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Abstract

• An effective method of the FeNi electrodeposition The hereby work presents the tribological properties of the iron-nickel alloys and their
on two substrates is presented.
dependence on the microstructure and thickness of the probes as well as the presence of an
external magnetic field during the synthesis. Coatings were electroplated on the brass and
• The tribological properties of magneto-electrodecopper metallic substrates using galvanostatic deposition in the same electrochemical bath
posited FeNi coatings were determined.
condition (Fe and Ni sulfates) and the electric current density. The surface morphology of the
• The FeNi layers properties are influenced by an films was observed by Scanning Electron Microscopy. The average composition of all FeNi
external magnetic field.
coatings was measured using Energy Dispersive X-ray Spectroscopy. Tribo-mechanical
• The FeNi surface morphology is related to the Fe properties such as microhardness, roughness, and friction coefficient were determined in the
obtained structures. The morphology and tribologial properties of the FeNi coatings clearly
content and the type of the substrate.
depend on both the substrate (Cu, CuZn) itself and the presence of an external magnetic field
(EMF) applied during the deposition process.
Keywords
This is an open access article under the CC BY license electrodeposition, magnetic fields, Cu and CuZn substrate, FeNi coatings, microhardness,
(https://creativecommons.org/licenses/by/4.0/)
roughness, friction, wear.

1. Introduction
There is a wide range of processes that can alter the morphology and
properties of metals. This is one of the advantages of metals because
processing itself may be the source of defects in the final product.
Continuous monitoring leads to better materials synthesis methods,
capable to achieve accurate control of the structure and atomic configuration of the crystals at the nanoscale [24, 31, 37]. The electrodeposition is successfully used during the production of the multi layers
(ML) coatings because of its simplicity, low manufacturing cost, and
versatility. Nowadays, this process is further developed to predict and
tailor the functional properties as the result of a quantitative description of fundamental phenomena at the atomic scale. Electrodeposited
metals and alloys characterize enhanced micromechanical properties
in comparison to cast metals and alloys [9, 13, 32]. The variation of
the parameters such as electrolyte composition, bath pH, temperature,
agitation (the physiochemical conditions), current density, potential
(the electric conditions), and magnetic field can alter the composition

