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ARTICLE INFO ABSTRACT

Keywords: Graphene has emerged as excellent reinforcement for electrodeposited metallic composites. The poor stability of
Electrodeposition graphene in electrochemical baths makes it challenging to obtain uniform composite coatings. In this work, we
Graphene investigate the possibility to electrodeposit FeW-graphene coatings with organic stablizers. Poly-
EZI:;‘;ZSS diallyldimethylammonium chloride is selected to stabilize the graphene oxide which is added into the electrolyte
Corrosion in various concentrations. Scanning electron microscopy and Raman analysis confirmed the successful co-

deposition of graphene in all the coatings. The composition of the FeW matrix remained unaffected by the
addition of graphene, while an increase in the crystallinity of the structure of the composites was observed.
Graphene was retained even after the coatings were heat treated at 400 °C for 1 h. The hardness and the
corrosion resistance of the FeW-graphene composite were largely improved: a 22% increase in hardness and an

80% increase in corrosion resistance were measured compared to the graphene-free coating.

1. Introduction

Recently electrodeposited Fe-based coatings have gained scientific
interest as a potential sustainable alternative to chrome plating [1,2].
Thanks to the excellent properties obtained with chrome plating, hard
chromium coatings have been largely applied in various fields ranging
from aerospace [3] to automotive [4] applications. Despite their
outstanding properties, the production of chrome coatings requires the
use of cancerogenic compounds, i.e. hexavalent chromium [5]. There-
fore, the search for new sustainable alternatives to chrome coatings is
still a matter of great scientific interest.

Among the different electrodeposited Fe-based alloys, Fe-W alloys
have gained significant attention for their advantages: (i) they can be
deposited from thermodynamically stable and environmentally friendly
electrolytes [6], (ii) composition and structure of the coatings can be
tuned to optimize the properties for targeted applications [7], (iii) W-
rich coatings exhibit hardness and thermal stability that exceed those of
Co- or Ni-based alloys [8]. Furthermore, the hardness can be substan-
tially increased with heat treatments [9,10], whereas the co-deposition
of alumina particles has shown to dramatically improve the wear
resistance [11]. The combination of co-deposition of alumina particles
and optimal heat treatments can therefore result in mechanical
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properties and wear resistance that surpass those of hard chrome coat-
ings [2]. Despite the impressive achievements obtained, few challenges
remain to be solved. In fact, the corrosion resistance of the FeW alloys is
quite low and it is hardly changed by the co-deposition of Al,O3 particles
[11]. Furthermore, in order to improve both hardness and wear resis-
tance of the FeW-Al,O3 composites, heat-treatments are recommended
[2]. Therefore, the possibility to obtain an Fe-based coating with
improved corrosion resistance and optimal hardness and wear resistance
in the as-deposited condition remains a topic of great interest.

Since its scientific discovery, graphene and related graphenaceous
materials, e.g. graphene nanoplatelets (GNPs), graphene oxide (GO)
etc., have gained tremendous interest thanks to their superior corrosion
[12] and mechanical resistance [13], and electrical and thermal prop-
erties [14,15]. In addition to the mentioned properties, layered-
graphene can act as an excellent solid lubricant thanks to its stacked-
planar structure [16]. The electrodeposition of various metals and al-
loys with graphenaceous compounds has already been performed suc-
cessfully as reported in literature. For example, Pavithra et al. have
shown that the co-deposition of graphene in Cu coatings resulted in an
increase of the mechanical properties (i.e. 96% in hardness and 30%
increase in elastic modulus), as compared to pure Cu foils [17]. Singh
et al. reported that electrodeposited Ni-graphene coatings were
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Table 1
Constituents of the electrolyte and electrodeposition operating
parameters.
Constituents Parameter
Citric acid 0.3 M
Glycolic acid 1M
Fey(S04)3 0.1 M
NapyWO4 0.3 M
Surfactant 1,2.5and 5 g/L
GO 0.1,0.5and 1 g/L
pH 6.5
Temperature 65 °C
Current density 40 mA/cm?
Electrolyte agitations 250 rpm
Deposition time 1,2h

Table 2
Average particle size of GO in FeW-PDDA electrolytes.

