A route to a more sustainable nickel
composite electrodeposit, using
turmeric and a new low nickel ion
concentration electrolyte

Richard James Merrill, Liang Wu, John Graves, Jamie Beddow,
Elena Fuentes and Andrew Cobley

Author post-print (accepted) deposited by Coventry University’s Repository

Original citation & hyperlink:

Merrill, R., et al. "A route to a more sustainable nickel composite electrodeposit, using
turmeric and a new low nickel ion concentration electrolyte." Surface and Coatings
Technology (2019): 125024.

https://dx.doi.org/10.1016/j.surfcoat.2019.125024

ISSN  0257-8972
Publisher: Elsevier

NOTICE: this is the author’s version of a work that was accepted for publication in
Surface and Coatings Technology. Changes resulting from the publishing process,
such as peer review, editing, corrections, structural formatting, and other quality
control mechanisms may not be reflected in this document. Changes may have
been made to this work since it was submitted for publication. A definitive version
was subsequently published in Surface and Coatings Technology, Vol 380, (2019)
DOI: 10.1016/j.surfcoat.2019.125024

© 2017, Elsevier. Licensed under the Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International
http://creativecommons.org/licenses/by-nc-nd/4.0/

Copyright © and Moral Rights are retained by the author(s) and/ or other copyright
owners. A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge. This item cannot be reproduced or quoted extensively
from without first obtaining permission in writing from the copyright holder(s). The
content must not be changed in any way or sold commercially in any format or medium
without the formal permission of the copyright holders.

This document is the author’s post-print version, incorporating any revisions agreed during
the peer-review process. Some differences between the published version and this version
may remain and you are advised to consult the published version if you wish to cite from
it.


https://dx.doi.org/10.1016/j.surfcoat.2019.125024
http://creativecommons.org/licenses/by-nc-nd/4.0/

Manuscript cover



A route to a more sustainable nickel composite electrodeposit, using

turmeric and a new low nickel ion concentration electrolyte

R. Merrill®”", L. WU, J. E. Graves?, J. Beddow?, E. Fuentes®, A. Cobley?

®The Functional Materials Research Group, Institute for Future Transport and Cities,

Coventry university, Priory Street, Coventry, CV1 5FB, United Kingdom

b|K4-TEKNIKER, Parke Teknologikoa, C/lfiaki Goenaga 5, 20600 Eibar, Gipuzkoa (Spain)

Abstract: Electrodeposited nickel composites are often used as protective coatings with many
important applications. The filler particles used in these composites can be expensive,
requiring energy-intensive production methods to produce, whilst the composites themselves
are difficult to recycle. The research aim was to use a sustainable filler particle (the spice
turmeric), to produce a more sustainable electrodeposited nickel composite coating and
characterise its properties. A new low nickel ion concentration electrolyte (LICE) was
developed to prevent agglomeration of the turmeric particles in solution. The pure nickel
deposit produced from the LICE electrolyte exhibited analogous hardness and salt spray
corrosion rate to that of pure nickel deposits produced from a Watts electrolyte. The
incorporation of turmeric into the nickel deposit refined the grain structure, increasing the
deposit’s hardness to 536 HV, its salt spray corrosion rate to 189 mm y and increasing the
water contact angle to 104°. The hardness exhibited by the deposits at a turmeric
concentration of 5.0 g/L was equal to or better than many nickel composites reported in the

literature.
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Introduction 1.

Nickel is hard, ductile, ferromagnetic up to 360 °C, highly resistant to corrosion in both water
and air and resists most acids. Nickel is often used as a protective coating, having many
important applications including tubing in desalination plants, aircraft turbine components,
and marine petroleum and chemical processing equipment [1,2]. Electrodeposited nickel is
one of the most widely used surface finishing processes in the electroplating industry, with
over 150,000 tonnes of nickel being deposited globally each year [3,4]. However, for many
high value applications a multi-functional coating is required, and electrodeposited single-
phase nickel coatings may not possess all the desired properties. Composite coatings
generally have multi-functional properties compared to their homogeneous counterparts, with
modified properties that strongly depend on the nature of particles/fibres incorporated and
their effects on the grain structure of the deposit [5-11]. The electrodeposition of nickel
composite coatings has been extensively studied. Lubricant particles such as
polytetrafluoroethylene (PTFE) have been shown to lower the coefficient of friction, and
increase the water contact angle of the deposit [9,12,13]. The electrocodeposition of carbon
nanotubes into a nickel matrix has been shown to reduce the grain size of the deposit and
increase its hardness and wear resistance [10,14,15]. The electrocodeposition of nano-SiC
particles has been shown to reduce the grain size of the deposit increasing hardness, wear
resistance and corrosion resistance [16,17]. The enhancements exhibited by composites over
their single-phase counterparts is not achieved without drawbacks in sustainability.
Composites are extremely difficult to recycle due to their inherent heterogeneous nature, and
the particles electrocodeposited can be expensive and require energy intensive methods to
produce [18]. The development of a nickel electrodeposited composite coating from a

sustainably sourced particle would therefore be of great academic and industrial interest.