and microstructure of the deposited layers. This, in turn, affects the
tribological properties of the layers, which are extremely important
for their subsequent use in many areas of industry and economy and is
essential [5]. A good example is the increasing significant demands to
control friction losses and decrease the wear of machine components.
Process of the tribo-mechanical and physical properties tailoring, such
as wear resistance, high-temperature corrosion protection, oxidation
resistance, and lubrication properties of a metallic coating, allows forachieving many different application requirements [12, 13]. Pure
metal (Ni or Fe) exhibits different specific properties than the alloy
(FeNi) received after the manufacturing process [13]. Differences in
their percentage composition result in potential changes in later applications. The FeNi coatings could be used for example as high-performance transformers cores, read/writer magnetic shield materials,
magnetic actuators, composites molds/tooling, etc. [1, 2]. Mentioned
ML coatings are investigated by many researchers and have attracted
attention due to theirmechanical, electric, and magnetic properties [8,
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13, 28, 32]. Alloying of the substrate surface is often implemented for
improving the coating performance, especially to increase the efficiency of mechanical systems or reduce friction losses using advanced
materials and surface technologies. Additionally could be applied
low-quality substrate (nonmetallic or metallic material) and its cover
may satisfy the user which reduces the cost of application. Direct
current-coated materials have smaller grain sizes and less plastic deformation compared with pulse current. The environmental conditions
and the material type directly influence the surface topography and
thus the friction coefficient and the wear resistance of the obtained
coatings [16]. The material of the substrate results in changesin the
adhesive strength of the deposited films. This varies with the different
film/substrate combinations in the result of the crystallographic coherency between them. The eutectic and the peritectic alloy systems
are practically applied in the electronic industry. The adhesion mechanism in the electronic device has attracted much attention. It depends
on the number of voids that are observed in the mentioned interface
and causes a decrease in the adhesion. The high concentration of the
hydrogen existing in the elemental depth profiles results in the exfoliation of the film. Different interfacial structures were considered by
Okamoto, Wang, and Watanabe [19] as well as Nweze and Ekpunobi
[18] or Wei at. al. In both articles,the substrate affects the crystal
structure of the coatings and the crystallographic coherency itself. Additionally, the parameters of the electrodeposited layer are the function of the substrate thickness and its magnetic character [13, 14].
Gurrappa and Binder [11] showed an unbreakable link between specific free surface energy, adhesion energy, lattice orientation of the
electrode surface, crystallographic lattice mismatch at the nucleussubstrate interface, and nanostructures of the electrodeposited coating. Its distribution depends on the nucleation and growth processes.
The nucleation could be instantaneous or progressive. In the case of
the first formation, the nuclei are increasing with time. During the
progressive formation, nuclei gradually grow and overlap. The results
of electrodeposition are strongly affected by the cathode surface and
its characteristics. The growing near substrate layer filled up the holes
and defects of the electrode surface. This yields the desired and oriented surface morphology on metallic or nonmetallic materials. In this
case, surface engineering studies are very important to createa template (cathode surface) for specific applications [11, 32]. Some studies
have shown a relationship between the refinement of the surface microstructure and the friction mechanical properties of the layers.
Smoother surfaces give a lower friction coefficient [1, 2, 9]. Surface
texturing i. e. generating a specific surface structure is one of the ways
which can help with the reduction of the friction as well as surface
coatings application or surface roughness improvement [25]. In the
recent two decades, scientists developed the electrodeposition process
beyond the current state of the art. Some of them (Fahidy, Aogaki)
used the external magnetic field to extend the range of available properties in the context of magnetic, mechanical, or thermal applications
of alloys and compounds. The others (Fritoceaux, Russo) changed the
kind of substrate to check how it influences the properties of the coating/substrate system. All explorations have to give a response to the
question of how the above act on the obtained coatings. Last three
decades scientists reported that the applied external magnetic field
(EMF, perpendicular, parallel) results in changes in the morphology
and structure of the manufactured layers. Electrochemical reactions
and magnetic field forces influence each other which causes the magnetohydrodynamic effect (MHD) creation. EMF induces the additional convection and reduces the diffusion layer (enhances mass transport). The conclusions of the research are as follows: i) parallel
arrangement (II) of the field and electrode surface activates two-dimensional growth and smoother deposit; ii) perpendicular orientation
(I_) a rougher growth respectively. The field configurations (II, I_)
form the preferred crystal texture of the FeNi deposits [3, 36]. The use
of electrochemical methods to modify the surface processes and materials modification itself are very important, especially when it comes
to the needs of modern technologies. A lot of properties are exten-
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sively investigated for this reason, including morphology, structural
properties, hardness, corrosion, wear resistance, etc. Companies are
intended in the development process of the nanostructured materials
manufacturing which will play a significant role in their customer’s
market [11]. Nowadays, knowledge of the subject of magneto-electrodeposition plays a very important role in science and technology.
An example could be the application in many industry branches like
space research, military applications, security systems, high-density
magnetic memories, navigation, medicine, etc. The aim of this paper
was the experiments whose results allow the discussion about the
morphological and crystallographic properties of the alloys deposited
in the different physical conditions. What is new is looking for layers
with properties that meet the needs of modern users. Currently, zinc
can be found in the products of many industries and the economy.
Among others, in medicine (bone repair material), in the automotive
industry (anode in alkaline batteries). In many cases, Zn needs protection because it reacts with the surrounding environment (degradation,
adhesion, corrosion resistance). For this reason, it is of interest to scientists from many research centers and still needs research to clarify
many issues [27, 34].