Sample Particle average size/PSD
GO 1192 + 55 nm

FeW — 1 g/L PDDA- 0.1 g/L GO 4832 £ 45 nm

FeW - 5 g/L PDDA- 0.1 g/L GO 2374 + 182 nm

FeW - 5 g/L PDDA - 0.5 g/L GO 1867 + 77

FeW -5 g/L PDDA -1 g/L GO 8315 £ 195

characterized with ten times higher wear resistance as compared to pure
Ni [18], whereas the addition of graphene resulted in an increase of the
corrosion resistance in Zn-Ni [19] and in Fe-based medium entropy al-
loys [20]. Among the electrodeposited W-containing alloys with gra-
phene, most of the effort has been devoted into Ni-W coatings [21-23].
To the best of the author’s knowledge, the deposition of Fe-W-graphene
composite coatings has not been studied.

Within the different graphenaceous compounds, GO is commonly
employed for the electrodeposition of graphene-containing coatings. In
fact, one of the main advantages of GO is its dispersibility in water and
other organic solvents [24] due to the electrostatic repulsion of nega-
tively charged oxygen-functional groups (i.e., carboxylic and phenolic
hydroxyl groups) on GO surface, which facilitate its dispersion in
aqueous solutions and thus its co-deposition. However, the mixture of
GO with metal salt precursors will shield the charges among the charged
groups on GO, and results in agglomeration of GO nanosheets. To solve
this issue, various surfactants are commonly added into the electrolyte
to tune the surface charge of GO and to uniformly disperse the GO sheets
in the electrolyte [25]. Among the available anion surfactants, Sodium
Dodecyl Sulfate (SDS) is widely used, as indicated by several publica-
tions [19,26,27]. Other works reported the use of cationic surfactants, e.
g. Cetyl Trimethyl Ammonium Bromide (CTAB) for the electrodeposi-
tion of GO-containing coatings [28,29]. The use of a cationic surfactant
should give the GO sheets a positive charge and therefore facilitate their
deposition onto the surface of the cathode. So far, only limited number
of surfactants for graphene based composite coatings have been studied,
and the influence of these surfactants on graphene oxide dispersion and
coating performance is not yet clear.

The aim of this work is to electrodeposit Fe-W-GO coatings with
various GO concentrations and to study the effect of graphene on the
microstructure, hardness and on the corrosion resistance of the com-
posites. The effect of different surfactants (i.e., anionic, cationic, and
nonionic) in facilitating GO dispersion in the electrolyte is also analyzed.
The effect of different surfactants (i.e., anionic, cationic, and non-ionic)
in facilitating GO dispersion in the electrolyte is also analyzed.

2. Experimental
2.1. Electrolyte preparation and characterization

The electrodeposition of the Fe-W-GO composite was performed
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from a Fe-W base electrolyte with the following composition: 1 M gly-
colic acid, 0.3 M citric acid, 0.1 M Fe3(SO4)3 and 0.3 M NasWOy. Prior to
the addition of the GO and of the coating’s deposition, the pH of the
electrolyte was adjusted to 6.5 with the addition of NaOH. The
composition of the electrolyte was selected according to the results
obtained and described in previous works [6,8]. Seven different sur-
factants were added in the electrolyte to analyze the GO dispersion:
Polydiallyldimethylammonium chloride (PDDA), Polyethylenimine
(PEI), Cetrimonium bromide (CTAB), Sorbitan monooleate (Tween), 2-
[4-(2,4,4-trimethylpentan-2-yl) phenoxy]ethanol (Triton), Sodium
dodecyl sulfate (SDS) and sodium dodecylbenzenesulfonate (SDBS). A
commercially available GO (Grafenea) was used for the deposition of the
composite coatings. Prior to add the GO in the electrolyte, the GO oxide
was diluted in distilled water (2 to 10 times dilution) and sonicated for
one hour in order to favor the exfoliation of the graphene sheets. The GO
was then added in the electrolyte in different concentrations as specified
in Table 1. Zeta potential measurements on the different electrolytes
containing the additives and GO were performed by Zetasizer nano
(Malvern, UK) with 3 sets of repeats for each measuremnet. The elec-
trodeposition was performed in galvanostatic mode in a two-electrode
cell, using 1 cm? copper substrates and a Pt counter electrode. The
copper substrates were degreased using a 10 M NaOH alkaline solution
and then activated in 2 M H3SO4 solution. A nickel seed layer was
deposited from a commercial chloride bath to improve the adhesion of
the coating with the substrate, and the deposition was performed at 60
°C, 10 mA/cm? and for 2 min. The FeW-GO coatings were deposited
using the same deposition parameters, listed in Table 1, as in our pre-
vious published work [2]. The deposition time was selected accordingly
to obtain 10-15 pm thick coatings. The current efficiency (CE) of the
FeW-PDDA-GO coatings was calculated based on the elemental
composition of the metallic elements (i.e., Fe and W) in the coatings
using the Faradays Law, as described elsewhere [6]:

