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Abstract: The lab-made ferrite-aluminium layered double oxide (Fe /Al LDO) nanoparticles were used
as reinforcement in the production of copper matrix composite coatings via the electrodeposition route
in this study. The Cu coatings electrodeposited galvanostatically without and with low concentrations
of Fe/Al LDO nanoparticles were characterized by SEM (morphology), AFM (topography and
roughness), XRD (phase composition and texture), Vickers microindentation (hardness), and the
static sessile drop method (wettability). All Cu coatings were fine-grained and microcrystalline with a
(220) preferred orientation, with a tendency to increase the grain size, the roughness, and this degree of
the preferred orientation with increasing the coating thickness. The cross-section analysis of coatings
electrodeposited with Fe/Al LDO nanoparticles showed their uniform distribution throughout the
coating. Hardness analysis of Cu coatings performed by application of the Chicot-Lesage (C-L)
composite hardness model showed that Fe/Al LDO nanoparticles added to the electrolyte caused a
change of the composite system from “soft film on hard cathode” into “hard film on soft cathode” type,
confirming the successful incorporation of the nanoparticles in the coatings. The increase in roughness
had a crucial effect on the wettability of the coatings, causing a change from hydrophilic reinforcement-
free coatings to hydrophobic coatings obtained with incorporated Fe/Al LDO nanoparticles.

Keywords: copper coatings; co-electrodeposition; Fe/ Al layered double oxide; morphology; structure;
microindentation; composite hardness model; wettability

1. Introduction

Electrochemical deposition of metals has been used as a technique to modify their
surface, making them resistant to the working environment. In recent years, the longevity
of such materials, prolonging their use, and reducing the need for new raw materials
have been at the center of modern responsible research [1]. Copper is frequently chosen
due to its good corrosion resistance, and the possibility of serving as a matrix for various
kinds of reinforcement that can improve the properties of the material and the coating.
Research on thin copper films has primarily focused on their microstructural and electrical
characteristics, leveraging copper’s favorable attributes such as high melting temperature,
resistance to electromigration, and low electrical resistivity [2]. Electrochemical deposition
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methods, including electrodeposition and co-electrodeposition techniques, have been
extensively studied to enhance the structural, mechanical, and electrical properties of
copper coatings and their composites [3].

In industrial applications, direct current (DC) electrodeposition is preferred over pulse
current (PC) due to advantages such as lower complexity, reduced equipment costs, shorter
plating times, and higher efficiency [4]. Copper coatings and their intermetallic composites
are utilized in various applications, including electrocatalysts, anode current collectors,
and chip interconnections [5,6].

The selection of particle types in the metal matrix is crucial for functionalization and
application possibilities. For instance, wear-resistant composite coatings with metallic Ni
matrices containing SiC particles [7] or Cu/diamond composite coatings exhibit excellent
thermal transport properties and wear/hardness resistance [8]. Moreover, ultra-thin copper
matrix composites with MXene as a second phase have proven effective for electromagnetic
interference shielding [9]. Copper-thin films also demonstrate antibacterial and antiviral
properties [10]. Additionally, through the electrodeposition of copper in a deep eutectic
solvent, superhydrophobic coatings with self-cleaning capability and ultrahigh corrosion
resistance have been formed [11]. Various strategies have been employed to enhance
the hardness, anti-wear, and corrosion-resistant properties of metallic films and alloys.
One approach involves incorporating or doping microparticles into metallic matrices as
reinforcing phases [12]. To enhance the hardness of the copper matrix, hard ceramic
particles such as SiC [13], TiN [14], Si3Ny [15], Cr,Os3 [16], ZrO, [17], AL,O3 [18], WC [19],
and diamond particles [3] are added. The microstructure, encompassing carbides, nitrides,
and oxides, can also be refined.

Layered double hydroxides (LDHs) are a class of bimetallic hydroxide compounds
known for their ease of synthesis and versatile properties and uses. The LDH struc-
ture involves different metal combinations tailored to specific applications. Despite their
widespread use, LDHs face drawbacks such as poor acid stability, instability in aqueous
solutions, and susceptibility to agglomeration [20]. To overcome these limitations, var-
ious modification methods, such as calcination [21] and surface modification [22], are
employed to enhance material performance. Layered double oxide (LDO) emerges through
the calcination of LDH, featuring a more stable structure ideal for aquatic environment
decontamination [22]. Throughout the heat treatment process, layered double hydroxides
undergo a gradual loss of interlayer water molecules. Additionally, as the temperature
rises, LDH experiences significant dehydroxylation and decarbonation, resulting in its
transformation into layered double oxides [23]. In essence, LDH compounds decompose
into a blend of oxides known as layered double oxides (LDOs). LDOs boast a higher
theoretical capacity compared to LDHs, attributed to the absence of interlayer anions and
water. The temperature during the preparation process plays a pivotal role in controlling
particle size, size distribution, and shape [24].

Methods such as surface modification, calcination, compounding, and intercalation
can achieve this transformation, rendering LDO particles resistant to acidic electrolytes.
This can be achieved by calcining the synthesized LDH particles at a precisely determined
temperature. Previous research has shown that LDO particles show a higher adsorption
power compared to classical LDH particles, as shown in the examples of Mg/ Al [25] and
Zn/Al LDO particles [26] in the removal of Cr(VI). The application of these particles in
the function of reinforced polymers and dental matrices was presented in the previous
work [27,28]. Recent research suggests that Zn/Al LDH in pH-neutral titanium oxide ox-
alate K, TiO(C204); electrolyte in the PEO (plasma electrolyte oxidation) process is very in-
teresting for photocatalytic application of these coatings [29] with improved anti-corrosion
properties. A functionalization of this class of lamellar nanomaterials is presented [30],
where the use of LDH particles as nanofillers in polylactic acid (PLA) for biomedical matrix
is discussed. It is generally known that inorganic clays have a hydrophilic character, while
PLA shows a hydrophobic character, resulting in poor mixing of the materials during the
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synthesis of composites. For this reason, it is advantageous to use a metal matrix without
any surface modification of LDO particles reinforced.