2. Materials and methods
A direct current electrodeposition process was employed for the
preparation of the FeNi layers. The platinum vertical plate (width-6
mm x height-5 mm x thickness-0,5 mm) was used as the anode, and
electrochemically polished Cu and CuZn (Cu63Zn37 – manufacturer data) plates were used as the cathode (width-10 mm x height-20
mm x thickness-0,25 mm). The electrolyte for the preparation of the
iron-nickel layer consisted of FeSO4·7H2O (7,5 g), NiSO4·7H2O (7,8
g),and H3BO3 (2 g) without the presence of additives. The whole process was performed galvanostatically using the potentiostat/galvanostat instrument (Matrix MPS-7163). The sets of two permanent magnets
(width-75 mm x height-50 mm x thickness-10 mm)were placed in the
especially designed laboratory stand around (parallel, perpendicular)
the cathode surface. The magnetic field strength was measured with
the gauge FH51 (Magnet-Physik) and ranged from 80 mT to 400 mT
(with an accuracy of 2%) but near the electrode surface was distributed
uniformly. The experiments were conducted at room temperature. Tribological analyses were carried out using a UMT TriboLabtribometer
(Bruker, Billerica, MA, USA), with a ball-on-disc system under dry
friction conditions and each of them took 300 s. The countersample
was immobile 6 mm corrundum ball. The reciprocating motion of a
sample with the amplitude of 500 μm was repeated 3 times, with the
following parameters: Fn = 2 N, f = 10 Hz. The knowledge about the
composition was obtained as the result of spot surface measurement
made with an energy dispersive X-ray spectrometer integrated with
the SEM. X-ray diffractometer with Mo Kα radiation (χ= 0,713067
Å) provided information on the crystal structure characterization. The
probes were cut and the thickness of the cross-sections was measured.
The LEXT OLS 4000 Confocal Laser Scanning Microscope (CLSM,
Olympus, Tokyo, Japan) with a 3D image feature was used to characterize the metallic coatings: thickness, volume and depth of wear
tracks. The often used method of surface description reflects the two
other parameters. The first of them is the skewness (Ssk) which is sensitive to occasional deep valleys or high hills. It measures the symmetry of the variation of a profile about its mean line and gives information about the number of hills or valleys on the surface. Zero skewness
informed about symmetrical height distribution. Positive value testifies to the fact of the existence of fairly high spikes above a flatter
average. A negative value describes filled valleys, and deep scratches
in a smoother plateau. The second is the kurtosis (Sku), which informs
about the probability density sharpness of the profile. An increase in
the Ssk value results in an increasing trend in the value of the friction
static coefficient. In the case of Sku, we observe the opposite trend.
Positive Ssk shows surfaces with good adhesion resistance but negative leads to lower values [25]. Both mentioned variables should be
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calculated to achieve a useful understanding of a composite surface
[1, 2, 20, 25, 26, 29]. Roughness of the probes was measured with the
use of the optical method (not as a classic linear profilometer) but it
was shown as a section of the surface with marked roughness values.
Microhardness was tested using the Vickers method with a load of
0,9807 N and repeated 10 times. The crystal sizes were calculated by
the use of Powder Cell program which adapts experimental (powder
diffraction patterns) and theoretical data automatically.

3. Results and Discussion
3.1. X-Ray Diffraction (XRD)
The crystalline structures of the alloys deposited on both substrates
(Cu, CuZn) show a dependence in respect of the deposition time
(Fig.1). After 900 s of the process, the FeNi coatings are dominated by
the FeNi structure. Long-term deposition causes a
mixture of FeNi and Fe phases with the primary
occurrence of bcc-Fe which confirms the data
presented in Fig.3 (showing the changes in the
Fe content). The addition of zinc (37 %) to Cu,
as it is in the brass substrate changes the crystal
cells parameters by 2 percent (value of the crystal
parameter). For Cu, c is equal to 3,57 Å and for
CuZn – 3,65 Å which are close to the theoretical
values of c = 3,581 Å in FeNi (JCPDS Card No.
47-1405) and c = 3,647 Å in Fe (JCPDS Card No.
06-0696) respectively [21, 22]. The external magnetic field application influences the crystallites
size. In both cases (Cu and CuZn) crystallites are
larger when growing without EMF. In average respectively d=23,0 ± 1,0 nm in comparison of the
EMF presence d=14,0 ± 1,0 nm (FeNi crystallites
- Cu substrate and Fe – CuZn). Therefore EMF
works as the grain refiner.