__ massofdeposit _ w*F Z C.*N,

M ®

" thoreticalmass ~  Q

where w is the mass of the deposit (g), F is Faraday’s constant
(96,485Com01’1), Q is the electric charge (C), Cy (x = Fe and W) is the
weight fraction of each element, N, is the ionic valence and Mx is the
atomic mass (gomol’3).

2.2. Coating characterization

A Zeiss Gemini 450 (Zeiss, Oberkochen, Germany) was used to
analyze the surface morphology and the cross-section of the composite
coatings. The composition of the coatings was measured along the cross-
section of the samples by Energy Dispersive X-ray Spectroscopy (EDS).
Heat treatments were performed in the furnace of a NETZSCH 402C
dilatometer, keeping the sample at 400 °C for 1 h under high purity Ar
6.0 atmosphere. The annealing temperature was reached with a heating
rate of 10 °C/min. After the heat treatments, the samples were kept
inside the furnace until reaching room temperature. The microstructure
of the as-deposited and annealed coatings was examined by X-rays
diffraction (XRD) analysis performed using a Bruker D8 Discover and by
EBSD analysis performed with Simmetry S2 detector. The hardness of
the coatings was measured from the polished cross-section of the com-
posite coatings using a Struers DuraScan-70 G5 Hardeness tester. For
each sample, the hardness was averaged over at a minimum of fifteen
HVO0.005 indentations. The corrosion resistance was studied in a 0.1 M
NaCl aqueous solution using a three-electrode configuration Biologic SP-
300 potentiostat with a Pt counter electrode and an Ag/AgCl/NaClsw
as reference electrode. The potentiodynamic polarization measurements
were performed from —1 to 0 V with a scan rate of 1 mVs ™.
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Fe-W salts + surfactants (5g/L)
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Fig. 1. Fe-W electrolytes with the addition of 5 g/L of different surfactants and with the addition of 0.5 g/L of GO. The stability of the solution was exam-

ined overnight.

Table 3
Zeta potential and average particle size of GO in different electrolytes and
surfactants.

Table 4
Fe-W-GO composite coatings deposited from electrolytes containing various
amounts of PDDA and GO.

Zeta potential (mV) Particle Z-average size (nm) PDDA 1g/L 2.5¢g/L 5g/L
Solution GO
GO -16,5 + 3,6 1192 + 55 nm 0g/L FeW1 FeW2.5 FeW5
FeW-PDDA-GO 19,9 + 4,47 1867 + 77 0.1 g/L FeW1-0.1GO FeW2.5-0.1GO FeW5-0.1GO
FeW-CTAB-GO —5,73 £ 0,51 14980 + 1296 0.5 g/L FeW1-0.5GO FeW2.5-0.5GO FeW5-0.5GO
FeW-PEI-GO —-10,41 + 0,87 18133 + 3106 1g/L / / FeW5-1GO
FeW-Tween-GO -7,15 + 0,93 4266 + 410 2¢g/L / / FeW5-2GO
FeW-Triton-GO —8,58 + 0,77 5129 + 1435
FeW-SDS-GO —19,60 + 0,45 2255 + 142
FeW-SDBS-GO —26,17 £ 1,19 3647 £ 409 CTAB and PEI, two were anionic, i.e., SDS and SDBS, and two were non-