The microindentation technique is widely used for the determination of the mechanical
properties of various materials, including the hardness of electrolytically deposited coatings.
A number of studies investigated different experimental approaches for the determination
of mechanical properties using continuous or discontinuous indentations in order to assess
hardness, elastic modulus, toughness [31-33], and indentation creep [27,28,34]. Unlike
continuous methods, where the curves are automatically recorded, the discontinuous
method works on the principle of a determination of hardness point by point by applying
various loads. In this case, in order to avoid the effect of substrate, it is necessary to apply
small loads or to use different composite hardness models to eliminate the contribution of
substrate to measured composite hardness [27,28,34]. The discontinuous Vickers approach
is used for an estimation of the intrinsic (absolute; true) hardness of a wide range of
materials, such as metals (including pure metal and metal matrix coatings), ceramics, and
thermoplastic polymers [35,36].

The application of LDH/LDO nanoparticles in co-deposition mechanisms with metal
ions from acidic electrolytes, especially as reinforcement in metal matrices, has not been
extensively studied yet. This work aims to explore the functional properties of the copper
matrix that served as the basic material for the incorporation of nanoparticle reinforcement
based on Fe/Al LDO. As co-deposition is conducted in an acidic sulphate electrolyte, LDH
particles are unsuitable, requiring conversion into a more stable layered double oxide (LDO)
phase. Following this idea, this research comprised several components: the synthesis and
characterization of Fe/Al LDO nanoparticles, stability testing of Fe/Al LDO particles in an
acidic sulphate electrolyte, co-electrodeposition of Fe/Al LDO particles in a copper matrix,
and characterization of the resulting composite coatings. Microstructural, topographical,
textural, and mechanical (hardness) analyses, along with coating wetting, are crucial for
the coating’s further utilization, and they were analyzed.

2. Materials and Methods
2.1. Materials and Synthesis of Fe/Al LDH/LDO Nanoparticles

The synthesis of Fe/Al LDH is the initial step in the synthesis of Fe/Al LDO. Fe/Al
LDH particles (molar ratio Fe:Al = 3:1) were synthesized from an aqueous solution under
ambient conditions using the coprecipitation technique. Separately, FeCl,-4H,O (0.015 mol)
and Al,(OH)5Cl,-2.5 Hy,O (0.005 mol) were dissolved in 100 mL of deionized water. Drop
by drop, 1 mol/L NaOH was added to the solution until the pH reached 10, at which
point the addition was terminated. After allowing the dispersion to stand for 24 h, it was
centrifuged at 6000 rpm for 10 min. Water was then used to wash the particles until the pH
of the effluent solution was neutral. To obtain Fe/Al LDH particles, the material was dried
with filter paper at 80 °C for 24 h. The produced Fe/Al LDH particles were then heated at
600 °C in the oven for 3 h. In this way, LDH is converted to LDO.

2.2. Materials for Cu and Cu-Fe/Al LDO Coating Preparation

Pure copper foil, 1.0 mm thick (99.99%) and brass foil ASTM B36 (70% Zn and 30%
Cu), 250 um thick, were used as anode and cathode, respectively. The copper foil was
purchased from Alfa Aesar ThermoFisher GmbH Erlenbachweg, Kandel, Germany, and the
brass foil from K and S Engineering, Chicago, IL, USA. Copper (II)-sulphate pentahydrate
(CuSO4-5H,0) and sulphuric acid (98%) of p.a. quality were ordered from Sigma-Aldrich
(St. Louis, MO, USA). The high-purity water (Milipore, 18 M()-cm, Burlington, MA, USA)
was used for the preparation of the electroplating baths.

2.3. Electrodeposition of Cu Coatings and Co-Electrodeposition of Cu/Fe-Al LDO
Composite Coatings

Electrodeposition of copper coatings on the brass substrate was performed in an open
cell (cylindrical Pyrex glass, 100 mL) under room conditions. The preparation of the brass
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cathode is described in references [12,34]. The cathodes with a surface area of (2.0 x 1.0) cm?
were positioned in the center of the electrolytic cell. The magnetic stirrer was used for the
mixing of the electrolyte at 300 rpm. The basic sulphate electrolyte composition of 240 g/L
CuSOy-5 HyO and 60 g/L H,SO4 was used for electrodeposition of Cu coatings, and this
electrolyte is notated as electrolyte BSE (Basic Sulphate Electrolyte). Electrodeposition of
a 10 um thick copper coating was performed in a direct current (DC) regime, assisted by
magnetic mixing.

Co-electrodeposition was performed by the addition of 0.3 wt.% Fe/Al LDO nanopar-
ticles into the BSE electrolyte, and these electrolytes were noted as BSE/LDO electrolytes.
The BSE/LDO electrolyte was stirred for 90 min prior to the co-electrodeposition process,
with the aim of better wetting of Fe/Al LDO nanoparticles by the electrolyte, suppression
of their agglomeration, and better distribution of the nanoparticles in the volume of the elec-
trolyte. The current density value was identical with both, without and with added Fe/Al
LDO nanoparticles (j = 50 mA-cm~2). The thicknesses of the coatings with co-deposited
Fe/Al LDO nanoparticles were 5, 10, 20, and 50 pm.

2.4. Preparation of Cross-Section for SEM/Mapping Analyses

The process of revealing the cross-section structure starts with a cut (perpendicular) of
the coatings based on pure copper and those with incorporated Fe/Al LDO nanoparticles.
The cutting samples with different thicknesses of coatings were embedded in a self-curing
methyl methacrylate polymer (Veracril-Self-cure Acrylic) and mechanically polished with
different SiC papers (#800, #1200, and #1500). The self-polymerization of the prepared
sample took about 3-10 min, depending on the room temperature, in a Teflon mold. Before
SEM/mapping analyses, to achieve better surface conductivity, a thin layer of gold was
deposited over the acrylate sample.