posit becomes smooth and compact when no external magnetic field
was applied. Resulted layers seem to grow following a progressive
nucleation mechanism. The presence of the external magnetic field
during the deposition process doesn’t influence the nucleation mechanism itself but affects the subsequent growth of the objects. In this
case (at the early stage of the deposition, 900 s), it leads to a preferential development of 3D forms into clusters on the 2D nucleation centers at fixed points (deterministic mode). Over the time (3600 s), the
number of these places increases, and 3D growth centers are scattered
over almost the entire surface at various stages of development and
various sizes (stochastic mode). The coating on both substrates (Cu,
CuZn) showed competitive growth of 2D and 3D forms.
The major effect of the magnetic field is known as the magnetohydrodynamic (MHD) effect which results in additional convection
and therefore reduction of the diffusion layer thickness. This caused
the enhanced mass transport to the existing deposit and increased

3.2. Scanning Electron Microscopy (SEM)
Fig.2 shows the morphology of the fabricated
FeNi coatings which changes due to the presence
and the orientation of the EMF obtained by scanning electron microscopy. The surface of the de-

Fig.2. Set of SEM images of the deposited films with and without EMF: different time deposition (900,
3600 s); different substrate (Cu, CuZn); current density – 50 mA (cm2)-1; without EMF (A), II
EMF (B), I_ EMF (C)

the secondary nodules (second
micro-MHD effect) [17]. This
growth type appears as the
result of instantaneous nucleation which characterizes a
slow growth of the nuclei with
a quite small number of active
sites at the same moment [4].
Only the layer on CuZn substrate after II EMF application
characterizes cracks and nodular shapes of the growing layer.
This is directly connected with
the appearance of high content
of Ni (decrease of Fe content in
time – Fig.3) and the increase
of the hydrogen evolution rate
[35]. This results in the grooves
(among 3D nuclei) indented by
MHD-flow and the hydrogen
formation (reaction between Ni
in alloy and Zn from the subFig.1. Selected XRD patterns are presented in panels concerning substrate surface: copper (A), brass (B), and time (900 s, strate) [17, 35].
3600 s), respectively (0 – without EMF, II – parallel EMF, I_ - perpendicular EMF); current 50 mA (cm2)-1
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electrodeposition (Fig.3A), but in the case
of CuZn substrate (Fig.3B), this situation
appears after a long time of electrodeposition process duration. It is inherently related
to the increase in roughness of the deposited
FeNi coatings in the above-discussed cases
(Fig.5 and 6) due to enhanced mass transport (MHD effect) of the refined grains.