3. Results and discussions
3.1. Electrolyte stability: Influence of additives and GO content
To suppress the aggregation of GO in the Fe-W electrolyte, seven

types of surfactants were added and their dispersion effect was evalu-
ated. Amongst the studied surfactants three were cationic, i.e., PDDA,

ionic, i.e., Tween and Triton. In order to properly select the additive
concentration to be used, preliminary electrodeposition tests were per-
formed using both PDDA and SDS additives. The addition of 1 g/L of
PDDA proved to be sufficient to stabilize and to deposit FeW-GO com-
posite from an electrolyte containing 0.1 g/L of GO. To deposit com-
posites with higher GO content (i.e., 0.5 and 1 g/L), the addition of 5 g/L
of PDDA was found to be necessary. Average particle size measurements
were performed to evaluate the influence of PDDA and GO



A. Mulone et al.

FlatChem 40 (2023) 100525

Fig. 2. SEM micrographs of the surface of the FeW (a-b), FeW5-0.1GO (c-d), FeW5-0.5GO (e-f), and FeW5-1GO (g-h) coatings.

concentration on the GO dispersibility in the electrolyte and the results
of pure GO and of the GO-containing electrolytes with 1 and 5 g/L of
PDDA are shown in Table 2. As Table 2 shows, an increase in PDDA from
1 to 5 g/L results in a better dispersion of GO (i.e., smaller particle size)
for the electrolytes containing 0.1 and 0.5 g/L of GO. The largest particle
size is measured for the FeW5PDDA-1GO electrolyte, due to the high
amount of GO resulting into the agglomeration of GO sheets in solution.

On the other hand, using 1 g/L of SDS as an additive did not result in
an acceptable GO dispersion in the electrolyte. Therefore, and in
consideration of these findings, 5 g/L of each surfactant and 0.5 g/L of
GO were added in the electrolyte to analyze the effects of the different
surfactants on the GO dispersions. The mixed solutions were then
monitored over time, see Fig. 1. The cationic surfactants fully dissolved
in the Fe-W electrolyte. The color change of the electrolyte after the
addition of PEI, as seen in Fig. 1, was related to an increase in the

solution pH (from 6.5 to around 7.5). Regarding the non-ionic surfac-
tants, Tween did not completely dissolve in the electrolyte, as shown
from the solid precipitates formed on the glass vials. The same was
observed for the anionic surfactant SDBS. After the addition of the sur-
factants, 0.5 g/L of GO was added in each solution while the electrolyte
was vigorously stirred at 600 rpm. The GO-containing solutions were
stable for several hours, but overnight the added GO agglomerated and
precipitated in most solutions. However, a two-hour stability of the GO-
containing solutions is already sufficient for the desired thickness of the
composite coatings (~10 to 15 pm). To accurately evaluate the effect of
the different surfactants on the GO dispersion, zeta potential and
average particle size measurements were performed and the results are
included in Table 3. The zeta potential indicates the magnitude of
electrostatic repulsion forces between charged particles in a colloidal
solution. The surfactants added in solution have the crucial role to
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Fig. 3. SEM micrographs of the cross-section of the FeW (a), FeW5-0.1GO (b), FeW5-0.5GO (c), and FeW5-1GO (d) coatings.

Table 5

Chemical composition of composite coatings measured by EDS analysis.
Sample Fe (at.%) W (at.%) O (at.%) CE (%)
FeW1l 75,9 £ 0,5 18,9 +£ 0,3 5,7 +£0,2 73%
FeW5-0.1GO 759 + 2,4 18,6 £ 2,1 55+0,3 63%
FeW5-0.5GO 74,4 £ 1,3 20,2 +£1,3 5,4+ 0,4 63%
FeW5-1GO 76,16 + 1,6 18,4 £ 1,2 54+0,8 64%

provide the GO sheets with surface charges. Hence, the resulting elec-
trostatic repulsion forces between different GO sheets will lead to a
stable GO dispersion. Generally, the absolute value of the zeta potential
is used to evaluate and compare the stability of different solution: a
higher absolute zeta potential value corresponds to a more stable GO
dispersion [30]. Among the cationic surfactants, the addition of PDDA
resulted into the highest zeta potential and the smallest particle size, i.e.,

