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Electrodeposition and characterisation of Ni\gelatin microgels coatings

This work focuses on implementing microgels for carrying self-healing substances in
protective coatings. Ni\gelatin microgels coatings were manufactured using
electroplating techniques. Microscopic analysis was carried out to establish the presence
of microgels in the coating. This was followed by an investigation into the influence of
the microgels on the mechanical properties and corrosion resistance of the coatings. The
composite Ni\gelatin microgels coating exhibited better wear resistance and higher
hardness than the plain nickel coating. Electrochemical impedance analysis showed the
difference in the behaviour of the coatings in 3.5 wt. % NaCl solution. With the time of
the immersion, the resistance of the nickel coatings decreased from 28 to 14 kQ c¢cm?,
while the composite coatings increased 5.8 to 10 kQ cm?. At this stage of the research,
only microgels without any active compounds have been used, so no information

related to the self-healing characteristics of coatings is currently available.
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Introduction

The severe and costly damage caused by corrosion continues to push material scientists and
engineers to develop new and more efficient methods for corrosion prevention and protection
in all areas of industry such as aerospace, automotive, energy and structural engineering. One
of the most effective methods for achieving this has been through the application of protective
coatings. The application of such coatings is dependent on the type of coating being applied
(organic or inorganic), the operating conditions and the required service life of the material
during operation. Even though a high-performance quality coating regarding adhesion,
mechanical properties and durability can be achieved, there are various mechanical, chemical
and thermal impacts experienced by products during service that result in the formation of
micro-cracks that lead to premature failure of coating systems [1]. The maintenance and
repair of damaged coatings on a large industrial scale are costly. Because of this, attention and
research have been focused on the development of advanced coatings as a way of providing

more extended service durability and increased corrosion protection of material surfaces.



Since the development of smart materials, there has been an increasing demand for materials
to exhibit additional multifunctional properties [2]. The ability of such materials to self-repair
damage caused by external mechanical or chemical damage is a highly attractive feature. The
emergence of smart coatings has led to a new generation of protection systems. Rather than
act as just a barrier between the substrate and the environment, smart coatings are designed to
respond to the environment and aid in enhancing the coatings life and functionality by self-

repairing defects and cracks.

At present, the primary focus has been on the manufacture of coatings with micro- or nano-
capsules containing active substances, like corrosion inhibitors [3-5]. These capsules consist
of a solid polymeric shell that house a liquid core. When the coating becomes damaged due to
physical, internal or external stresses micro-cracks form and propagate through the coating.
This results in rupturing the shell of the capsules and releasing the healing agent, which in
turn reacts with the environment to fill and seal the crack obstructing the penetration of water,
oxygen or corrosive medium from the materials substrate. However, the synthesis complexity
and demand for less environmentally damaging materials has resulted in researchers
considering alternative approaches to microcapsules. A new option currently being
investigated is the use of micron-sized gel particles (microgels). Although research regarding
microgels as a potential carrier for corrosion inhibitors is relatively new, it has shown
microgels to be a suitable alternative for providing coating systems with self-healing
capabilities [6]. The preparation of the gels is much simpler than capsule synthesis and
inhibitor filling as it can be achieved using a single-pot process. Further research supporting
this, is the production and co-deposition of gelatin microgels into a nickel-phosphorous

coating via electroless plating [7].

In this work, the co-deposition of gelatin microgels into a nickel coating applied by
electroplating was investigated. The gelatin microgels could be used as carriers of active

substances, like corrosion inhibitors, and could improve the overall performance of nickel



coatings by the introduction of self-healing properties. Mechanical properties like hardness
and wear resistance, as well as corrosion resistance of the composite Ni\gelatin microgels
coatings, were tested and compared to properties of plain nickel coatings to determine if the
presence of the microgels in the coatings does not influence negatively on their

characteristics.

Materials and methods

Substrate pretreatment

Samples of stainless steel (AISI 306) and copper coupons measuring 25x30x1mm were used
as the cathode for the electrodeposition process. Copper samples were used for SEM
inspection by providing a clear compositional difference between the coating and the

substrate.

A 10% hydrochloric acid solution was used for the activation and removal of scale and oxide
layers presence on both the stainless steel and copper samples before plating. Stainless steel
and copper samples were immersed into the acidic solution at an elevated temperature of
55°C for 1 minute and 30 seconds, respectively. Samples were then thoroughly rinsed and
dipped into de-ionised water. Following the pre-treatment process, samples were immediately

electroplated.