2.5. Characterization Methods

Microstructural properties, texture, and roughness analyses were determined using
a field emission scanning electron microscope (FE-SEM), an X-ray powder diffractometer
(XRD), an optical microscope (OM), and an atomic force microscope (AFM). Image analysis
was used for the particle size measurement and grain size distribution. The software en-
ables us to identify and measure the size of the particles in the recorded surface morphology.
In this study, image analysis was applied to FE-SEM micrographs representing the mor-
phologies of pure Cu and Cu coatings with incorporated nanoparticles. The microhardness
property of coatings was investigated using a Vickers indentation hardness tester. Charac-
terization methods and settings are detailed and described in Supplementary Materials.

3. Results
3.1. Characterization of Fe/Al LDO Particles
3.1.1. Morphology of the Fe/Al LDO Particles

The morphology of the Fe/Al LDO particles synthesized in lab conditions using
the co-precipitation method in order to use them as reinforcements in the copper matrix
composites is shown in Figure 1a, while the distribution of particle diameters is given in
Figure 1b. The morphology of Fe/ Al LDO particles is well kept in spherical shapes, and they
have nanodimensions. More precisely, Fe/ Al LDO shows a diameter of 5-65 nm (Figure 1b),
with slightly smaller Fe/ Al LDO nanoparticles attached to a bigger agglomerated form
and a more distinct spherical contour, probably due to the removal of interlayer water
molecules after calcination [37]. The nano-scaled particles of LDOs tend to agglomerate in
the form of bigger particles or micro-sheets (Figure 1a) due to the strong particle-particle
interactions, indicating that electrolyte mixing must be applied during co-deposition. The
average size of Fe/ Al LDO particles was about 17 nm (Figure 1b).
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Figure 1. (a) FE-SEM micrograph of Fe-Al LDO, and (b) distribution observed particle diameters.

Dmean, nm

3.1.2. The XRD Analysis of the Fe/Al LDO Particles

The XRD patterns of Fe/Al LDH and Fe/Al LDO particles obtained after calcinations
of Fe/ A1 LDH are given in Figure 2. The peaks observed in the XRD data from Figure 2a are
indicative of the LDH structure. Specifically, the diffraction peaks at 11.7°,23.7°, 39.4°, and
63.1° are characteristic of the typical layered structure of LDH. These findings from XRD
data demonstrate the successful transformation of FeCl, and aluminium hloralhydrate into
the LDH phase, as supported by previous studies [38]. According to XRD data (Figure 2b),
the Fe/ Al LDO sample consists of ceramic and metal components. The main oxide phases
are hematite (JSPDS 00-071-0073) and maghemite (JSPDS 00-004-0755), while corundum
(JSPDS 00-001-1296), magnetite (JSPDS 00-001-1111), and spinel FeAl,O4 (JSPDS 01-082-
3023) are minor phases [39].

+ FeyO3 (hematite)
O AlyO3(corundum)
- < FepO3(maghemite)
& & ® Fe304(magnetite)
- 8 & A FeAlyOy(spinel,hercynite)|
z 3 i
~ <
z S
g &
] e
= = =
/N, Fe/Al LDH
T T T T T T T
10 20 30 40 50 60 70 80
20(°) 26(°)
(a) (b)

Figure 2. The XRD patterns of: (a) Fe/Al LDH particles and (b) Fe/Al LDO particles.

3.1.3. Morphology of the Suspension of BSE/LDO Electrolyte after Evaporation

The features of Fe/Al LDO nanoparticles in extremely acidic electrolytes were ob-
served through the microstructure of the electrolyte precipitate after water evaporation
(Figure 3). This research was carried out to observe possible changes in the microstructure of
Fe/Al LDO particles under extremely acidic medium conditions. The intact structure of the
Fe/Al LDO particle form was observed by detecting the BSE/LDO electrolyte precipitate.
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SEMHV:20.0kV | WD: 15.00 mm
View field: 948 ym Det: SE 200 ym
SEM MAG: 200 X _ Date(midly): 11/15/23

Figure 3. FE-SEM micrographs of evaporated BSE/LDO electrolyte on Al foil obtained on variation
of magnification: (a) X200, and with magnified characteristic details: (b,c) x2000, and (d) x100,000.

The microstructure of the precipitate observed at higher magnifications is shown in
Figure 3b—d. Figure 3a shows the microstructures of the precipitate of BSE-LDO electrolyte
after evaporation, and three different microstructural forms are noticed: micro-sheets
(Figure 3b), micro-flakes (Figure 3c), and nano-spheres (Figure 3d). It follows from the
analysis of BSE-LDO electrolyte sediment that specific microstructures are formed without
microstructural changes in spherical forms of LDO nanoparticles (Figures 1a and 3d).
Figure 3b shows micro-sheets that are formed from elemental sulphur, known as “flowers
of sulphur” [40], and that are confirmed by elemental analysis and mapping (Figure 4).

0 Kol S Kat Fe Kal Al Kal

Figure 4. FE-SEM micrographs of evaporated BSE/LDO electrolyte on Al foil with mapping and an
EDS spectrum obtained on different locations from: (a) Figure 3¢, and (b) Figure 3b.

3.1.4. Elemental Analysis Suspension of BSE/LDO Electrolyte after Evaporation

The microstructural stability of the suspension of BSE electrolyte in the presence of
LDO particles (AI**, Fe?* ions) was evaluated using the elemental mapping shown in
Figure 4. Figure 4 presents characteristic locations from Figure 3b,c, which were charac-
terized using EDS/mapping in order to indicate the composition of the suspension after
the evaporation of BSE/LDO electrolyte on aluminum foil. The elemental mapping image
analysis displayed that the suspension was composed of S, Fe, Al, O, C, Si, and Cu. Itis
clear from Figure 4 that Fe and Al are evenly distributed and present at the edges and flat
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parts of microstructural forms, while oxide and sulphur forms dominate on sharp parts.
If we take into account that the co-deposition of LDO particles in the copper matrix takes
place in an acidic sulphate electrolyte, it was necessary to examine the behavior (stability)
of these particles in the BSE electrolyte. Examining the chemical content and microstructure
of the precipitate of BSE/LDO electrolyte, it is clear that the oxide particles are inert in the
acidic electrolyte and that no degradation occurred (Figures 3 and 4).