One possible source of sustainable particles may be herbs and spices. Herbs and spices have
had many applications throughout history from flavour enhancers and medicines to currency
[19]. Turmeric has received a great deal of scientific interest in recent years due to its
medicinal properties, however its properties as a sustainable filler particle for composites has

not been studied [20-23].

The aim of this research was to develop a more sustainable nickel electrocodeposited
composite. This paper describes for the first time the codeposition of turmeric particles into a
nickel deposit produced from a new low nickel ion concentration electrolyte, and the

characterisation of these deposits.
2.1. Materials and method

Nickel samples were electrodeposited under direct current conditions (DC) at a current
density of 0.04 A /cm? and temperature of 50 °C. An average deposit thickness of 30 pm was
achieved using a plating time of 37.5 min. The electrolytes were stirred throughout deposition
using a 35 x 8 mm PTFE magnetic stirring bar at a speed of 200 rpm. Although low metal ion
concentration electrolytes can exhibit reduced limiting cathodic current density, the use of a
new low nickel ion concentration electrolyte (LICE) was necessary to prevent the
agglomeration of turmeric particles. The LICE electrolyte was an aqueous solution with a Ni
ion concentration of 0.58 mol/L, and consisted of 105.0 + 1.0 g/L NiCl..6H20 supplied by
Alfa Aesar, 40.0 + 1.0 g/L NiSO4.6H20 supplied by BDH chemicals Ltd, and 40.0 + 1.0 g/L
H3BO3 (>99.5%) Supplied by Sigma Aldrich UK Ltd, at pH 3.0-3.5. Deposits produced from
the LICE electrolyte were compared to a control deposit produced from a Watts electrolyte
(commonly used throughout industry and academia). The Watts electrolyte was an aqueous
solution with a Ni ion concentration of 1.06 mol/L and consisted of 250.0 + 1.0 g/L
NiS04.6H20, 50.0 + 1.0 g/L NiCl2.6H20, and 40.0 + 1.0 g/L H3BOs (>99.5%), at pH 3.0-3.5.

The experimental setup is illustrated in Fig 1. Although, surfactants introduce environmental



problems such as toxicity to aquatic organisms [24], the use of the non-ionic surfactant Tween
20 was necessary to help prevent re-agglomeration of the turmeric particles in the LICE
electrolyte. Between 1.0 and 10.0 g/L of turmeric supplied by Healthy Supplies UK Ltd was
added to the LICE electrolyte, with 10.0 ml/L of the non-ionic surfactant Tween 20
(Cs8H114026) supplied by Sigma Aldrich UK Ltd. The turmeric was a pre-ground powder,
with a particle size distribution of 90 - 2500 nm and a mean particle size of 1082 + 310 nm.
The turmeric particles were dispersed before deposition by ultrasound from a 20 kHz Sonic
Systems sonic processor P100/3-20 horn model GA99893 for 20 min at a power of 11 W/L
(measured by calorimetry). A 0.9 mm thick brass sheet with a plating area of 25 mm? was
used as the cathode, a pure nickel sheet of equal dimensions was used as the anode. Both
cathode and anode were submerged in an aqueous solution of 10 % Decon supplied by Sigma
Aldrich UK Ltd, at ambient room temperature for 60 s to remove any surface contaminants.
The oxidation layers were removed by submersion in a 3.9 M solution of H,SO4 at ambient
room temperature for 60 s. The cathode and anode were then rinsed with DI water and

immediately placed in the electrolyte.
2.2. Microstructure

Carbohydrates ((CH20)n) are the major component of turmeric at 67 %, other organic
compounds are also present (such as proteins, fats, essential oils, and curcuminoids) [25,26].
The carbon content of the composites was examined at the centre of the deposits, with a GD
Profiler 2 (HORIBA Jobin Yvon) RF Glow Discharge Optical Emission Spectrometer
(GDOES) to assess the successful incorporation of turmeric. The GDOES data was then
compared to a control sample, produced from the same LICE electrolyte but with the absence
of turmeric (LICE electrolyte containing only Tween 20). Microstructure analysis was
performed to assess the effect of turmeric on the grain structure of the deposits. High-
resolution images of the surface of the deposit were obtained using a Zeiss sigma 500 VP

scanning electron microscope (SEM). Grain structure data was obtained using an oxford



instruments AZtec electron backscatter detector (EBSD), at 20 kV and stepping size of 33 nm,
The deposits were cross-sectioned and mounted in PolyFast Struers resin for hot mounts, then
ground with successively finer grit sanding discs until only small parallel scratch marks were
visible. The final polish was performed with OP-S 0.04 um solution. High-resolution images
of the cross-section of the deposits were obtained using an FEI versa 3D FIB-SEM focused
ion beam scanning electron microscope. ImageJ software was used to examine the lon beam

images and calculate the grain size using the line intercept method [27].