Gelatin microgels preparation

Non-cross-linked gelatin microgels were prepared by modified water-in-oil emulsion method
described in [7] 10% (wi/v) gelatin solution in distilled water was heated to the 40°C and
added dropwise to the paraffin oil preheated to the same temperature. The oil phase was used
with the 1% (v/v) content of nonionic surfactant Span80. The resulting mixture was stirred at
1250 rpm for 15 min to prepare 1:10 (v/v) water-in-oil emulsion and then was cooled in an ice

bath to 4°C. Next, cold acetone, in slight volume excess to the oil phase, was added in order



to dehydrate and separate microspheres from oil. Stirring at 4°C was continued for 1 h. The
obtained microgels were filtered off under reduced pressure with glass microfiber filters
(Whatman Grade GF/A, 1.6 um pore size) and washed several times with cooled acetone,
then air-dried at room temperature. Dry gelatin microgels were thermally cross-linked by

heating at 150°C for 16 h.
Coatings deposition

A nickel sulphamate bath was selected as a suitable electrolyte to aid in the co-deposition and
production of Ni\gelatin microgels composite coatings. The fast deposition rate, low-
temperature capabilities [8], reduced nickel chloride concentration and pH range of solution
offered suitable and adaptable conditions. The composition of the bath and process parameters
for electrodeposition of plain nickel coatings are presented in Table 1. The chloride content
was kept low to achieve minimum stress, without the use of stress-reducing additives. To
obtain composite coatings, 3 g dm™ of gelatin microgels were added to the basic bath. The

bath was magnetically stirred with rpm of 200.

The pH value was selected in reference to optimal conditions of electrodeposition of nickel
from the sulphamate bath to reduce stresses within the deposit [9] and to aid the gelatin

particles with a positive charge [10], which promotes their movement towards the cathode.
Plain nickel and composite coatings had a thickness of around 10 pum.
Zeta potential and particles size measurement

The zeta potential of gelatin microgels was determined with a Malvern Zetasizer-nano in de-
ionised water across a range of pHs including 4, 5, 7 and 10. The pH was adjusted using HCI
or NaOH. A 10-micron filter was used to ensure only particles were dispersed within the

solution. Each measurement consisted of 5 runs and was repeated 5 times for each pH



condition. Prior to the measurement, the system ran a number of background scans to

eliminate any background noise that may affect the results.

A Malvern Mastersizer 2000 was used to determine the particle size distribution of gelatin
microgels in a 10 micron filtered pH solution of 4, 7 and 10. Before measurement, a
background measurement was performed to eliminate any contamination of background
noise, dust on optics or contaminants floating within the system. The concentration of the
gelatin microgels was of 3 g dm™. The agitation speed of 3000 rpm was investigated, and

each run consisted of 20 measurements. The process was repeated for each pH solution.
Microscopic analysis

The scanning electron microscope, Vega 3 Tescan, was used to examine surface morphology
and coatings’ thickness. The surface morphology was inspected at the top of the as-deposited
coating. The actual coating thickness achieved was determined by examining the cross
sections of nickel-plated copper samples following the BS EN ISO 9220:1995 standard as a
guide. Energy dispersive X-ray microanalysis was employed to analyse the chemical

composition of the coatings through elemental image mapping or spectrum.

A Zeiss — AX10 — Scope Al fluorescent microscope with Zen Lite 2012 software was used to

confirm the presence of microgels in Ni\gelatin microgel composite coatings.
Mechanical properties analysis

Plint Tribology Products TE 66 Micro-Scale Abrasion Tester was used for wear tests. The
tests were performed according to the BS EN ISO 2624:1016. Five samples of each coating
and two control samples of polished, uncoated steel were used. The polished sides of the
samples were tested. A force of 0.2 N was applied in all tests at 80 rpm. A weathered steel
ball of diameter 25 mm was used for all tests. The samples were clamped in place so that no

free movement can take place. An abrasive slurry was used between the ball and the sample



surface, which was automatically fed through plastic tubing. All tests were non-perforating

and consisted of 160, 200 and 400 revolutions.