3.3. Tribological tests
First, the roughness of the substrates was
measured. As aresult, the values of skewness and kurtosis were obtained. For Cu
substrate: 0,11 and 4,55 and CuZn: -0,66
and 4,82 respectively.
Positive values of the Ssk parameter inform about the predominance of peaks on
the measured surfaces (Fig.7.). The surfaces have irregularities, the rough surface
becomes spiky and a large number of hills
are in contact. The higher values of positive skewness result in good adhesion force
and resistance under a certain load which
Fig. 3. Effect of Fe content (upper row) and FeNi film thickness (lower row) in time; (A) Cu substrate, (B) CuZn characterizes obtained FeNi coating. A lot
substrate; 0 – without EMF, II – parallel EMF, I_ - perpendicular EMF
of asperities increase the real area
of contact [30]. This is especially visible in the cases of EMF
absence (Cu substrate) and
perpendicular EMF (CuZn substrate) for 900 s deposition time
duration, when the values of Ssk
are the highest –11,08 and 11,88
(Fig.7). In the same cases, values of Sku˃3 (17,04 and 18,50)
reveal the presence of larger
grains in the profile of the surface - 20,00 nm (Cu substrate)
and 17,00 nm (CuZn substrate)
[7, 10, 36].
Due to the dynamic nature of
changes in friction conditions,
low reproducibility is very
common in tribological tests.
These changes can be caused by
the lapping of kinematic pairs
surfaces and generating wear
Fig. 4. Set of SEM images of the deposited films cross-sections without (A, B) and with II EMF (C, D): time deposition products, often in a stochastic
900 s; different substrate – Cu (A, C), CuZn (B, D); current density – 50 mA (cm2)-1
way. These products can be removed beyond the friction zone
As the result of the electrodeposition process composition gradients
or remain inside and intensify the secondary wear. The high dynamic
in FeNi coatings occurred. The experiments clarified the dependence
of changes in the tribological system has a significant impact on the
of the thickness and time for the elemental composition of the coatresistance to motion of the kinematic pair, which analysis is usually
ings. Fig.3A shows the upward trend of the iron amount in all cases
used to determine the frictional characteristics of the material. Despite
(without and with the presence of the EMF) with the time increasing.
this, friction tests allow to observe some tendencies and dependenIt is defined as an anomalous co-deposition, where the iron (less noble
cies. Results of the wear tests were summarized in Fig.8 and 9.
metal) percentage in the deposit is higher than its presence in the elecAt high kurtosis values, the asperities become much peakier which
trolyte (Fe:Ni – 1:1), especially with the longer time of deposition
drastically decreases the effect of the friction force. Therefore, the
(Brenner, Tabakovic) [1]. The EMF application (at the later stage of
coefficient of friction increases slightly to reach the greatest value
deposition) reduces the thickness of the layer on a copper substrate
and decreases further (Fig.8 and 9) [30]. The roughness has the lowest
compared to a deposition without an external magnetic field during
values in both mentioned cases. There are consequences ofthe appearthe longer time of process duration (Fig.4). This is the result of the
ance of fragments of the damaged surfaces and debris rather than the
MHD effect which was mentioned earlier. The case of deposition on
sharp edges of the deposited FeNi layer [6, 15, 26]. In the case of
CuZn substrate (Fig.3B) differs from mentioned above Cu substrate.
Cu substrate, the surface characterizes the predominance of peaks but
The iron content decreases after a longer time of the II EMF applicaCuZn – of valleys. Roughness profiles of the substrates influencethe
tion as reflected in the sediment morphology (Fig.2 – CuZn, 3600 s, II
layers growth to a small extent.
EMF). The presence of EMF enlarges the thickness of the deposit. In
the case of Cu substrate, it is visible especially in the early stages of
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The resistance to motion
analysis shows that they are
highly dependent on the type of
the substrate and the deposition
time of the FeNi coating. An
intensive rise and subsequent
sharp decline in the value of
the friction coefficient often occurs in the initial stage of wear
(Sku˃5). It is related to abrasion
of surface irregularities, and it
can be observed especially for
Fig. 5. Values of the roughness of tested surfaces: Cu substrate (A), CuZn substrate (B); time: 900 s – blue line (points), 3600 CuZn substrates with a 900 s
layer deposition time. The stage
s – red line (square)
of gradual lapping of the surface
layer is associated with the lack
of rapid changes in the value of
the coefficient of friction. As the
substrate was exposed, the resistance to the motion increased
(Fig. 8 and 9). It particularly occurred for Cu substrates.
The results of the wear track
morphology studies presented
in Fig.10 showed that in most
cases the depth of friction
marks increased with the thickFig. 6. Set of images of the surface roughness of the deposited films, Cu substrate, 3600 s, without EMF
ness of the layer. Although the
thicker FeNi coatings were significantly worn, in most cases
their breakthrough was not observed. The opposite tendency
can be seen for the layers with
a shorter deposition time, where
the substrate was fully (Cu) or
partially (CuZn) exposed due
to friction. Thus, it seems that
the coatings on CuZn substrates
show higher wear resistance. It
is related to an increased degree
Fig. 7. Values of the friction coefficient after 300 s of the process (COF, blue box), the kurtosis - Sku (red, square), and the of adhesion of the layer to the
substrate which is in connection
skewness- Ssk (green, triangle) for coated samples of Cu substrate (A) and CuZn substrate (B)
with the highest values of skewness and kurtosis - Fig.7 [23,
26, 30]. After the layers deposition, the samples
were not rinsed in the ultrasonic cleaner due to the
possibility of the layer chipping. They were rinsed
only with distilled water. During the tribological
tests, the wear products (substrate particles - Cu,
Zn, and their oxides) produced a mixture, so it
may seem that the trace after friction is shallower
(Fig.8, 9 and 10).
On the other hand, SEM images presented in
Fig.11 show that thicker coatings may crack and
chip. This generates wear products, which are
placed in the friction zone. The brittleness of coatings formed at 3600 s deposition time is associated with their decreased microhardness (Fig.12).
Due to the movement of the kinematic pair, wear
products are crushed and shredded. Thermal energy from friction can lead to their oxidation and
formation of oxides. A large amount of wear debris intensifies wear. The microscopic analysis
shows that the dominant type of wear was threebody abrasion. Overtime, when the substrate was
Fig. 8. Results of tribological tests for Cu substrate for different times of layer deposition 900 s and
3600 s (0 – without EMF, II – parallel EMF, I_ - perpendicular EMF): coefficient of friction vs.
time (A), CLSM images of friction marks (B), SEM-EDX analysis of wear tracks (C)
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also XRD analysis (Fig.1) then the peaks typical for
metallic Fe appear and are much more intensive.
In most of the considered cases, the intensity of
friction marks and values of microhardness (Fig.12)
increased with the deposition time except for II EMF
on CuZn substrate. The aforementioned dependence
is also influenced by the composition of the FeNi
coating, as the result, the high content of the iron oxides causes deeper friction marks (Fig.8, 9, and 10).
Higher values of the microhardness are connected
with the Fe content increase which was shown in
Fig.3. The opposite relationship of microhardness in
the case of II EMF on CuZn substrate is in agreement
with a decrease in Fe content. This is due to the observation that the thickness of the layer was increasing till the end of the experiment. X-ray analysis of
the elemental composition of the obtained layers
subjected to friction process confirms the increased
wear resistance connected with raised Fe content in
both scenarios with the absence and presence of the
external magnetic field [34].
Fig. 9. Results of tribological tests for CuZn substrate for different times of layer deposition 900 s
and 3600 s (0 – without EMF, II – parallel EMF, I_ - perpendicular EMF): diagrams of coefficient of friction vs. time (A), CLSM images of friction marks (B), SEM-EDX analysis of wear
tracks (C)