Gs = — (1)

Where Gs is the grain size in nm, | is the line length in nm, and n is the number of grains that

intercept the line.
2.3. Properties

Hydrophobic behaviour, hardness and corrosion resistance were examined to quantify the
enhancements the incorporation of turmeric imparted on the deposits. The hydrophobic
behaviour was assessed by measuring the water contact angle (WCA), with a Kruss DSA 100
drop shape analysis system. A droplet of 2.0 ul of DI water was placed at 6 random positions
on the surface of the deposits, 3 separate deposits were used for each sample set and the mean
calculated. The deposits hardness was measured using a Mitutoyo MVK-H1 microhardness
tester, with a Vicker’s indenter. Each deposit was indented at 7 random positions, 3 separate
deposits were used for each sample set and the mean calculated. The average surface
roughness (Ra) of the deposits was measured using a Bruker contour GT white light
interferometer (WLI). Measurements were taken at random positions on each sample, and the
mean calculated from 3 separate deposits of the same sample set. Both electrochemical and
salt spray methods were used to assess the corrosion rate. The electrochemical corrosion rate

was calculated from the extrapolation of the Tafel region of the potentiodynamic curve. A



VoltaLab PST 050 potentiostat was connected to a 3-electrode cell with a Pt counter electrode
(CE) a Hg/Hg2Cl; sat. KCI reference electrode (RE) and the sample as the working electrode
(WE). An exposure area of 10 mm? at the centre of the deposit was obtained for testing by
applying chemical resistant tape. A 0.1 M electrolyte solution of Na,SO4 was used. The open
circuit potential (OCP) was measured, and the potential swept linearly from -200 mV of the
OCP to +200 mV of the OCP in steps of 0.1 mV/s. The log(i) vs E curves were plotted, and
corrosion current (icorr) Obtained at the corrosion potential (Ecorr). The icor Was used to

calculate the corrosion rate (Cr) using equation 2.

C‘R = ‘rf::."r' (2)

Where k is the constant that defines the units of the corrosion rate (3272 mm/yt), Where z is
the atomic mass of Ni, d is the density of the material deposited in g/cm? (8.91 g/cm?), A is
the surface area in cm? (1 cm?), and n is the electron stoichiometry. The salt spray corrosion
rate was measured using an Ascott cc ip 1000 salt spray chamber. The method used was
adapted from ASTM B 117 — 03, Standard Practice for Operating Salt Spray (Fog) Apparatus.
A solution of 5.0 % wt NaCl was used, each deposit was pre-weighed and placed in the salt
spray chamber for 240 hours, the deposits were then washed with deionised water, dried and

re-weighed. The mass lost was used to calculate the corrosion rate using equation 3.

IC'R — kW (3)

Atd

Where k is a constant that defines the units of the corrosion rate (3.45e® m/year), W is the
mass lost in g, A is the area exposed to the salt spray in cm? (2.5 cm?), t is time in hours, and d

is the density of nickel.

3. Results and discussion

3.1 Dispersion



Fig 2. shows a significant reduction in turmeric on the surface of the LICE electrolyte
compared to the Watts electrolyte. The substantial amount of turmeric observed on the surface
of the Watts electrolyte made the deposition of good quality turmeric composites problematic.
The agglomeration of the turmeric particles may have been due to several factors. The ionic
strength of an aqueous electrolyte is known to affect the interaction of particles in solution.
Charge density and ionic concentration can increase the tendency of hydrophobic particles to
aggregate, becoming significant at moderate ion concentrations (0.1-1.0 M) in a process
known as salting out [28-31]. The charge and zeta potential of a particle in solution can also
be influenced by the ionic strength of an electrolyte; which can affect the dispersion of the
particles [32,33]. A decrease in the zeta potential or particle charge can result in reduced
repulsion between particles and increased agglomeration [34,35].

