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Abstract 

This thesis describes the development and characterisation of a range of single-phase and 

composite coatings on stainless steel substrates using electrochemical processing routes. 

Electrodeposition and electro co-deposition have been applied to deposit Ni, Ni-A1203  

and Ni-Al films. For electrodeposition of pure Ni the substrate preparation was critical: this 

was optimised by applying different mechanical and chemical treatments to increase the 

substrate/coating adhesion through a mechanical interlocking mechanism. The optimal 

conditions for Ni deposition from a nickel sulphate bath were then determined. Subsequently, 

A1203  particles were added to the plating bath and the influence of the process variables 

(current density, A1203  particle concentration and size) on the amount of A1203  co-deposited 

with Ni was studied. The addition of A1203  modified both the microstructure and the 

crystallinity of the Ni matrix and increased the coating micro-hardness compared to pure Ni. 

Polyetheretherketone (PEEK) and nano-A1203  coatings were successfully deposited on to 

stainless steel substrates by electrophoretic deposition (EPD) from particulate suspensions in 

ethanol. The same method was also applied to produce PEEK-nano-A1203  composite coatings 

for the first time on stainless steel with controlled composition; this composition could be 

tailored by varying the starting suspension concentration. Using an electric field of 15 V•cm"' 

and deposition times of 3 min PEEK-nano-A1203  composite coatings of — 40 gm thickness 

could be produced from suspensions containing 4 wt.% PEEK and 2 wt.% nano-A1203. The 

zeta potentials of the PEEK particles, the nano-A1203  particles and the mixed (diphasic) 

suspensions in ethanol were determined. TEM observation of particles in suspension was used 

together with zeta potential data to demonstrate the electrostatic interaction between PEEK and 

nano-A1203  particles in ethanol and to explain the EPD mechanism for this system. The 

deposition yield was found to increase with increasing deposition time and difference of 

potential applied during EPD. The deposition yield data were employed to produce a neural 

network model that was able to predict the yield from information about the initial deposition 

conditions. A heat treatment at 343°C for 30 minutes was needed to densify the coating and to 

increase the substrate/coating adhesion of pure PEEK and PEEK-nano-A1203  films. The 

addition of nano-A1203  particles decreased the melting temperature and the decomposition 

temperature compared to pure PEEK. Stainless steel substrates coated with the composite films 

exhibited better corrosion resistance in chloride environment than uncoated substrates. 

However composite coatings with high A1203  content (60-80 wt.%) presented poor mechanical 

properties; it was demonstrated that by decreasing the A1203  content to 30 wt.% the mechanical 

properties, in particular hardness, improved. 

The results of the project demonstrated that metal-ceramic and polymer-ceramic 

composite coatings can be developed on metallic substrate by a smart combination of 

electrochemical methods. 
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Figure 4.50 SEM micrograph of a Ni-A1203  composite film deposited applying -10 mA•cm-2  from a 
solution containing 50g/1 of sub-micron-A1203. 

Figure 4.51 SEM micrographs of a Ni-A1203  composite film deposited applying -10 mA•cm-2  from a 
solution containing 50g/l of nano-A1203. 

Figure 4.52 Schematic representation of the electrodes configuration during deposition, and distinction 
between the two sides of the cathode analysed below. 

Figure 4.53 SEM back scattered micrographs of Ni-A1203  composite films deposited applying -10 
mA•cm-2  from solution containing 50 g/I (a and b), 100 g/I (c and d), 150 g/I (e and f) of sub-micron-
A1203. The micrographs on the left are of the side facing the anode and those on the right of the opposite 
side. 

Figure 4.54 SEM back scattered micrographs of Ni-A1203  composite films deposited applying -20 
mA•cm-2  from solution containing 50 g/I (a and b), 100 g/1 (c and d), 150 g/1 (e and 1) of sub-micron-
A1203. The micrographs on the left are of the side facing the anode and those on the right of the opposite 
side. 

Figure 4.55 SEM back scattered micrographs of Ni-A1203  composite films deposited applying -32 
mA•cm-2  from solution containing 50 g/1 (a and b), 100 g/1 (c and d), 150 g/1 (e and f) of sub-micron-
A1203. The micrographs on the left are of the side facing the anode and those on the right of the opposite 
side. 

Figure 4.56 FIB micrographs of Ni-A1203  composite films deposited applying -10 mA•cm-2  from solution 
containing a) and b) 50 g/1, c) and d) 100 g/1, e) and 1) 150 g/l of nano-A1203. The micrographs on the left 
are of the side facing the anode and those on the right of the opposite side. 

Figure 4.57 FIB micrographs of Ni-A1203  composite films deposited applying -20 mA•cm-2  from solution 
containing a) and b) 50 g/l, c) and d) 100 g/1, e) and f) 150 g/1 of nano-A1203. The micrographs on the left 
are of the side facing the anode and those on the right of the opposite side. 