3.2. Characterization of Copper and Cu-Fe/Al LDO Composite Coatings

The effect of Fe/ Al LDO nanoparticles as reinforcement on the morphology, texture,
hardness, and wettability of electrolytically deposited Cu coatings was examined by the
analysis of Cu coatings of various thicknesses obtained with the constant concentration
of these nanoparticles. For a clearer analysis of the effect of this reinforcement on the
above-mentioned characteristics of the Cu coatings, a 10 pm thick coating was compared
with that obtained from the basic sulphate electrolyte (without Fe/Al LDO nanoparticles).
In the future text, Cu coatings obtained from the basic sulphate electrolyte are denoted as
pure Cu coatings, while those obtained with the incorporation of Fe/Al LDO nanoparticles
are called Cu-Fe/Al LDO coatings.

3.2.1. Morphological Analysis of the Pure Cu and Cu-Fe/Al LDO Coatings;
FE-SEM Analysis

Figure 5 shows surface morphologies of the 10 um thick pure Cu coating (Figure 5a)
and Cu-Fe/Al LDO coatings (Figure 5b—e) electrodeposited with a concentration of Fe/Al
LDO nanoparticles of 0.3 wt.% with varying coating thicknesses in the range of 5-50 pm.
The appropriate histograms of grain size distribution obtained by an image analysis of
FE-SEM micrographs are also given in Figure 5.

The difference between the pure Cu coating and the Cu-Fe/Al LDO coatings with a
variation in thickness is only reflected in the size and the distribution of grains, while mor-
phologically, no difference was observed. All Cu coatings are compact and microcrystalline.
A boundary between the grains is clearly visible, and based on the grain size distribution
histograms, the average grain size (Dmean) for each formed coating was estimated and
given in Table 1. The minimal grain size had a 5 um thick Cu coating with Fe/Al LDO
nanoparticles (0.78 um), and grain size increased with the deposition time, i.e., with a
coating thickness up to 3.02 um for the 50 um thick Cu-Fe/Al LDO coating. A comparison
of coatings without and with Fe/Al LDO nanoparticles of the same thickness (10 pum)
indicates that the presence of Fe/Al LDO nanoparticles increases the grain size of the
copper coatings by about 60%.

[l 10 um Cu
4 6 8 10 12
Dmean, pm
(a)

Figure 5. Cont.
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[l 5 um Cu/LDO
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Count
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Figure 5. FE-SEM micrographs of Cu: (a) 10 um Cu and Cu-Fe/Al LDO coatings: (b) 5 um, (c) 10 um,
(d) 20 pm, and (e) 50 pm with appropriate histograms of grain size distribution. The magnification
was x5000.
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Table 1. The estimated average grain size distribution obtained from FE-SEM images.

Experimental Thickness

Sample No. Electrolyte of Coatings, Grain Size,

& (um) Dmean (um)
1. BSE/LDO 5 0.80
2. BSE 10 0.78
3. BSE/LDO 10 1.25
4. BSE/LDO 20 2.85
5. BSE/LDO 50 3.02

Mapping/EDS Analysis of the Pure Cu and Cu-Fe/Al LDO Coatings

Figure 6 shows the mapping analysis of the pure Cu coating electrodeposited from
the BSE electrolyte thickness of 10 pm (Figure 6a) with the elemental distribution of Cu
(green dots) and O (red dots). The EDS spectrum was given in Figure 6b, and the presence
of copper was confirmed in the percent (99.5 wt.% or 98.19 atomic%). The traces of native
oxide formed on the coating surface were also detected (0.5 wt.% or 1.81 atomic%).

Wt.%  Atomic %
Cu 99.54 98.19
(o] 0.46 1.81

Figure 6. An element mapping of the pure Cu coating (10 um thick) electrodeposited from the BSE
electrolyte: (a) mapping and (b) an EDS spectrum.

Figure 7 represents the mapping analysis of the coating of the same thickness of 10 um
electrodeposited with Fe/Al LDO nanoparticles. The elemental distribution on the surface
of a 10 um thick Cu-Fe/Al LDO coating showed the presence of the following elements:
Cu (74.2%), Fe (0.07%), Al (0.30%), O (2.12%), and C (23.3%). The amount of Fe/Al LDO
particles on the coating surface is expected to be low because the particles are deeply
incorporated into the interior of the coating [12]. However, the proportion of carbon and
oxygen in this coating is higher compared to a pure copper coating. This indicates an
increased absorption power of the composite coating and a slightly more porous structure,
so that the retention of oxygen and carbon is increased [41].
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0O Kal
Wt.% Atomic %

Fe 0.08 0.07

Cu 93.52 74.17

Al 0.16 0.30

(@ 5.56 23.33
(0] 0.67 2.12

Figure 7. Element mapping of the Cu-Fe/Al LDO coating (10 um thick) electrodeposited from the
BSE electrolyte with an addition of 0.3 wt.% of Fe/Al LDO particles: (a) mapping and (b) an EDS
spectrum.

The Cross-Section Analysis of Cu-Fe/ Al LDO Composite Coatings

The cross-sections of Cu-Fe/Al LDO coatings and the elemental mapping image
analysis of all thicknesses were also performed (Figure 8). A large percentage of zinc comes
from the substrate (brass B36). According to the cross-sections, it follows that the thickness
of Cu coatings was in agreement with theoretical predictions.