3.2 Surface finish

Fig 3. shows both the pure Watts and LICE deposits exhibited analogous matte grey finish.
Although small pits were present at the edge of both samples, fewer pits were visible in the
deposit produced from the LICE electrolyte. The addition of 10.0 ml/L of Tween 20 to the
LICE electrolyte resulted in a deposit with the brightest finish and no visible pits. The further
addition of turmeric to the LICE electrolyte resulted in dulling of the deposits. All deposits
showed some edge build-up, caused by the current at the edges of the cathode being higher
than the centre [36,37]. The pits present in the pure nickel deposits were likely due to the
formation of Hyg) on the surface of the cathode. The discharge of Hyg) at the cathode is
typical in nickel electrodeposition, usually consuming a small amount of current [38]. The
lack of pits seen in the deposits containing Tween 20 can be attributed to the presence of a
surfactant in the electrolyte. Surfactants can modify the grain structure of a deposit and act as
brighteners. Brighteners can increase the nucleus density of newly formed nuclei and increase
the rate of hydrogen desorption from the cathode [39-44]. The presence of the surfactant in

the electrolyte is also likely responsible for the bright finish exhibited by the LICE deposit



containing just Tween 20. The modifying effect of Tween 20 on the grain structure of the
deposit enhanced the deposit’s smoothness, increasing its brightness [45,45]. The progressive
decrease in brightness thereafter is likely due to an increase in the surface roughness caused

by the incorporation of turmeric.

3.3. Microstructure

The GDOES results presented in Fig 4. show a large spike in carbon content at the surface of
the deposits, which can be attributed to organic surface contaminates. All deposit showed a
thickness of less than 30 um at their centre, which was due to the uneven current distribution
on the cathode. A progressive increase in carbon content was observed from the LICE
deposit containing just Tween 20, to the deposit containing 10.0 g/L of Turmeric. Past
research has shown additives such as surfactants and inert particles can be incorporated into
electrodeposited nickel when present in the electrolyte [45-47]. Particles are transported to the
cathode by a combination of electrophoresis, convection, and diffusion; whereupon they are
absorbed and entrapped in the growing electrodeposit [48]. The carbon content observed in
the LICE deposit containing just Tween 20 was due to the incorporation of the surfactant,
whereas the carbon content in the composite deposits was due to the incorporation of both
Tween 20 and turmeric. The same Tween 20 concentration was utilised for all deposits;
however, the turmeric electrolyte concentration was varied, this suggests that the increase in
carbon content in the composite deposits was due to the increase in turmeric electrolyte
concentration. This is consistent with past research which has shown increasing electrolyte
particle concentration generally results in an increase in deposit particle content until a

saturation point is reached [9,49-51].

High magnification SEM images of the nickel deposits are presented in Fig 5. The SEM
images show the two pure nickel deposits exhibited different crystal morphology. The

literature shows that comparing the surface morphology of a deposit to one with a known



crystallographic orientation allows high magnification SEM images to be used to assess
crystallographic orientation [52]. Although both deposits exhibited pyramidal structure, clear
variations were observed, with the pure nickel deposited from the LICE electrolyte exhibiting
sharper more angular grains. The electrocrystallisation of nickel is known to be a highly
inhibited process due to hydrogen co-deposition [52-54]. Nickel deposited from Watts type
electrolytes display 3 inhibited textures ([110], [210] and [211]) due to the presence of both
atomic and molecular forms of absorbed and colloidal hydrogen in the cathodic interface [52-
55]. The literature shows increasing the CI- ion concentration in a Watts type electrolyte
changes the preferred crystallographic orientation from [110] to [211], and increasing the
S04 ion concentration changes the preferred crystallographic orientation from [110] to
[210], then back again to [110] with further increases [56]. The deposit produced from the
LICE electrolyte containing just Tween 20, exhibited finer grains compared to the pure nickel
deposits, however, microcracks were observed. The presence of microcracks in the deposit is
likely due to increased intrinsic stress. The incorporation of a surfactant into a nickel
electrodeposit is known to modify the grain structure, which can induce excessive brittleness
and increase stress [45-47]. Stress can also be induced after deposition by thermal expansion,
mismatch between substrate and coating, or grain growth if the deposit possesses sufficient
atomic mobility. Microcracks can occur as a result of the release of built-up stress in the
electrodeposit [47,57]. A progressive increase in nodulation was observed with increasing
electrolyte turmeric concentration. The observed nodulation was likely due to the co-
deposition of turmeric into the deposit. Nodules are common in nickel deposits and can be
caused by the incorporation of inert particles, resulting in an uneven current distribution on
the cathode. [58-61]. No microcracks were observed in the deposits containing turmeric,
suggesting the absence of intrinsic stress or a significant reduction. The co-deposition of inert
particles into a deposit is also known to refine the grain structure without introducing the

intrinsic stress caused by surfactants alone [57,62].