4. Conclusion

The experimental investigation suggests that the
electrodeposition process can
be modified by applying various orientations of the external magnetic field. The type
of layer growth changes from
progressive to instantaneous.
This may be attributed to the
effect caused by mass transfer
induced in the electrolytic solution (MHD effect). Extending
the duration of the process itself
also affects the mode of growth.
The early stages of deposition
Fig. 10. Depth of the friction marks for FeNi coating on: Cu substrate (A) and CuZn substrate (B); FN=2 N, f=10 Hz; 900 are assigned as a deterministic
mode and later – a stochastic
s – left columns (blue), 3600 s – right columns (red)
one. The surface morphology
of the coatings is related to the
Fe content and type of the substrate. Further, certain changes
in the coefficient of friction are
due to an increase in the kurtosis
value. Higher wear resistance,
as well as coatings adhesion to
the substrate, are depending on
the higher value of skewness.
The increase in microhardness
is attributed to the favorable
iron electrodeposition which
was supported by the XRD
study [32]. These findings are of
practical significance since they
can aid engineers in selecting
appropriate surface roughness/
textures based on their specific
Fig. 11. Set of SEM photos of wear tracks for Cu substrate, 900 s of II EMF (A); CuZn substrate, 3600 s of II EMF (B)
requirements [30].
Undoubtedly, the external
exposed to the motion, the amount of generated wear particles demagnetic
field
used
during
the
deposition
allows for the fragmentacreased, and the surface was smoothed out [38].
tion
of
the
FeNi
coatings,
thus
obtaining
better
tribological properties.
Increasing the Fe content (Fig.3) while extending the time of depoIt is a starting point for further research on the wettability of such
sition is correlated with higher values of the microhardness (Fig.12).
surfaces and the durability of layers in nanoelectronics.
Except in the case of the film deposition on the CuZn substrate in the
presence of II EMF when the dependence is opposite, the Fe content
and the value of the microhardness decrease. This scenario confirms
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Fig. 12. Values of microhardness of tested surfaces: Cu substrate (A), CuZn substrate (B); deposition time: 900 s – left columns (blue), 3600 s – right columns (red)
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