19,9 mV and 1192 nm, respectively. The non-ionic surfactants Tween
and Triton are characterized with relatively similar values of zeta po-
tentials and particles size. Finally, the addition of anionic surfactants
resulted in high negative values of zeta potentials, and particles sizes in
the range of 2 to 3 pm. It is worth noticing that a positive zeta potential
would be expected when adding a cationic surfactant, like in the case of
the PDDA containing electrolyte (see Table 3). This indicates the pres-
ence of positive charges on the surface of the GO sheets a therefore
correct surfactant functionalization [31]. The slightly negative zeta
potential values observed when adding the two others cationic surfac-
tants (i.e., CTAB and PEI) indicates a lower ability to functionalize GO
sheets and therefore a lower ability to stabilize the GO dispersion. This is
also confirmed from the differences in the particles size: the particle size
of electrolytes containing CTAB-GO and PEI-GO is more than 10 times
higher as compared to the PDDA-GO electrolyte. Among the studied
surfactants, the results in Table 3 indicate that the use of PDDA results

Fig. 4. SEM micrographs (a-b) acquired from the cross-section of the FeW5-05GO sample and EDS elemental maps acquired from the area shown in (b).
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Fig. 5. Raman mapping of the surface (a-b) and cross-section (c-d) of the FeW5-
05GO coating. G band intensity maps are shown in (a) and (c), whereas the
respective acquisition sites are shown in (b) and (d). A representative Raman
spectrum acquired from the coating is shown in (e).

into the best GO dispersions: high absolute value of zeta potential and
smallest particle size. In fact, the average particle size measured for the
FeW-PDDA-GO electrolyte and for pure GO is in the same order of
magnitude (see Table 3), indicating only minimal GO agglomeration. In
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consideration of the zeta potential results, electrodeposition trials were
also performed selecting one additive of each type (i.e., cationic, anionic
and non-ionic): (i) PDDA, (ii) Triton and (iii) SDS. Having SDS and SDBS
relatively similar zeta potentials and particles size values, SDS was
preferred thanks to its higher solubility in the electrolyte (see Fig. 1). A
test sample of Fe-W-GO composite was then electrodeposited using the
selected additives and 0.5 g/L of GO with the electrodeposition condi-
tions as specified in Table 1. To ensure that the required composite
thickness was achieved, the deposited specimen was weighed, and the
surface appearance examined for any apparent inhomogeneities in the
surface morphology (see Fig. S1 in the supportive information). From
the obtained results of the zeta potentials measurements of the elec-
trodeposition trials, PDDA was selected as the most promising surfactant
and used to deposit composite coatings from electrolytes containing
different concentrations of both surfactant and GO. The deposited
composite coatings are specified in Table 4. The samples that met the
thickness and appearance requirements described above are highlighted
in bold in Table 4. In the following paragraphs are included the results
from the characterization of the coatings deposited with 5 g/L of PDDA
and with increasing GO content. The hardness results from the coating
deposited with 1 and 2.5 g/L of PDDA are included in the supportive
information. The same nomenclature as in Table 4 will be used in the
following.

3.2. Structural characterization of FeW-GO coatings

The surface morphology of the FeW and FeW-GO coatings was
analyzed by use of SEM and the results are shown in Fig. 2. The images of
the polished cross-sections are shown in Fig. 3. The surface of the FeW
coatings appears smooth with some superficial cracks, see Fig. 2a-b.
Such cracks can be considered superficial since they are only found
down to a depth of ~ 1 pm from the surface of the coatings. The presence
of such cracks can be related to the high amount of co-deposited W in the
coating: high W concentrations are leading to an increase of internal
stresses in the coatings [32]. The chemical composition of the coatings
was measured by EDS analysis performed along the cross-sections of the
coatings. The results from the chemical analysis and of the CE of the
deposited coatings are provided in Table 5. As shown in Table 5, the

Heat-treated at 400 °C
b)4o L FeWs5-1G0  © ° Fe(W)
L * Cu
20 |

r * < * ”’\ + 0
0 ‘T‘""./J I 1 1 1 P

20 | Few1 <

10 | +

200 30 40 50 € 70 80 9 100
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Fig. 6. XRD spectra of the FeW and FeW-GO coating in as-deposited condition (a) and after heat treatment (b).
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Fig. 7. SEM micrographs of the surface of the heat-treated FeW5-0.5GO (a-b) and FeW5-1GO (c-d). White arrows are added in (b) and (d) to mark the presence of

GO sheets.

highest CE is observed for the deposition of the GO-free coating whereas
only a minor difference of the CE is observed when increasing the GO
quantity from 0.1 g/L to 1 g/L. Such decrease in CE for the deposition of
GO-containing coatings can be explained considering the lower con-
ductivity of the GO as compared to the metallic elements.