EBSD maps of the electrodeposits are presented in Fig 6. lon beam images obtained by FIB-
SEM are presented in Fig 7. and grain size data generated by EBSD and the line intercept
method is presented in Table 2. Both the EBSD maps and the ion beam images showed both
pure nickel deposits exhibited analogous grain structure, showing similar size grains of
mainly columnar crystals with high aspect ratios. The inverse pole figure colour key showed
clear differences in the preferred crystallographic orientation between the samples, which was
consistent with observations made from the SEM images. EBSD data for deposits containing
turmeric could not be obtained. Which may be due to several factors, the polishing method
was insufficient to reduce the roughness, the presence of material in the deposit not detectable
by EBSD (such as turmeric), amorphous deposits or with a grain size smaller than the
minimum stepping size of the EBSD detector (33 nm). The small concentration of turmeric in
the deposit is unlikely to result in large areas being undetectable by EBSD, however, the
presence of turmeric may have made the polishing method insufficient. lon beam images
showed analogous grain structure was exhibited by the LICE deposit containing only Tween
20 and the LICE deposit containing 1.0 g/L of turmeric (which was significantly finer than
either pure nickel deposits). The size of grains exhibited by these deposits was within error of
the minimum stepping size of the EBSD detector, which is likely responsible for the lack of
EBSD data obtained. The significant change in grain structure observed in the LICE deposit
containing only Tween 20 was due to the incorporation of the surfactant into the deposit.
Surfactants can be incorporated into an electrodeposit when present in the electrolyte,
modifying the deposits grain structure [41,44,63]. The significant effect of Tween 20 on the
grain structure of the deposit was responsible for the lack of visual change in grain structure
on the addition of 1.0 g/L of turmeric. Although the incorporation of inert particles into an
electrodeposit can refine its grain structure [64,65], the addition of a small amount of turmeric
thereafter was not sufficient to further reduce the grain size. A further significant change in

grain structure was observed with an increase in turmeric concentration to 5.0 g/L. No



individual grains could be identified in the LICE deposits produce from 5.0 g/L or 10.0 g/L of
turmeric, giving the deposits an amorphous like appearance. This suggests that the deposits
either exhibited grains too small to be identified or the deposits were amorphous. The lack of
EBSD data generated for these two deposits is, therefore, likely due to the samples exhibiting
a grain size smaller than 33 nm or the deposits being amorphous. The significant change in
grain structure observe when the electrolyte turmeric concentration was increased from 1.0
g/L to 5.0 g/L shows that the presence of turmeric had a significant refinement effect on the
grain structure of the deposit. However, the additional increase in turmeric electrolyte
concentration from 5.0 g/L to 10.0 g/L had no further effect, as the maximum grain structure

modification possible had already been achieved.

3.4. Properties

Hardness values for the nickel deposits are presented in Fig 8. The pure nickel deposits
produced from the Watts and LICE electrolyte exhibited similar hardness. A significant
enhancement in hardness was exhibited with the addition of 10.0 ml/L of Tween 20 to the
LICE electrolyte, the further addition of 1.0 g/L of turmeric did not result in increased
hardness. A significant increase in hardness was observed when the turmeric electrolyte
concentration was increased to 5.0 g/L. Although increasing the electrolyte turmeric
concentration thereafter to 10.0 g/L resulted in a small reduction in hardness, this was within
error of the deposit produced from 5.0 g/L of turmeric. The extent of the increase in hardness
observe with the addition of 5.0 g/L of turmeric was greater than that reported in the literature
for WC, SiC, MWCNT, graphene, and alumina particles (Fig 9.) [66-73]. The change in grain
structure was responsible for the enhanced hardness exhibited by the deposits containing
Tween 20 and turmeric. Grain size is a major factor influencing the hardness of an
electrodeposit [40,74-84]. The number of grain boundaries increases as the grain size is
reduced. When sufficient force is applied to the deposit, dislocations build-up at grain

boundaries, either because a barrier to crossing over exists, or a source must be activated in



the next grain boundary. A specific concentration for a given grain is required to initiate slip
into the neighbouring grain boundary. This concentration is most likely achieved through a
dislocation build-up. Stress is higher as the number of dislocations increases;the more
substantial the grain size the quicker the stress is reached. However, this is only true at low

temperatures where creep due to plastic deformation is irrelevant [80,83,84].

The data presented in Fig 10. shows the average surface roughness (Ra) of the nickel deposits
obtained by White Light Interferometry (WLI). Similar Ra values were exhibited by both pure
nickel deposits. The addition of 10.0 ml/L of Tween 20 to the LICE electrolyte resulted in a
reduction in Ra value, which was due to grain structure refinement. A progressive increase in
Ra was observed with increasing turmeric electrolyte concentration thereafter, which was due
to increased surface nodulation. The increased Ra values associated with the deposits
containing turmeric may adversely affect their tribological properties. An increase in Ra
reduces the real area of contact between two surfaces, increasing both local contact pressures
and temperatures [85]. This results in increased friction and likely wear rate when in contact

with another surface if a sliding force is applied [86].