The abrasive wear rate K¢ was calculated using the equation (1), where R is the radius of the

ball; b is the crater diameter; S is the sliding distance and N is the normal load.
K = mxb"\64xRxSxN (1)

The Vickers microhardness test was performed on a flat surface and a cross-section of
coatings. The load of 10 g was used at dwelling time of 15 seconds. Three different samples

of each coating type and an uncoated control sample were tested.
Corrosion analysis

The corrosion resistance of the coatings was evaluated by electrochemical impedance
spectroscopy (EIS). Measurements were carried out in a 3.5% wt. NaCl solution using a
Gamry ParaCell™ Electrochemical Cell Kit connected to a Solartron analytical potentiostat.
A graphite plate was used as the counter electrode. An Ag/AgCl saturated reference electrode
was employed. An area of 2.6 cm? of the coated samples was exposed to the NaCl solution.
The EIS measurements were taken after 0.5, 2, 5, 11, and 20 hours in the corrosive medium
using Modulab XM software. The impedance measurements were conducted at corrosion
potentials and sinusoidal voltage excitation with the amplitude of 10 mV in a frequency range

of 10 kHz to 0.008 Hz.
Results and discussion
Microgels characterisation

The zeta potential of gelatin microgels was investigated to understand the behaviour of the
particles in the solution better and to aid in selecting bath’s composition and parameters for
electroplating. The more acidic solution resulted in the formation of a positive charge layer

across the surface, compared to an alkaline solution that resulted in a negative charge. It is in



agreement with the results described in [10]. Figure 1 shows the effect of pH on the zeta
potential in de-ionised water. Clearly, as the pH of the solution increased the zeta decreased
from 20 mV at pH 4.1 to -20 mV at pH 10. This can be explained by the absorption of H+
and OH- ions on gelatin microgels at lower and higher pH levels, respectively. The increase in
pH results in gradually moving the zeta potential to zero. At the isoelectric point, the net
charge on the surface is highly unstable, and flocculation was likely to occur. The isoelectric
point for gelatin microgels felt between pH 8 and 9. A similarly shaped correlation was
observed for gelatin nanoparticles in a drug delivery study [11]. The low zeta potential values
observed for gelatin microgels may aid in explaining the aggregation of observed within the
bath due to the low repulsive forces exhibited by the particles, which then resulted in a poor

dispersion throughout the coating.

Figure 2 shows the average particle size distribution for pH levels of 4, 7 and 10.
Unexpectedly, the best particle size distribution was found to be achieved at pH 7, close to the
isoelectric point were particles exhibit no charge and are considered highly unstable due to the
extremely low or neutral zeta potential. The electrostatic repulsion forces could have the
minimal effect on the dispersion of particles within the solution since the zeta potential results
showed shallow values below the stable region of +30 mV. Therefore, the dispersion stability
of the particles was affected more by the concentration of the microgels within the solution.
For example, a low concentration would result in an increased distance between particles at
any given point, compared to a high concentration that results in particles in the very close
proximity of one another increasing the chance of aggregation. Microgels swelling or the
clustering of particles together within the bath resulting in larger particles being registered by

the mastersizer may explain the larger particle sizes measured.

Microscopic analysis of Ni\gelatin microgels coating



A successful co-deposition was achieved with geed-distribution-of the microgels distributed
throughout the coating. However, areas of grouped microgels were also observed across the
surface with sections of just nickel coating in between, figure 3 a. The grouping of microgels
is likely due to aggregation within the bath during the plating process. The use of the EDX
allowed a clear distinction to be made between the coating and the substrate material. On
inspection, the coating appeared crack-free and homogenous with the thickness of around 10

pum, figure 3 b.

The fluorescent microscope was used to further confirm the incorporation of gelatin microgels
in the nickel coating. Figure 4 presents the example image of the successful incorporation of

gelatin microgels, highlighted as the white dots scattered across the coating surface.

Mechanical properties of Ni and Ni\galetin microgels coatings

The hardness test results are presented in Table 2. It can be seen that the microhardness of
Ni\gelatin microgels composite coatings was higher than that of pure Ni coating. The
correlation between the strengthening mechanism of the second phase and the microhardness
increment is still not well revealed. The reason for the increase in hardness could be the
reduction of the grain size of the nickel matrix [12, 13]. Specifically, Hall-Petch
strengthening could contribute to an increase in microhardness of Ni\gelatin microgels
composite coatings [14]. In most cases, composite coatings based on metallic matrices have
higher hardness than pure metal coatings because of finer-grained structure and dispersed
particles obstructing the dislocation movement [12]. The growth of microhardness of

composite nickel-based coatings was observed for hard and soft particles inclusion [14-16].