EDS Layered Image 13 EDS Layered Image 12

&) (b)

EDS Layered Image 14 EDS Layered Image 16

ﬂéﬂlﬂ@
(c) (d)
Figure 8. Elemental mapping analyses performed on the cross-sections of the Cu-Fe/Al LDO coatings

obtained with 0.3 wt.% of Fe/Al LDO nanoparticles added in the BSE electrolyte: (a) 5 um, (b) 10 um,
() 20 um, and (d) 50 um.
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3.2.2. Topographical Analysis of the Pure Cu and Cu-Fe/Al LDO Coatings—AFM Analysis

Figure 9 shows the topography and the corresponding histograms of the coatings
obtained without (Figure 9a) and with the Fe/Al LDO nanoparticles as reinforcement
(Figure 9b—e). The values of an arithmetic average of the absolute roughness parameters
(Ra) were 152.5 nm for the coating obtained from the BSE electrolyte and 194.6 nm for the
coating of the same thickness obtained from the BSE/LDO electrolyte, which indicates
the existence of a strong roughness effect (21.6%) of the Fe/Al LDO nanoparticles (see
Table 2). The increase in roughness of the Cu-Fe/Al LDO coatings is a result of both the
roughening of the electrode surface with the electrodeposition time and the incorporation
of Fe/ Al LDO nanoparticles in the coatings. This increase in non-uniformity of Cu coatings
is also accompanied by an increase in the size of the grains, as indicated by Figure 5. It is in
agreement with the basic laws of electrocrystallization, where the rise in both roughness
and size of grains is expected with increasing the electrodeposition time [42]. This effect
was enhanced by the incorporation of hard nanoparticles in the coatings. Comparing
5 um and 50 um thick Cu-Fe/Al coatings, it is obvious that the difference in roughness
was 68.82%.

3000

ﬁmpm(}u

2500
2000 -

1500 4

Number of Events

1000 4

500

0.0 0.5 1.0 1.5 2.0 25 3.0 35
Height of grains/um

3000

5um CuLDO

2500

2
S
2
3
L

1500 4

Number of Events

1000

500

0.0 0.5 10 L5 2.0 25 3.0 35
Height of grains/um

2
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2
3
L

Number of Events
2
2
H
1
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Figure 9. Cont.
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Figure 9. The three-dimensional AFM images and the corresponding histograms of the pure Cu
and Cu-Fe/Al LDO coatings obtained with variations in thickness: (a) 10 um pure Cu coating, and
Cu-Fe/Al LDO coatings with a thickness of: (b) 5 um, (c) 10 um, (d) 20 um, and (e) 50 pum. AFM
surface scan size was (70 x 70) pm?.

Table 2. The values of the roughness parameter (an arithmetic average of the absolute roughness (R,)
and the average height of grains (h,y)) obtained by application of AFM software from (70 x 70) um?
scan area for the pure Cu and Cu-Fe/Al LDO coatings.

(um) /goatin 10 um/ 5 um/Cu-Fe/ 10 um/Cu-Fe/ 20 um/Cu-Fe/ 50 um/Cu-Fe/
i 8 Cu AlLDO Al1LDO Al1LDO AlLDO
Types
R, (nm) 152.5 136.9 194.6 231.3 439.1
hay (nm) 648.8 846.5 1022.1 1121.7 1675.8

3.2.3. Textural Analysis (XRD) of the Copper and Cu-Fe/Al LDO Coatings

The X-ray diffraction (XRD) patterns of the pure Cu and Cu-Fe/Al LDO coatings
are shown in Figure 10. The diffraction peaks at 26 angles of 43.3°, 50.4°, 74.1°, and
89.9° correspond to (111), (200), (220), and (311) crystal faces of the face-centered cubic
(FCCQC) crystal lattice of Cu (JSPDS 04-0836) [43]. Aside from the peaks of metallic Cu,
small peaks originating from two copper oxides (CuyO and CuO) were also detected. The
first small peak at 42.32° corresponds to the (200) crystal plane of the cubic structure of
CuyO (JCPDS#01-077-0199) [44], while the diffraction peaks at 26 angles of 42.32°, 49.23°,
72.22°, and 87.41° correspond to the (111), (—202), (—311) and (—223) crystal planes of
the monoclinic form of copper oxide, tenorite (JCPDS#01-080-0076) [45]. The appearance
of oxides is probably a consequence of inadequate treatment of the Cu coatings after the
completed process of electrochemical deposition and is not influenced by the addition of
Fe/Al LDO nanoparticles. The proof for this statement can be found in the absence of
oxide peaks in the thicker coatings, as well as in their appearance in the Fe /Al LDO-free
Cu coating. Certainly, the corresponding crystalline planes related to Fe/Al LDO were
not detected in these patterns, probably due to the low concentration of Fe/Al LDO in the
coatings, as already considered for the Cu coatings obtained with the pigment particles
based on strontium aluminate [12].
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Figure 10. The XRD patterns for the pure Cu and Cu-Fe/Al LDO coatings electrodeposited/co-
electrodeposited in the DC/MS regime on the brass substrate with a variation of coating thickness in
the (5-50 um) range.

It is necessary to note that increasing the coating thickness increases the share of Cu
crystallites oriented in the (220) crystal plane. The texture, i.e., the preferred orientation of
Cu coatings, was determined by a determination of the texture coefficients. The calculated
values of “texture coefficient”, TC(hkl), and “relative texture coefficient” RTC(hkl), [12,43]
are presented in Table 3, while a description of the procedure for a determination of these
coefficients is given in Supplementary Materials. The values of TC coefficients larger than 1
and the RTC coefficients larger than 25% (four main Cu reflections were analyzed) point
out the existence of the preferred orientation [12,43].

Table 3. The values of TC(hkl) and RTC(hkl) coefficients calculated for the pure Cu and Cu-Fe/Al
LDO coatings with variations in the thickness.

