dwell
time, and µ is the stress exponent.

The experimental results of creep resistance determination are given in Figure 10a,b:
the dependencies of Hc on t (Figure 10a) and of ln(Hc) on ln(t) (Figure 10b). The values
obtained after fitting the data in Figure 10a are listed in Table 5. The creep parameter, µ,
was calculated from the linear dependence of ln(Hc) on ln(t) (Figure 10b), where the slopes
of the lines correspond to a negative inverse stress exponent (−1/µ). The indentation
creep features of CuMC-PigP coatings were then compared with those of free Cu coatings
according to the calculated stress exponents (µ).

It is clear that composite hardness values exponentially decreased with the increasing
dwell time for all Cu deposits (Figure 10a). The stress exponent values for the CuMC-
PigP coatings are very close to each other and situated in the 7.73–9.41 range. They were
considerably larger than the value obtained for the pigment-free Cu coating (4.96; by
more than 50%). However, all values were in the range of stress exponents from 3 to 10,
and this predicts that the stress mechanism comprises dislocation creep and dislocation
climb [56–59]. Dislocation phenomena were relevant for all types of Cu coatings, with a
clear difference among the pigment-free Cu coating and those with added pigment particles.
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Figure 10. The dependencies of (a) the composite hardness, Hc, on indentation dwell time, t, and
(b) ln(Hc) on ln(t), calculated according to the Sargent–Ashby (S-A) model.

Table 5. Fitting results and stress exponents for the pigment-free Cu coating and those produced
with different concentrations of the pigment particles.

c/wt % Slope (k) Intercept (n) Stress Exponent (µ) R2

0 −0.2015 ± 0.00694 0.8363 ± 0.02156 4.96 0.99
0.50 −0.1171 ± 0.00764 0.8429 ± 0.02373 8.54 0.97
1.00 −0.1293 ± 0.00775 0.8329 ± 0.02408 7.73 0.98
1.50 −0.1164 ± 0.00367 0.8692 ± 0.01141 8.59 0.99
3.00 −0.1063 ± 0.00427 0.9022 ± 0.01325 9.41 0.98

c—weight concentrations (wt %) of pigment particles added in the basic sulfate electrolyte; k—slope of the
linear curves from Figure 10b; n—the values of intercept in Figure 10b; µ—calculated stress exponents and
appropriate standard errors; R2—regression coefficient for the Cu and CuMC-PigP coatings with various amounts
of pigment particles.

3.3. Wettability of Cu and CuMC-PigP Coatings

In order to examine the influence of the pigment particles on the wetting characteristics
of pure copper and CuMC-PigP coatings, the sessile water-drop method, based on water
contact angle measurements, θC, and image analysis was applied [69,70]. The obtained
values of θC angles are shown on the histogram shown in Figure 11a, while examples of the
water drops and measured contact angles for the pigment-free coating and that obtained
with 3.00 wt % are shown in Figure 11b and 11c, respectively.
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Figure 11. (a) Histogram of water contact angles measured on pure Cu and CuMC-PigP coatings
electrodeposited with different wt % values of pigment particles, and images of water droplets on
the coating surfaces: (b) the pigment-free coating and (c) the CuMC-PigP coating with 3.00 wt % of
pigment particles.



Metals 2023, 13, 1979 15 of 20

The values of the contact angle, θC, for the CuMC-PigP coatings are very close to each
other, in the range of 106.0–110.8◦. The obtained contact angles were about 60% larger than
the value obtained for the pure Cu coating (θC = 66.49 ± 2.75◦).

As is well known, the water resistivity of coatings can be separated into two groups—clear
hydrophilic (10◦ < θC < 90◦) and clear hydrophobic (θC > 90◦)—and into three secondary
subtypes—super-hydrophilic (θC < 5◦), super-hydrophobic (θC > 150◦), and neutral (θC = 90◦)
coatings [71,72]. The pigment-free Cu coating can be situated in the group of the hydrophilic
deposits, while those formed with the pigment particles (CuMC-PigP) belong to the group of
the hydrophobic coatings.

4. Discussion

The influence of the pigment particles added as reinforcement in a Cu sulfate elec-
trolyte on the morphology, structure and mechanical properties of copper deposits obtained
by electrodeposition was investigated. Various concentrations of pigment particles based
on oxides of strontium and aluminium doped with two rare earth metal ions (europium
(Eu2+) and dysprosium (Dy3+)) were suspended in the electrolyte and co-deposited with
Cu, forming copper matrix composite coatings (CuMC-PigP). The obtained morphological,
structural, and mechanical properties were compared with those obtained for a Cu coating
produced without added pigment particles (pure Cu or the pigment-free Cu coating).