The results of the abrasive wear rates can be seen in Table 3. The abrasive rate of nickel
coatings was lower than that of steel. Within the nickel coatings, Ni\gelatin microgels ones
exhibited better wear resistance. The total weight loss in the pure nickel coating is over one

and a half times that in the Ni\gelatin microgels composite coating. It seems that better wear



resistance of Ni\gelatin microgels composite coating compared to pure Ni coating is a direct
consequence of the increase in surface hardness of the coatings. To conclude, the wear
behaviour of all the coatings is in agreement with the general understanding that the harder

coatings have the higher wear resistance.
Corrosion resistance of Ni and Ni\gelatin microgels coatings

Corrosion resistance of both types of coatings was assessed during 20 hours of immersion in
the 3.5% wt. NaCl solution. The coatings exhibited different behaviour. Plain nickel coating
showed typical active corrosion, without apparent diffusion limitations, as presented in the
Nyquist plot, figure 5 a. The Ni\gelatin microgels coating was characterised by two, poorly
separated, time constants in the Nyquist plot, figure 5 b. For fitting of experimental
impedance spectra, two basic electrical equivalent circuits were employed, figure 6. First of
them, comprised only the resistance of electrolytic solution (Rs), charge transfer resistance
(Rct) and a constant phase element (CPEq) describing the double layer capacitance, figure 6 a.
The second one consisted additionally of the resistance of the electrolytic solution in the
surface layer of the coating (Rcoat) and the electric capacitance of this layer, represented by

another constant phase element (CPEcoat), figure 6 b.

It can be stated that the corrosion resistance of the nickel coating gradually decreased between
0.5 and 20 hours of the exposure to the corrosive medium. That was evidenced by a decrease
of charge transfer resistance, from 28 to 14 kQ cm?, Fig. 7. The corrosion resistance of the
Ni\gelatin microgels coating was one order of magnitude lower at the beginning of the
immersion in NaCl solution, comparing to the Ni\gelatin microgels coating. However, the
direction of changes in the R¢t values was the opposite than in the case of the plain nickel
coating. Between 0.5 and 20 hours of the exposure, Ret increased from 5.8 to 10 kQ cm?,
figure 7. It is likely that due to the dissolution of gelatin microgels, thin layer acting as a

physical barrier was built on the nickel surface. The evolution of the Rcoat Value supported this
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supposition. It also increased, from 570 to 910 Q cm?, between 0.5 and 20 hours of the
immersion, figure 7. The gelatin molecules can form a metal/gelatin complex on the metal
surface utilising backbone amide linkage of the polypeptide chain [17]. Gelatin was also
described as a mixed-type inhibitor of the mild steel corrosion in acidic media. It can block

both the cathodic and anodic reaction sites [18].

This observation may lead to the conclusion that gelatin microgels met the expectations and
did not accelerate the corrosion of nickel. Therefore, the microgels could be used as carriers

of corrosion inhibitors.
Conclusions

The gelatin microgels are promising candidates for the nickel-based coating functionalisation

and can be used as carriers for corrosion inhibitors.

It was demonstrated that the microgels could be co-deposited with the nickel matrix by the
electroplating method. The microgels were detected in the coatings by scanning electron

microscopy and fluorescence microscopy.

EIS measurements showed the beneficial effect of the gelatin microgels on the corrosion
performance of the nickel-coated steel substrate, as the charge transfer resistance of the

composite coatings increased with the immersion time in the corrosive medium.

The Ni\gelatin microgels coatings exhibited enhanced hardness and wear resistance in

comparison to the plain nickel coatings.
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Tables

Table 1. Composition of the electroplating bath and electrodeposition parameters.

Table 2. Results of Vickers microhardness test.

Table 3. Average abrasive wear rates and material volume loss of coatings.

Figure captions

Figure 1. Dependence of zeta potential of gelatin microgels on pH of the solution.

Figure 2. Gelatin microgels size distribution at different pHs.

Figure 3. SEM microphotographs of the Ni\gelatin microgels coating: a) as-deposited surface;

b) cross section mapping (Cu-orange; Ni-yellow; C-blue; Si-green; O-red).

Figure 4. Fluorescence microscope photograph of the Ni\gelatin microgels coating.

Figure 5. Nyquist plots of EIS data obtained from a) the nickel coating and b) the Ni\gelatin

microgels coating.

Figure 6. Models of equivalent circuits proposed for curve fitting of EIS data: a) the nickel

coating and b) the Ni\gelatin microgels coating.

Figure 7. Effect of the exposure time of nickel and Ni\gelatin microgels coatings on the Rt
and Rcoat Values calculated from the data obtained from the fitting procedure of experimental

impedance spectra.
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