The surface of the FeW5-0.1GO coating looks similar to the FeW
coatings as the presence of GO is not clearly observed (Fig. 2c). It is
observed that surface oxides form clusters several micrometers in size,
see Fig. 2d. A partially globular topography is observed for the FeW5-
0.5GO and FeW5-1GO coatings. In addition, GO sheets can be clearly
observed along the surface of the coatings, see Fig. 2e-h (for clarity, the
location of some GOs is highlighted with arrows). As shown from the
SEM images, GO sheets are deposited with different thicknesses:
extremely thin (i.e., electron transparent) and as stacks of several layers
see Fig. 2f and Fig. 2h.

As seen in Figs. 3 and 4a, GO sheets are not visible in the polished
cross-sections of the dense and uniform metallic matrix. However, as
Fig. 4b shows few cavities are found throughout the cross-section of the
composites. Inside such cavities, it is possible to observe thin sheets with
a web-like structure. The observed phase can be expected to be GO: EDS
analysis shows that the features are rich in C and O (see Fig. 4e-f).
However, due to possible presence of other carbon-based impurities EDS
analyses cannot be solely used to determine the presence of graphene in
the coatings. Therefore, Raman mapping was performed both on the
surface and along the cross-sections of the composite coatings to confirm
the presence of GOs. Fig. 5a shows the G band intensity map acquired
from the surface of the FeW5-0.5GO coating (shown in Fig. 5b), whereas
Fig. 5¢ shows the G band intensity map acquired from the coatings cross-

section (shown in Fig. 5d). A representative Raman spectrum acquired
from the bright areas in the G band intensity maps is shown in Fig. Se.
The results clearly show that the Raman spectrum collected from the
composite coatings is characterized with two distinctive peaks expected
from GO: the D band peak at 1350 cm™! and the G band peak at 1579
em ™! [33]. The G peak relates to stretching of the sp® hybridized carbon
bonds, whereas the D peak is due to the incorporation of defects (e.g.
substitutional atoms like oxygen) in the hexagonal carbon lattice [34].
The average ratio of the intensities of the D and G peaks (i.e., ID/IG) can
give a good indication of defectiveness in graphene-related materials
[33] and it is therefore shown in Fig. Se. The G band intensity maps
highlight the variation in the intensity of the G band as a function of
spatial location: bright areas in the map are indicating the presence of
GO. Therefore, the Raman results shown in Fig. 5 confirm that the
observed C-rich phases observed on the surface and along the cross-
section of the FeW-GO coatings are GOs.

The composite coatings were subjected to heat treatments for one
hour at 400 °C in order to study the thermal stability of the co-deposited
GO within the coatings. Fig. 6 shows the XRD results of the coatings
before and after the thermal treatment. The FeW coating deposited
without graphene has an amorphous structure, as shown by the broad
XRD shoulder between 40 and 50 in Fig. 6. The amorphous structure is a
result of the high amount of co-deposited W as previously shown for
coatings with similar composition [8]. Both the FeW5-0.1GO and FeW5-
0.5GO coatings show a slight increase in the crystallinity of the FeW
matrixes, as seen from the presence of a small Fe(W) peak in Fig. 6a.

The chemical composition of the coatings is almost identical, see
Table 5, therefore it can be assumed that the addition of GO resulted in a
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Fig. 8. Raman mapping of the surface (a-b) and cross-section (c-d) of the heat-treated FeW5-0.5GO coating. G band intensity maps are shown in (a) and (c), whereas
the respective acquisition sites are shown in (b) and (d). A representative Raman spectrum acquired from the coating is shown in (e).

crystallinity increase of the metallic matrix. The co-deposited GO sheets
can act as nucleation sites for the electrocristallization of FeW grains
[19], which would then increase the amount of crystalline grains. The
increase in crystallinity is even more evident in the FeW5-1GO sample,
see Fig. 6a. After the heat treatment at 400 °C, only minor microstruc-
tural changes are observed. An increase in the crystallinity of the coat-
ings is found: the crystalline peaks appear sharper and have a higher
intensity. This is especially evident for the FeW5-1GO sample, where the
intensity of the Fe(W) peaks after the heat treatment is more than two
times higher as compared to the as-deposited sample. Yet, the structure
of the FeW, FeW5-0.1GO and FeW5-0.5GO coatings is still largely
amorphous. The slight changes after the heat treatments are related to
the excellent thermal stability of FeW coatings that are W-rich (i.e., over
20 at.%). Previous studies have shown that much of the deposited
amorphous structure is retained even after heat treatment at 800 °C
[35]. After the heat treatment, GO was retained in the composite coat-
ings, as shown in the SEM analyses in Fig. 7 and in the Raman mapping
shown in Fig. 8 where GOs are marked by arrows.