The addition of the pigment particles did not have any significant influence on the
morphology and texture of CuMC-PigP coatings. The pigment particles were incorporated
in the electrodeposit and were not detected on the surface area of the coatings (Figure 5).
The Cu deposits produced without pigment particles and with various concentrations
of pigment particles were fine-grained and microcrystalline (mc) with a predominant
(220) preferred orientation. As a result of the incorporation of pigment particles in the
deposit, both the thickness and the roughness of the coatings increased with the rise in
the concentration of pigment particles. The addition of the hard pigment particles in the
electroplating bath did not affect significantly the polarization characteristics of copper
(Figure S1 in the supplementary material). For this type of the particles based on aluminum
oxides, mechanism of the co-deposition process and an incorporation of the hard inert
particles in the electrodeposit can be considered through five consecutive steps [12,62,73]:
(I) adsorption of metal ions on surface area of the particles (so-called formation of ionic
clouds on particles in the bulk of electrolyte), (II) a movement of particles with adsorbed
ionic clouds towards hydrodynamic boundary layer by forced convection, (III) diffusion
of those particles through the diffusion double layer, (IV) adsorption of the particles with
ionic clouds at the cathode surface, and (V) reduction of ionic clouds at the cathode surface
after which the inert particles remain captured in the interior of growing metal deposit.
In this way, it is clear why the pigment particles are not detected on the surface area of
the electrodeposit.

The increase in the deposit thickness can be explained as follows: the pigment particles
are based on an aluminum oxide belonging to so-called hard (metal ceramic) particles,
and they are incorporated into the deposit during the electrodeposition process. Since the
same amount of electricity is passed through the electrolytic cell in all cases, the amount
of electrodeposited copper on the brass electrodes is the same without pigment particles
and with different concentrations of the pigment particles. During the electrodeposition
process, the hard pigment particles are wrapped by electrodeposited Cu, causing a greater
coating thickness with a higher concentration of particles. This process also led to the rise
of the non-uniformity of the deposits, as shown in Figure 4f–j. The thickness of Cu coatings
increased with the inclusion of the particles in the deposit from 13.8 to 22.6 µm, i.e., by
about 60%.

The roughness of Cu coatings increased with an addition of the pigment particles,
reaching the increase more than 75% for the Cu coating with 3.00 wt % relative to the
pigment-free coating. This strong influence of added pigment particles on the roughness of
the Cu coatings makes these Cu coatings very suitable to be considered for a potential use
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in heat exchangers, as well as in other thermal devices [74]. For these applications, one of
main challenges is an improvement of boiling heat transfer by the increase of heat transfer
coefficients. One of the ways to improve the heat transfer coefficients is a modification
of the surface area by the increase of its roughness. Namely, the heat transfer coefficients
strongly depend on a roughness of metal surface area, with a tendency of the increase with
the increase of the roughness [75]. It is clear that the co-electrodeposition process with the
incorporation of the pigment particles represents a valuable way to obtain copper coatings
of various degree of roughness.

The hardness of the Cu deposits also rose with the increase in the concentration
of pigment particles, as shown in Figure 9a,b. The hard particles based on strontium-
aluminum oxide that are incorporated in the electrodeposit cause a resistance during the
indentation process, causing a smaller depth of indentation in the coating and, consequently,
a smaller diagonal size of imprint on the deposit surface area. The smaller the depth of
indentation, the larger the coating hardness obtained. Certainly, this increase in coating
hardness is exclusively due to the incorporation of hard pigment particles. The effect of a
change in coating thickness is eliminated because the increase in thickness has an effect on
coating hardness opposite from that observed here. Namely, the coating hardness of Cu
deposits obtained from the sulfate electrolytes on the brass cathode decreased with the rise
in the deposit thickness [65]. The pigment particle concentration of 1.00 wt % represents
the critical concentration after which this pigment particle type significantly affects the
hardness of Cu coatings. This concentration denotes a transformation of the composite
hardness system from a “soft deposit on hard cathode” type to a “hard deposit on soft
cathode” type. The microhardness of the obtained Cu coatings was in line with results
obtained with this type of the reinforcement [76]. For example, the microhardness of cold-
sprayed Cu coatings reinforced with Al2O3 particles was in the range of 1.599–1.736 GPa,
which a successful implementation of this type of the pigment particles in a production of
copper matrix composite coatings additionally confirms.