TC(hkl) RTC(hKD)/%

Electrolyte  J/um TC(111)  TC(00)  TC(20)  TC@311)  RTC(@11) RTC(200)0 RTC(220) RTC(311)
BSE 10 1.24 0.59 1.02 0.69 35.0 16.7 28.8 19.5
BSE/LDO 5 118 0.66 1.08 0.77 32.0 17.9 293 20.8
BSE/LDO 10 1.02 0.50 1.94 1.12 223 10.9 424 244
BSE/LDO 20 0.86 0.68 234 1.08 17.3 13.7 472 21.8
BSE/LDO 50 0.75 045 3.42 1.14 13.0 7.80 59.4 19.8

From Table 3, it can be seen that the pure Cu coating and the 5 um thick Cu-Fe/Al
LDO coating possess the (111)(220) preferred orientation. However, the Cu-Fe/Al LDO
coating thicknesses of 10, 20, and 50 um exhibited the (220) preferred orientation, whereby
the degree of this preferred orientation increased with increasing the coating thickness.

It is clear that this change in the preferred orientation cannot only be attributed to
the increase in coating thickness but also to the addition of Fe/Al LDO nanoparticles,
since 10 pm thick Cu coatings obtained without/with Fe/Al LDO nanoparticles exhibited
various preferred orientations.
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It can be observed that the average crystallite size of the copper coatings is about
30 nm (Figure 11) and that the incorporation of Fe/AL LDO nanoparticles in the copper
matrix did not drastically influence the values of the average crystallite size. With the
increase in the thickness of the nanoparticle-reinforced coatings, a slight decrease in the
crystallite size was observed, from 29.44 nm for the coating with a thickness of 5 um to
25.83 nm for the coating with a thickness of 50 um.

Cu

Cu/LDO

CullDO  cyLbO

Cu/LDO

The average crystallite size, Dav (nm)

Coating thickness, 6 (um)

Figure 11. The values of an average crystallite size for the pure Cu and Cu/Fe/Al LDO coatings were
determined from the XRD data using the Debye-Scherrer formula.

3.2.4. Analyses of Microhardness Features of the Pure Cu and Cu-Fe/Al LDO Coatings

An intrinsic (true, absolute) hardness of pure Cu and Cu-Fe/Al LDO coatings was
determined by an application of the Chicot-Lesage (C-L) composite hardness model (C-L
CHM) [12,34,45-50]. This model proved to be very successful in estimating the intrinsic
hardness of thicker copper coatings [34,45], as well as for copper coatings reinforced with
ceramic microparticles [12]. A detailed description of the C-L model is presented in the
previous studies [45-50]. In order to better perceive the effect of Fe/Al LDO nanoparticles
on the coating hardness, the hardness of the coatings obtained with the reinforcement in
the (5-50) um thickness range was compared with the 10 um thick Cu coating obtained
from the reinforcement-free electrolyte.

Figure 12a,b illustrate the dependence of the composite hardness (H.) measurements
on the relative indentation depth (RID) for the 10 pm thick Cu coatings electrodeposited
from the BSE and the BSE/LDO electrolytes (Figure 12a) and those thicknesses of 5, 20,
and 50 pm obtained from the BSE/LDO electrolyte (Figure 12b). The dependence of the
intrinsic hardness (H;) calculated according to the C-L CHM on RID for the same coatings
are shown in Figures 12c and 12d, respectively. The RID is expressed in the form RID = //J,
where £ is the depth of Vickers’s indentation and ¢ is the coating thickness [45]. A diagonal
size, d, and Vickers’s indentation depth are connected by the formula & = d/7, and this
connection arises from the geometry of the pyramid indenter [45].

The exponential dependence of the (6/d)™ on the RID for the analyzed Cu and Cu-
Fe/AL LDO coatings is shown in Figures 12e and 12f, respectively. It is necessary to note
that the critical RID value of 0.14 obtained by hypothesizing the validity of C-L CHM up
to (6/d)™ =1 is denoted in Figure 12¢ f. For the sake of easier analysis of this composite
hardness system, the native H. and calculated H; values are also given in Table S1 in
Supplementary Materials.
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Figure 12. The dependencies of: (a) H. on RID for 10 pm thick Cu coatings obtained without and
with Fe/ Al LDO; (b) H. on RID for 5, 20, and 50 pm thick Cu coatings obtained with Fe/Al LDO;
(c) H; on RID for 10 um thick Cu coatings obtained without and with Fe/Al LDO; (d) H; on RID for 5,
20, and 50 pum thick Cu coatings obtained with Fe/Al LDO. The dependencies of (6/d)™ on RID for:
(e) 10 um thick Cu coatings obtained without and with Fe/Al LDO and (f) 5, 20, and 50 um thick Cu
coatings obtained with Fe/Al LDO.

In order to determine the intrinsic hardness of Cu and Cu-Fe/Al LDO coatings using
the C-L CHM, knowledge of both the hardness of the cathode (substrate) and a parameter
called Meyer’s composite index, m, which is computed for each coating individually, is nec-
essary [12,34,45-52]. Meyer’s composite index, denoted as (1), quantifies the relationship
between the microhardness of a composite and the size of an indentation. The values of
the composite Meyers’ index and coefficient of determination (R?) for Cu and Cu-Fe/ Al
LDO coatings are shown in Figure 13, while a calculated substrate hardness value was
1.41 GPa [12,34,45].
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Figure 13. The values of Meyers’ composite index for the pure Cu and Cu/Fe/Al LDO coatings with
variation of thickness.