The water contact angles (WCA) of the nickel deposits are presented in Fig 11. Both the pure
nickel deposits and the LICE deposit containing 10.0 g/L of Tween 20, exhibited wetting
behaviour (WCA <90°). The pure nickel Watts deposit and the LICE deposit containing only
Tween 20 exhibited similar WCA. The deposits containing turmeric all exhibited non-wetting
behaviour (>90°), with similar WCA. The surface energy is the primary factor influencing the
WCA of a deposit, with higher surface energy deposits having lower WCA [87-89]. Many
factors can influence the surface energy of a deposit including particle content, grain size,
crystallographic orientation, and surface roughness, with the change in WCA observed in this

research being a combination of all these factors [89-92].



Fig 12. displays a single Tafel plot for each deposit. The mean corrosion currents (icorr)
generated from multiple Tafel plots for each deposit are presented in table 3. With the
electrochemical corrosion rate calculated from icorr presented in Fig 13. Uniformed corrosion
was assumed for all deposits. The pure LICE nickel deposit exhibited a higher
electrochemical corrosion rate when compared to that of the Watts deposit. The Addition of
10.0 ml/L of Tween 20 to the LICE electrolyte resulted in a deposit with the highest
electrochemical corrosion rate. The inclusion of 1.0 g/L of turmeric thereafter resulted in a
small decrease in lcorr and corrosion rate. However, a significant reduction was observed with
an increase in turmeric concentration to 5.0 g/L, further increasing turmeric concentration
resulted in a small increase in corrosion rate. Large variation was observed in icor and
corrosion rates (with overlapping error) for some deposits, indicating a large degree of
deviation in the corrosion properties between individual deposits within the same samples set.
A possible mechanism for the corrosion of nickel in Na;SOs has been proposed in the
literature. The sulphate anion (SO4) is produced by the disassociation of Na;SOa, and at low
anodic potentials is adsorbed onto the surface of the nickel electrode (equation 4). At positive
potentials, dissociated species are generated by the breakdown of the absorbed sulphate layer

(equation 5) [93,94].
Nis) + SO472(ag) = NiSO4ags) + 26" (4)
NiSOugads) = Ni"%(aq) + SO4%(a) (5)

Differences in the surface morphology between the two pure nickel deposits would result in
differences between their adsorption and dissociation rate, which is likely responsible for the
divergence of their corrosion rate. The presence of microcracks in the surface of the deposit
produced from the LICE electrolyte containing 10.0 ml/L of Tween 20, would allow deeper
penetration of the electrolyte into the deposit resulting in increased corrosion. A combination
of grain size reduction and absence of microcracks thereafter is likely responsible for an

increase in the corrosion resistance exhibited by the deposits containing turmeric.



Photographic images of the nickel deposits before and after salt spray analysis are presented
in Fig 14. with the corrosion rate calculated from weight loss presented in Fig 15. Uniformed
corrosion was assumed for all deposits. Visual inspection after 24 hours showed a loss of
lustre for the pure nickel deposits and the deposit produced from the LICE electrolyte
containing only Tween 20. The pattern exhibited by the deposit produced from the LICE
electrolyte containing only Tween 20 was due to how the salt solution ran off its surface.
Little visual difference could be seen in the deposits containing turmeric after 24 hours. After
240 hours, only the deposits produced from the LICE electrolyte containing only Tween 20
and the deposit produce from the LICE electrolyte containing 5.0 g/L of turmeric exhibited
any further visual difference, with the deposits produce from the electrolyte containing 5.0
g/L of turmeric appearing brighter after 240 hours than at the start of the experiment. This
may have been due to the preferential corrosion of surface nodules increasing the smoothness
of the deposit. The anodic and cathodic corrosion half cells for nickel are presented in
equation 6 and 7 respectively. Little self-ionisation takes place in pure water, resulting in
relatively slow corrosion. However, the addition of Na* CI" increases the conductivity of the

solution, significantly increasing corrosion rate [93,95].
Nis) = Ni?*(aq) + 26 (6)
Oz(g) + 4H"(ag) + 4€” = 2H20() (7)

The salt spray corrosion rate of the two pure nickel deposits was similar. Both the deposits
produce from the LICE electrolyte containing only Tween 20 and 1.0 g/L of turmeric showed
a significant reduction in corrosion rate when compared to the two pure nickel deposits. The
deposits produced from the increased addition of 5.0 g/L and 10.0 g/L of turmeric exhibiting a
further significant reduction in corrosion rate (a seven-fold decrease compared to the pure
nickel deposits). The reduction in salt spray corrosion rate shows a strong correlation to the
grain structure of the deposits. When exposed to air the surface of a metal is covered by an

oxide film. In metals such as nickel, the oxide film serves as a protective layer (passivation



layer). Once exposed to an aqueous solution the oxide film may start to dissolve exposing the
bare metal surface (known as an active state). Oxide films tend to be thinner and exposed first
at grain boundaries and particle incursions. An increase in corrosion rate is observed in active
systems with an increase in particle incursions or a decrease in grain size. Oxide films are less
soluble in near neutral solutions, and if inhibiting ions are present the solubility may be
suppressed further. Although oxide films form more rapidly on surfaces exhibiting smaller
grains, oxide films are more stable on surfaces with larger grains. In a passive environment, a

reduction in grain size decreases the corrosion rate.