Figure 4.58 FIB micrographs of Ni-A1203  composite films deposited applying -32 mA•cm2  from solution 
containing a) and b) 50 g/I, c) and d) 100 g/l, e) and 1) 150 g/1 of nano-A1203. The micrographs on the left 
are of the side facing the anode and those on the right of the opposite side. 

Figure 4.59 a) FIB micrographs and b) SIMS Al mapping of the same area of a Ni-A1203  composite films 
deposited applying -10 mA•cm-2  from a solution containing 150 g/1 of nano-A1203  . 

Figure 4.60 High resolution FIB micrograph of a Ni-A1203  composite films deposited applying -20 
mA•cm-2  from a solution containing 150 g/1 of nano-A1203. 

Figure 4.61 FIB-SIMS images showing a) first and b) second ramp milled around the section to be lifted 
out, c) and d) the two sides of the section when the detachment from the sample was completed a part 
from the connection bridge. 

Figure 4.62 FIB-SIMS images showing a) the needle in contact with the section and a Pt bridge between 
them, b) the section completely free and detached from the rest of the sample. 

Figure 4.63 FIB-SIMS images showing a) the section attached with Pt to the needle and to the Cu stem 
b) the section attached to the Cu stem. 

Figure 4.64 a) Secondary electron and b) secondary ion images of the same surface. In a) few apparent 
voids are visible and pointed out by arrows; they are not visible in the ion image reported in b). c) Al 
and d) 0 SIMS mapping of the same side of the lift out section. 

Figure 4.65 3D-reconstruction of a Ni-sub-micron-A1203  film with the dark areas being the A1203. 

Figure 4.66 Effect of the A1203  concentration in the electrolyte on the vol.% of a) sub-micron-A1203  and 
b) nano-A1203  embedded into the films for different current densities. 

Figure 4.67 Effect of the current density on the vol.% of a) sub-micron-A1203  and b) nano-A1203  
embedded into the films for different A1203  concentrations in the electrolyte. 

Figure 4.68 Schematic illustration of different particle incorporation in electro co-deposition. a) At slow 
metal growth rate more particles can reach the surface and be embedded. b) At high metal growth rate 
less particles can be embedded in the growing film (redrawn from ref. [76]). 

Figure 4.69 XRD spectra of coatings deposited applying a current density of -10 mA•cm-2  from A) a 
nickel bath and a nickel bath containing B) 50, C) 100 and D) 150 g/l of sub-micron A1203  particles. 

Figure 4.70 Micro-hardness of pure Ni, a) Ni-sub-micron-A1203  and b) Ni-nano-A1203  composite films 
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for different concentrations of A1203  in the electrolyte and different current densities. 

Figure 4.71 Potentiodynamic curves of a) stainless steel, b) pure Ni films, c) Ni-sub-micron-A1203  and d) 
Ni-nano-A1203  films in 0.1 M NaCI solution. 

Figure 4.72 SEM micrographs of pitting corrosion on a) pure Ni films, b) Ni-sub-micron-A1203  and c) 
Ni-nano-A1203  films after the corrosion test carried out in 0.1 M NaCI solution. 

Figure 4.73 Polarisation curves of stainless steel, pure Ni films, Ni-sub-micron-A1203  and Ni-nano-A1203  
films in 0.1 M H2SO4  solution. 

Figure 4.74 Images of nickel composite coatings deposited on stainless steel ground with 800 grit SiC 
paper after tape test a) 0% detachment and b) <5% detachment, as indicated by the arrow. 

Figure 4.75 XRD analysis of the Al powder 

Figure 4.76 SEM image of Al particles used for the co-deposition of Ni-Al composite coatings showing 
their shape and size. 

Figure 4.77 a) low magnification, b) high magnification and c) back scattered (lighter phase is Ni and the 
darker one is Al) SEM images of a Ni-Al composite coatings deposited applying a current of -32mA- cm-
2  from a nickel sulphate bath containing 100 g/1 of Al particles. The arrows in b) show Al particles 
partially embedded in the Ni film. 

Figure 4.78 SEM back scattered images of a Ni-Al coating deposited applying a current density of -32 
mA-cm-2 from a nickel sulphate bath containing 100 g/1 of Al particles. 

Figure 4.79 Surface morphology of a Ni-Al film deposited applying a current density of 450 mA•em-2  
from a nickel sulphamate bath containing 120 g/1 of Al powder showing white Ni growth on an Al 
particle (reproduced from ref. [59]). 

Figure 4.80 Back scattered SEM micrographs of a) the cross section of a hydrogen pit in a Ni-sub-
micron-A1203  coating deposited from a solution containing 100 g/1 of sub-micron-A1203  applying -20 
mA•cm-2, b) the A1203  distribution around a hydrogen pit in a Ni-sub-micron-A1203  coating deposited 
from a solution containing 50 g/I of sub-micron-A1203  applying -10 mA • cm-2. 

Figure 4.81 SEM back scattered micrograph showing the Al distribution around a hydrogen pit in a Ni-Al 
coating deposited from a solution containing 100 g/1 of Al powder applying -32 mA•cm-2 . 