Application of the C-L CHM in an analysis of the hardness of Cu coatings identified
the critical RID value of 0.14, which separated two zones: zone (I)—for RID < 0.14 where
the measured composite coating hardness matches its hardness (in this zone H. < Hj;), and
zone (II)—for (RID). > 0.14 in which the C-L CHM must be applied to obtain an intrinsic
coating hardness (in this zone H. > H;) [12,45]. This is valid for “soft film on hard cathode”
systems, such as electrodeposited Cu coatings from the BSE electrolyte by the DC and by
the pulsating current (PC) regimes [43,45], as well as from the BSE electrolyte with added
levelling /brightening additives [50]. Recently, the opposite behavior left and right from the
0.14 critical RID value from above-mentioned was observed for the Cu coatings reinforced
with micro-sized particles based on strontium-aluminate [12]. Based on this opposite
behavior, it was concluded that the addition of this particle type caused a transformation of
the composite hardness system into a “hard film on soft cathode” kind.

It is evident from an analysis of 10 pure Cu coatings (Figure 12a) that the com-
puted intrinsic hardness (H;) values (Figure 12c) were significantly greater than the mea-
sured composite hardness (H.) values for RID values lower than 0.14 ((RID). < 0.14). For
(RID). > 0.14, H; was smaller than H,, and the calculated hardness values by C-L CHM
represent the intrinsic coating hardness. In this way; it is clear that pure Cu coating behaves
as “soft film on hard cathode”.

The different shapes of the H. on the RID dependencies for the Cu coatings with
incorporated Fe/Al LDO nanoparticles (Figure 12a,b) clearly signified the change of the
type of composite hardness system from “soft film on hard cathode” into “hard film
on soft cathode” type. It is proved by an analysis of the H; on the RID dependencies
(Figure 12¢,d) as well as the data given in Supplementary Materials (Table S1) for these
coatings. Regarding the Cu coatings with incorporated Fe/Al LDO nanoparticles, the
H, values are larger than H; for (RID). < 0.14 and the H. values are smaller than H; for
(RID). > 0.14. In this way, it is confirmed that the addition of Fe/Al LDO nanoparticles in
the BSE electrolyte caused a transformation from “soft film on hard cathode” to “hard film
on soft cathode” systems.

Also, an additional analysis of Cu coating thickness from 5 pm was necessary. This
coating was very thin, and for larger applied loads, i.e., RID values about and larger than 1,
the composite hardness corresponds to the hardness of the cathode (substrate). It meant
that the application of the larger loads was not appropriate for the thin coatings.

3.2.5. Analyses of Wettability Features of the Pure Cu and Cu-Fe/Al LDO Coatings

The static water contact angle (6.) is the angle at the interface where water, air, and
solids meet [53]. Low contact-angle values mean the tendency of the droplet of water to
adhere well to the surface (6. < 90° = hydrophilic property), and very high wetting angle
values indicate the hydrophobic properties (6. > 90°) of a coating [53,54]. The limiting
contact angle for the transition from hydrophilicity to hydrophobicity is greater than
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90° [12,53-57]. The appearance, shape of water droplets on coating, and measured contact
angles for 10 um LDO-free Cu coating and for those of various thicknesses obtained with
Fe/Al LDO particles are given in Figure 14a—e. The obtained values of water contact angles
are given on a histogram shown in Figure 14f. The copper coating obtained without Fe/Al
LDO nanoparticles shows hydrophilic behavior (6. < 90°), while those with incorporated
Fe/Al nanoparticles thickness larger than 10 um show the hydrophobic character. The
hydrophilic/hydrophobic properties of the coatings, depending on the value of the water
contact angle, are described in the Discussion section.

120

Cu/LDO Cu/LDO

100

80 o

60

40 -

20 4

Water contact angle, 6 (degree)

Coating thickness, ¢ (um)
(f)

Figure 14. Wettability properties of Cu and Cu-Fe/Al LDO coatings on brass substrates: (a) water

droplets on 10 um pure Cu and on Cu-Fe/Al LDO coatings with variation in thickness: (b) 5 um,
(c) 10 pm, (d) 20 um, (e) 50 um, and (f) an appropriate histogram of water contact angles measured.

4. Discussion

Fe/Al LDO particles were obtained from coprecipitation synthesized Fe/AL LDH by
calcination. Those particles were then incorporated into the copper matrix as reinforcement
by electrodeposition. The electrolytically produced Cu coatings with incorporated nano-
sized Fe/Al LDO particles in the (5-50) pm thickness range were compared to the pure Cu
coating of 10 um thickness. The difference in size and distribution of Cu grains was only
observed among the coatings without/with Fe/Al LDO nanoparticles (Figure 5). Also,
the presence of Fe/Al LDO particles was detected on the surface of the produced coatings
(Figure 7), as well as on the cross-section (Figure 8), which indicated their successful
co-electrodeposition.

Analysis of the AFM images (Figure 9b—e) and appropriate histograms obtained for
the Cu-Fe/ Al LDO coatings showed that the height of grains and roughness parameter
(Ra) increased with increasing deposition time, i.e., with the coating thickness. Comparing
the coatings of the same thickness, the Cu-Fe/Al LDO coating showed a larger roughness,
which is a consequence of the incorporation of Fe/ Al LDO nanoparticles in the Cu matrix.

The best way to perceive the effect of Fe/Al LDO nanoparticles on the texture of the Cu
coatings was a comparison of pure Cu and Cu-Fe/Al LDO coatings of the same thickness.
As already mentioned, they showed various preferred orientation: (111)(220) for pure
Cu, and (220) for Cu-Fe/Al LDO coatings. Simultaneously, the degree of (220) preferred
orientation for Cu-Fe/Al LDO increased with increasing the coating thickness. The effect of
the incorporation of Fe/Al LDO nanoparticles on the texture of Cu coatings can also be seen
through a comparison of RTC coefficients obtained for thicker Cu coatings without and with
Fe/Al LDO nanoparticles. Assuming that for 40 um thick Cu coatings, the eventual effect
of substrate on the coating texture was completely avoided, the degree of (220) preferred
orientation in the pure Cu coating electrodeposited on Si(111) substrate under the same
electrodeposition conditions (RTC(220) = 90.7%) [50] was considerably larger than that
obtained for Cu-Fe/Al LDO coating (RTC(220) = 59.4%). Simultaneously, the RTC coeffi-
cients for the (111) plane were: for 40 um thick pure Cu coating — RTC(111) = 1.71% [50]
and for 50 um thick Cu-Fe LDO coating — RTC(111) = 13.0%. Hence, the addition of Fe/Al
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LDO nanoparticles favored an electrodeposition in the “harder” (111) crystal plane with
the lowest surface energy for the fcc type of crystal lattice of Cu [42,58].