3.3. Mechanical properties and corrosion resistance of Fe-W-GO coatings

To analyze the influence of GO on the hardness of the composite
coatings, hardness measurements were performed on the as-deposited
and heat-treated samples and the results are shown in Fig. 9. In the as-
deposited composites, the co-deposition of GO leads to a progressive
increase of the hardness, with the maximum value of 1150,3 HV
measured for the FeW5-1GO coating. Considering that the composition
and the microstructure of the FeW matrices are almost identical (espe-
cially for the FeW, FeW5-0.1GO and FeW5-0.5GO coatings), the
observed increase in hardness can be attributed to the influence of GO.
Furthermore, the hardness of the as-deposited coatings with different
PDDA and GO content was also evaluated to exclude the influence on the
hardness of the PDDA surfactant (see Fig. S2 in the supportive infor-
mation). In the pure FeW coatings it is observed only a limited variation
in the hardness with the increasing of PDDA quantity (~7% decrease in
the hardness when adding up to 2.5 g/L of PDDA). Therefore, the
observed increase in the hardness when adding GO can only be attrib-
uted to the effects of GO co-deposition. As already described in several
previous research studies, the strengthening effect provided by GO can
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be ascribed to load transfer [26] and the inherent high mechanical
strength of graphene [36]. After the heat treatment an increase in the
hardness is observed for the pure FeW, FeW5-0.1GO and FeW5-0.5GO
samples. Such increase in the hardness of the samples can be related
to the microstructural changes occurring in the amorphous FeW ma-
trixes when annealing at 400 °C. The formation of nanometric Fe-rich
grains in the amorphous matrix can be hold responsible for the hard-
ness increase, as shown in a previous study [10]. In the case of the FeW5-
1GO sample the as-deposited structure is already largely crystalline, see
XRD results in Fig. 6a. Therefore, the above-mentioned precipitation
strengthening mechanism is not occurring. The observed decrease in
hardness can probably be attributed to grain growth mechanisms and to
increased crystallinity. To confirm such hypothesis EBSD analyses were
performed on the as-deposited and annealed FeW5-1GO samples, and
the acquired EBSD orientation maps are shown in Fig. 10. As can be seen

in Fig. 10, the structure of the as-deposited FeW5-1GO sample is char-
acterized by small equiaxed grains in the proximity of the substrate and
by larger grains forming a globular structure, as already observed in
Fig. 2. The sample has a random texture, as there is no prevalent
orientation in both inverse pole figure maps. After the heat treatment at
400 °C, only small differences can be observed in the structure of the
coating. A reduction in the amount of small and equiaxed grains and also
a reduced amount of low angle grain boundaries (i.e., 3°<x < 10°)
within the larger globular grains can be observed, whereas no evident
difference in grain size is observed. Hence, the increase in crystallinity
after the heat treatment, as revealed from the XRD results, could explain
the decrease in hardness. Also, it can be hypothesized that the high
loading of GO in the FeW5-1GO is more affected by the annealing pro-
cess. A partial thermal reduction of the GO during the annealing treat-
ment would result in the evaporation of adsorbed water and gasses
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Table 6
Corrosion parameters.

Sample -Ecorr, V -jcorr, uA/cm2 Bec (V) pa (V)
Few1l 0,8 29,4 0,15 0,28
FeW5-0.1GO 0,87 7,8 0,07 0,15
FeW5-0.5GO 0,82 5,7 0,13 0,11
FeW5-1GO 0,81 8,5 0,21 0,15

releases (e.g. CO, COy, Hj etc.). This would result in the formation of
small voids and therefore into a worse bonding between the metallic
matrix and the GOs.