The Cu deposits reinforced with the pigment particles exhibit a higher creep rate than
the pure copper coating; i.e., the increase in the concentration of pigment particles favors
the dislocation creep mechanism in CuMC-PigP coatings relative to the pure copper coating
(Table 5). The possible reason for this is the particles acting as dislocation sources as well
as the increase in the defect density in CuMC-PigP coatings compared to the pure Cu
coating [77]. Generally, the reduction of the number of grain boundaries was a dominant
factor for indentation creep mechanism changes. The change in the stress exponent values
with the variation in the concentration of inorganic pigment particles in the bath during
the co-deposition process was relatively small. The difference in creep sensitivity between
the sample with 1.00 wt % of pigment particles and the sample with 3.00 wt % of pigment
particles is less than 21%. A drastic change in creep sensitivity (89.6%) was noted between the
pure Cu coating and the CuMC-PigP coating with the maximum particle content (3.00 wt %).
The lowest creep strain was found for the CuMC-PigP deposit with 3.00 wt % of particles.

As already mentioned, the pigment-free copper coating electrodeposited on the brass sub-
strate was hydrophilic, with a water contact angle value smaller than 90◦ (θC = 66.49 ± 2.75◦).
With an addition of pigment particles in the bath, the surface area of copper matrix composites
was modified by the co-deposition of particles, and hydrophobic CuMC-PigP coatings were
obtained. The measured contact angles on the surface area of CuMC-PigP deposits were in
the range of 106.0–110.8◦ (Figure 11a). Generally, rougher coatings are more hydrophobic
than the smooth coatings [71], as shown in our case. For the sake of comparison, a θC value
of 63 ± 2.3◦ was measured for a smooth, high-energy native copper surface [71]. Hence, an
increase in coating roughness leads to a change in the wettability of Cu surface area from
hydrophilic to hydrophobic coatings. The change in the wettability properties of Cu deposits
can be elucidated by Wenzel’s model [69,78]. The presence of larger grains, micro clusters, and
protuberances on the top of the coating surface can effectively prevent the attachment of water
droplets [70], which is a possible reason for the rise in the contact angle of the CuMC-PigP
coatings compared to the pigment-free Cu coating. A drastic change in the contact angle of



Metals 2023, 13, 1979 17 of 20

CuMC-PigP coatings was not achieved by varying the concentration of pigment particles in the
bath; however, compared to the pure copper coating, the wettability was reduced by 66.6%. If
it is taken into account that strontium-aluminate particles show poor water resistance [79] and
reduced fluorescent brightness when more than 3% water is absorbed [80], it is not expected
that there will be a significant difference in the contact angles among CuMC-PigP coatings.

5. Conclusions

In this study, copper matrix composite coatings with pigment particles based on strontium
and aluminium oxides and doped with europium and dysprosium as reinforcements (CuMC-
PigP) were produced via electrochemical deposition and compared with a pure, i.e., pigment-
free Cu coating obtained under the same conditions. The following concentrations of pigment
particles were analyzed: 0, 0.50, 1.00, 1.50, and 3.00 wt %. The following can be concluded:

# The addition of the pigment particles to the electrolyte did not affect significantly the
morphology or the preferred orientation of the CuMC-PigP coatings.

# Due to an incorporation of pigment particles in the coatings, a rise in coating thickness
was observed with the rise in the concentration of particles.

# The roughness of the CuMC-PigP coatings rose with the rise in the concentration
of particles.

# There is a critical concentration of pigment particles (c = 1.00 wt %) after which there
is a significant effect on coating hardness. Starting from this concentration, the Cu
co-deposition with pigment particles led to a change in the composite hardness system
from a “soft deposit on hard cathode” type to a “hard deposit on soft cathode” type.

# The dominant creep mechanism in the pigment-free and CuMC-PigP coatings com-
prised dislocation creep and dislocation climb.

# With an incorporation of pigment particles, the wettability of the Cu coatings changed
from hydrophilic (for the pigment-free coating) to hydrophobic coatings obtained
with various concentrations of pigment particles.
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