The addition of Fe/Al LDO nanoparticles led to a transformation of a composite
hardness system from a “soft film on hard cathode” to a “hard film on soft cathode” system,
signifying a successful incorporation of these particles in the Cu coatings.

The Hall-Petch relationship is usually used to determine the relationship between
hardness and crystallite size [59-62]. Regarding crystallite size values, deformation mecha-
nisms in polycrystalline copper can be categorized into three groups: (1) grain shearing
and pile-up at grain borders (grain size greater than or equal to 100 nm); (2) shockley (or
lattice) partial dislocations (grain sizes between 10 and 100 nm); and (3) grain boundary
sliding (grain sizes less than around 10 nm) [59]. Taking into consideration that the average
crystallite size (Da,y) determined by Scherrer’s equation [63] was about 30 nm (Figure 11),
it is clear that Cu-Fe/Al LDO coatings belong to the second group—Shockley (or lattice)
partial dislocations. For this group, the Hall-Petch relationship cannot be applied because
the crystallite size was less than 100 nm. Since there is no drastic change in the morphology
or crystalline nature of these coatings, the only parameter responsible for the increase in
hardness is the incorporation of the nanoparticles in the Cu matrix.

Wenzel’s model [56,64] provides an explanation for a variation in the wettability
characteristics of Cu coatings. The higher contact angle of Cu-Fe/Al LDO coatings in
comparison to the reinforcement-free Cu coating may be due to the existence of bigger
grains, microclusters, and protrusions on the top of the coated surface, which can effec-
tively block the attachment of water droplets [65]. The values of contact angle, 6, for the
Cu-Fe/Al LDO coatings with thicknesses of 20 and 50 pm are very close to each other
(99.7-101.7°). The measurement 6¢ value for a 10 um thick Cu-Fe/Al LDO coating was
about 30.5% larger than the ¢ obtained for the Cu coating without Fe/ Al LDO nanoparti-
cles (Oc = 69.9 & 0.54°). Based on the value of the contact angle, it is clear that the copper
coating with the Fe/Al LDO nanoparticles had a hydrophobic character (8¢ > 90°) [12,54],
while that obtained without the Fe/Al LDO nanoparticles is of a hydrophilic character
(GC < 900).

The surface roughness, the preferred orientation, a distribution of the grain size
(height), and the size of crystallites have effects on the hardness values, while only rough-
ness has an impact on the wettability properties of coatings [66,67]. In our case, all listed
factors are additionally affected by the change in the coating thickness and by the addition
of Fe/Al LDO nanoparticles in the electrolyte. Certainly, it was shown that Fe/Al LDO
nanoparticles are successfully incorporated in the Cu coatings, and hence, they can be used
as reinforcements for the production of Cu matrix composites.

5. Conclusions

Nanosized particles of Fe/Al LDO were proven to be stable in an acidic sulphate
electrolyte. The LDO were obtained from the corresponding LDH particles by calcination.

Cu matrix composites with a thickness of 5, 10, 20, and 50 pm were produced with the
incorporation of 0.3 wt.% Fe/Al LDO nanoparticles as reinforcement by the electrodeposi-
tion technique and compared with a 10 pum thick pure Cu coating. The effect of Fe/Al LDO
nanoparticles on the co-electrodeposition process can be summarized as follows:

e  Both Cu and Cu-Fe/Al LDO coatings were fine-grained and microcrystalline, without
observable differences in their surface morphology.

o  The roughness of Cu-Fe/Al LDO coatings increased with the increase in coating
thickness. Comparing a 10 um thick pure Cu coating with a Cu-Fe/Al LDO coating,
an increase in roughness of about 22.0% was observed, which can be attributed to the
incorporation of Fe/ Al LDO nanoparticles in the Cu coating.

o  The use of Fe/Al LDO nanoparticles affected the preferred orientation of the Cu
coating: the preferred orientation changed from (111)(220) for the reinforcement-free
coatings to (220) for Cu-Fe/Al LDO coatings.
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e  Hardness analysis of Cu coatings performed by application of the Chicot-Lesage (C-L)
composite hardness model showed that the Cu coatings electrodeposited with an
addition of Fe/Al LDO nanoparticles showed considerably larger hardness than the
coating obtained from the reinforcement-free electrolyte. The addition of Fe/Al LDO
nanoparticles in the electrolyte and their incorporation in the Cu matrix during the
co-electrodeposition process caused a change in the composite hardness system from
“soft film on hard cathode” to “hard film on soft cathode” system.

o  The wettability of the Cu coatings changed with the addition of Fe/ Al LDO nanopar-
ticles, from hydrophilic (for pure Cu coating) to hydrophobic (for Cu-Fe/Al LDO
coatings). The largest effect on this change was the increase in roughness of the
coatings caused by the incorporation of nanoparticles.

Based on the performed analyses, it follows that the correlation among the hardness,
the wettability, and the surface characteristics of the coatings was successfully established.
Hence, Fe/ Al LDO nanoparticles can be used as reinforcements in the production of Cu
matrix composites by the electrodeposition technique.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ coatings14060740/s1, Table S1: The values of the composite, H.
and an intrinsic, H; hardness calculated by application of C-L CHM for pure Cu and Cu-Fe/Al LDO
coatings with a concentration of the Fe/Al LDO nanoparticles of 0.3 wt. %. RID-relative indentation
depth; P-applied load. Reference [68] is cited in the supplementary materials.
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