The corrosion resistance of the composite coatings was studied using
a 0.1 M NaCl solution and the measured polarization curves are shown
in Fig. 11 whereas the extracted corrosion parameters are listed in
Table 6. A large decrease in corrosion current density (i.e., ~80 %) is
observed for all graphene-containing coatings compared to the pure
FeW coating, see Table 6. The lowest corrosion current density of 5,7
pA/cm? was measured for the FeW5-05GO composite. A slightly lower
corrosion potential is also measured for the composites. Usually, a lower
corrosion potential indicates a higher tendency of the sample to corrode.
However, the hydrogen overvoltage on the FeW surface can vary with
different amounts of GO without there being a direct correlation with
the corrosion rate [11]. In addition, previous corrosion studies on
graphene-containing coatings have shown a similar negative shift in the
corrosion potential of the coatings, which were still characterized by a
lower corrosion current compared to the graphene-free coating [21,37].
With regards to the corrosion mechanism of the Fe-W-GO coatings,
galvanic corrosion should also be considered. As shown in the cross-
section SEM micrographs, the co-depositions of GO resulted in the for-
mations of cavities and cracks that could extend until the Ni seed layer.
The electrolyte passing through the cracks could reach the Ni layer
initiating galvanic corrosion with the Fe matrix. Furthermore, GO itself
is cathodic with respect to Fe and can result into galvanic corrosion with
Fe [38]. This could explain the slight increase in corrosion current
observed for the FeW5-1GO sample as compared to the other two
samples deposited with lower amounts of GO, see Table 6. Despite such
slight increase in the corrosion current for the FeW5-1GO sample, the
corrosion current of the GO-containing coatings is much lower as
compared to the FeW coating. Therefore, similar to what was said earlier
regarding the hardness increase, the observed increase in corrosion
resistance can be related to the incorporation of graphene into the
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coatings, considering the very similar composition and structure be-
tween the graphene-containing and the pure FeW coatings. In particular,
the well-dispersed graphene on the surface of the coatings act as a
barrier to the penetration of the corrosive media and improving the
overall corrosion resistance of the coating [19].

4. Summary and conclusions

In this work, graphene-containing Fe-W coatings were electro-
deposited from a glycolate-citrate electrolyte and graphene oxide in
various concentration. Among the additives tested to stabilize the gra-
phene oxide in the electrolyte, PDDA was selected and used to deposit
the FeW-GO composite coatings with 0.1, 0.5 and 1 g/L of GO. The
composition and structure of the composite coatings were studied using
SEM, XRD and EBSD technique. Raman analyses were used to determine
the presence of graphene in the deposited coatings. The coatings were
also subjected to a 1 h heat treatment at 400 °C to investigate its in-
fluence on the co-deposited graphene and on the hardness of the com-
posites. Finally, the influence of the graphene on the corrosion
resistance of the coatings was also studied. From the results obtained in
this work, the following conclusion can be drawn:

e The addition of 5 g/L of PDDA proved to be effective for the stabi-
lization of GO in the FeW electrolytes and for the deposition of FeW-
graphene composite with an increasing amount of GO: 0.1, 0.5 and 1
g/L. Lower amount of PDDA could also be used to successfully de-
posit composite coatings with 0.1 g/L of GO.

e Raman mapping and SEM analysis confirmed the successful co-
deposition of graphene on the surface and along the cross-section
of the coatings. The graphene in the coatings was retained even
after a 1 h heat treatment at 400 °C.

e The addition of graphene did not alter the composition of the FeW
matrices while the structure of the coatings was minimally changed.
As compared to the amorphous structure of the graphene-free coat-
ings, a slight increase in crystallinity was observed in the FeW5-
0.1GO and FeW5-05GO coatings, whereas a crystalline structure
was observed for the FeW5-1GO.

o The addition of graphene led to an improvement in the hardness of
all the graphene-containing coatings. In the case of the FeW5-0.1GO
and FeW5-0.5GO coatings, the hardness could be further improved
due to the precipitation hardening of the amorphous FeW matrices
by the heat treatment. A decrease in the hardness was observed in the
heat-treated FeW5-1GO due to grain growth and stress relaxation in
the crystalline FeW matrix.

e The addition of graphene also significantly improved the corrosion
resistance of the composite coatings, with a maximum of 81%
decrease in the corrosion current density measured for the FeW5-
0.5GO coating.
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