The disparity between the corrosion rates measured by Tafel extrapolation and weight loss
due to salt spray corrosion is not unexpected, and due to several factors. Although surface
morphology, grain size, and porosity influence the corrosion rate of a material, the electrolyte
Is the primary factor [43,96,97]. Different electrolytes were used for measurements of the
electrochemical corrosion rate and salt spray corrosion rate. The corrosion rate calculated by
Tafel extrapolation is an estimation based on the extrapolation of the linear regions of the
Tafel plot, whereas the corrosion rate calculated from the salt spray is the weight loss due to
corrosion [98,99]. The microcracks in the deposit produced from the LICE electrolyte
containing only Tween 20, maybe more accessible when fully submerged in the electrolyte

than when exposed to the salt spray.

Conclusions

The microstructure and properties of LICE deposits containing varying amounts of turmeric
were studied and compared to that of a pure nickel deposit produced from a Watts electrolyte.
It was found that a uniform turmeric dispersion and good quality nickel deposits can be
achieved when using the LICE electrolyte. The pure nickel deposit produced from the LICE
electrolyte exhibited analogous grain size, hardness and salt spray corrosion rate to that of the
deposit produce from the Watts electrolyte, however, differences in crystallographic

orientation, electrochemical corrosion rate, and WCA were observed. The addition of Tween



20 to the LICE electrolyte significantly affected the deposit’s microstructure and properties,
reducing grain size and increasing both hardness and salt spray corrosion resistance.
However, the presence of Tween 20 also induced microcracking in the deposit (likely due to
increased intrinsic stress), resulting in an increased electrochemical corrosion rate. The
amount of turmeric incorporated into the deposits and the properties of the deposits depended
on the electrolyte turmeric concentration. The addition of a small amount of turmeric (1.0
g/L) to the electrolyte did not result in a significant change in grain size, hardness or salt spray
corrosion rate, however, a small reduction was observed in the electrochemical corrosion rate,
this was likely due to the absence of microcracks. At a turmeric electrolyte concentration of
5.0 g/L, the deposit produced showed a significant change in microstructure, having an
amorphous like appearance or grains too small to be identified. The change in microstructure
resulted in a significant increase in hardness and WCA and a significant reduction in both
electrochemical and salt spray corrosion rate. Although an increase in electrolyte turmeric
concentration to 10.0 g/L did show a small increase in turmeric content in the deposit, no
significant change was observed in the microstructure and properties. These results show that
not only is turmeric a viable sustainable alternative to some of the more commonly used filler
particles, but that the extent of the increase in hardness at such a low particle cost, may make
it superior to WC, SiC, MWCNT, graphene and alumina particles for increasing the hardness
of a nickel deposit [66-73]. However, all nickel turmeric deposits exhibited a significant

increase in surface roughness, which could result in poor tribological properties.



Table 1. Nickel samples electrodeposited from the electrolytes.

Sample Electrolyte Tween 20 | Turmeric Sample description
concentration concentration
ml/l g/L
A Watts 0 0 Pure Ni Watts
B LICE 0 0 Pure Ni LICE
C LICE 10 0 Ni LICE Tween 20
D LICE 10 1.0 Ni LICE 1.0 g/L Turmeric
E LICE 10 5.0 Ni LICE 5.0 g/L Turmeric
F LICE 10 10.0 Ni LICE 10.0 g/L Turmeric




Table 2. Mean grain size of deposits obtained from EBSD and line intercept method. (A)

Watts Ni. (B) LICE Ni. (C) LICE Ni Tween 20. (D) LICE Ni 1.0 g/L turmeric. (E) LICE Ni

5.0 g/L turmeric. (F) LICE Ni 1.0 g/L turmeric.

Sample EBSD data Line intercept data
Grain size Grain size Grain size Grain size
y-axis nm X-axis nm y-axis nm X-axis nm

A 748 + 56 473 +£5 887 + 47 456 + 23

B 811+6 305 + 68 742 + 47 378 +43

C Not detected Not detected 66 £ 50 92 £50

D Not detected Not detected 58 +£50 72 £50

E Not detected Not detected Not detected Not detected

F Not detected Not detected Not detected Not detected




Table 3. Mean icorr Value obtained from Tafel plots. (A) Watts Ni. (B) LICE Ni. C) LICE Ni

Tween 20. (D) LICE Ni 1.0 g/L turmeric. (E) LICE Ni 5.0 g/L turmeric. (F) LICE Ni 10.0

g/L turmeric.
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Fig 1. The experimental set up during electrodeposition.

Fig 2. Top view of beakers containing Watts and LICE electrolytes. (A) Watts electrolyte
with 10.0 g/L of turmeric and 10.0 ml/l of Tween 20. (B) LICE electrolyte with 10.0 g/L of

turmeric and 10.0 ml/I of Tween 20.

Fig 3. Photographic images of surface of nickel coatings. (A) Watts Ni. (B) LICE Ni. (C)
LICE Ni Tween 20. (D) LICE Ni 1.0 g/L turmeric. (E) LICE Ni 5.0 g/L turmeric. (F) LICE

Ni 10.0 g/L turmeric.

Fig 4. Coating composition obtained by GDOES. (A) LICE Ni Tween 20. (B) LICE Ni 1.0

g/L turmeric. (C) LICE Ni 5.0 g/L turmeric. (D) LICE Ni 10.0 g/L turmeric.

Fig 5. SEM images of the surface of electrodeposited nickel coatings. (A) Watts Ni. (B) LICE
Ni. (C) LICE Ni Tween 20. (D) LICE Ni 1.0 g/L turmeric. (E) LICE Ni 5.0 g/L turmeric. (F)

LICE Ni 10.0 g/L turmeric.

Fig 6. EBSD maps of nickel coatings electrodeposited from the following electrolytes. (A)
Watts Ni. (B) LICE Ni. (C) LICE Ni Tween 20. (D) LICE Ni 1.0 g/L turmeric. (E) LICE Ni

5.0 g/L turmeric. (F) LICE Ni 10.0 g/L turmeric. (G) Inverse pole figure colour key.

Fig 7. lon beam images of the cross section of the electrodeposited nickel coatings. (A) Watts
Ni. (B) LICE Ni. C) LICE Ni Tween 20. (D) LICE Ni 1.0 g/L turmeric. (E) LICE Ni 5.0 g/L

turmeric. (F) LICE Ni 10.0 g/L turmeric.



Fig 8. Mean hardness of nickel deposits measure with a Vicker’s indenter. (A) Watts Ni. (B)
LICE Ni. C) LICE Ni Tween 20. (D) LICE Ni 1.0 g/L turmeric. (E) LICE Ni 5.0 g/L

turmeric. (F) LICE Ni 10.0 g/L turmeric.

Fig 9. Comparison of the increase in hardness exhibited by a nickel deposit with the
incorporation of various filler particles. (A) LICE Ni 5.0 g/L turmeric. (B) Ni WC [66,67]. C)

Ni SiC [65,68]. (D) Ni MWCNT [69]. (E) Ni graphene [5]. (F) Ni Alumina [70,71,100].

Fig 10. Average surface roughness (Ra) of the nickel deposits measure by WLI. (A) Watts Ni.
(B) LICE Ni. C) LICE Ni Tween 20. (D) LICE Ni 1.0 ¢g/L turmeric. (E) LICE Ni 5.0 g/L

turmeric. (F) LICE Ni 10.0 g/L turmeric.

Fig 11. Mean WCA of the nickel deposits. (A) Watts Ni. (B) LICE Ni. C) LICE Ni Tween 20.
(D) LICE Ni 1.0 g/L turmeric. (E) LICE Ni 5.0 g/L turmeric. (F) LICE Ni 10.0 g/L

turmeric.

Fig 12. Tafel plots for nickel deposits (A) Watts Ni. (B) LICE Ni. C) LICE Ni Tween 20. (D)

LICE Ni 1.0 g/L turmeric. (E) LICE Ni 5.0 g/L turmeric. (F) LICE Ni 10.0 g/L turmeric.

Fig 13. Corrosion rate of nickel deposits calculate from the mean icorr. (A) Watts Ni. (B) LICE
Ni. C) LICE Ni Tween 20. (D) LICE Ni 1.0 g/L turmeric. (E) LICE Ni 5.0 g/L turmeric. (F)

LICE Ni 10.0 g/L turmeric.

Fig 14. Photographic images of Ni deposits before and after salt spray analysis. (A) Watts Ni.
(B) LICE Ni. C) LICE Ni Tween 20. (D) LICE Ni 1.0 ¢g/L turmeric. (E) LICE Ni 5.0 g/L

turmeric. (F) LICE Ni 10.0 g/L turmeric.

Fig 15. Corrosion rate of Ni coatings measure by salt spray analysis after 240 hours. (A)
Watts Ni. (B) LICE Ni. C) LICE Ni Tween 20. (D) LICE Ni 1.0 g/L turmeric. (E) LICE Ni

5.0 g/L turmeric. (F) LICE Ni 10.0 g/L turmeric.
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