Figure 5.1 Image of the experimental set up employed to perform electrophoretic deposition in parallel 
configuration. 

Figure 5.2 Images of the cylindrical configuration employed in some of the EPD experiments, a) out of 
the cell and b) immersed in the suspension. 

Figure 5.3 SEM image showing the morphology and size of the PEEK particles. 

Figure 5.4 Particle size distribution of the PEEK powder in ethanol. 

Figure 5.5 XRD analysis showing the crystallinity of the PEEK powder as received. 

Figure 5.6 Change in weight of the PEEK sample with the increase of temperature (TGA) at heating rate 
of 10°C•min''. 

Figure 5.7 a) Temperature vs time, b) Heat flow vs time and c) Heat flow vs temperature graphs obtained 
from DTA of PEEK powder with at heating rate of 10°C•min-1. 

Figure 5.8 DSC analysis of the pure PEEK powder. 

Figure 5.9 Zeta potential vs pH of a 3 wt.% PEEK suspension in ethanol. 

Figure 5.10 Zeta potential of a PEEK suspension in ethanol as published by Wang et al. [187]. 

Figure 5.11 6 wt.% PEEK suspension in ethanol 2 min after the stirring was stopped showing abundant 
PEEK sedimentation on the bottom of the cell (arrow). 

Figure 5.12 PEEK coatings deposited from 6 wt.% suspension in ethanol applying 40 V for 90 s with the 
two electrodes at 2 cm distance. 

Figure 5.13 a) PEEK coatings deposited from a 6 wt.% suspension applying 56.4 V for 30 s with the 
cylindrical electrode configuration and 1.7 cm distance between the electrodes, as schematically shown 
in b). The substrate was previously ground with 120 grit SiC paper. 
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Figure 5.14 PEEK coatings deposited from a 6 wt.% suspension in ethanol applying a) 15.0 V for 5 min 
and b) 8.0 V for 7 min with the two parallel electrodes at the distance of 2 cm. 

Figure 5.15 Coatings deposited from a 1 wt.% PEEK suspension in ethanol with a distance between the 
electrodes of 0.8 cm and applying a difference of potential of 56.4 V. From left to right the deposition 
times were 1, 3, 5 and 7 min. 

Figure 5.16 Current intensity vs time measured during EPD from a 6 wt.% PEEK suspension in ethanol 
for different electric fields with the two electrodes separated from 1.5 cm. 

Figure 5.17 SEM images of a coating deposited from a 6 wt.% PEEK suspension in ethanol keeping the 
electrodes at 2 cm distance and applying a difference of potential of 8.0 V for 7 min at a) low, b) medium 
and c) high magnification, showing coating morphology and microstructure. 

Figure 5.18 Images of two PEEK coatings after heat-treatment at 343°C for 30 min with a heating rate of 
10°Gmin-1. The circle in b) shows part of the substrate left uncovered after heat-treatment. 

Figure 5.19 Images taken with a heating microscope of the same PEEK cubic pellet a) at 25°C and b) 
345°C with a heating rate of 10°C•min' and showing the shrinkage of PEEK with temperature. 

Figure 5.20 Image of a coating deposited from 1 wt.% PEEK suspension applying 56.4 V for 7 min with 
0.8 cm distance between the electrodes. The substrate employed was already coated in the same 
conditions and heat-treated at 343°C for 30 min with a heating rate of 10°C•min-1. 

Figure 5.21 Representation of the first PEEK coating and of both coatings schematically showing how a 
uniform coating can be achieved. 

Figure 5.22 Images of the specimen coated twice and heat-treated at 343°C for 30 min with a heating rate 
of 10°C•min-1; a) flat substrate and b) substrate bent after heat-treatment. 

Figure 5.23 SEM images of the second PEEK coating heat-treated at 343°C for 30 min with a heating 
rate of 10°C•min-I , a) top view at x 200, b) top view at x 500 and c) cross section. 

Figure 5.24 3D plot of the major area of the stainless steel AISI 316L surface obtained by white light 
interferometry (Zygo®). 

Figure 5.25 XRD analysis showing a comparison between the crystallinity of the PEEK powder as 
received and after heat-treatment at 343°C for 30 min with a heating rate of 10°C•min-I . 

Figure 5.26 Zeta potential vs pH of a 3 wt.% nano-A1203  suspension in ethanol. 

Figure 5.27 Zeta potential of A1203  (phase not stated) in ethanol as a function of the operational pH, as 
reported in ref. [137]. 

Figure 5.28 Zeta potential of A1203  (phase not stated) in ethanol as a function of pH, as reported by Chen 
et al. [178]. 

Figure 5.29 Zeta potential and electrical conductivity of 7-A1203  suspension in ethanol as a function of 
pH, as reported in ref. [180]. 

Figure 5.30 Image of an alumina coating deposited from a 3 wt.% nano-A1203  suspension applying 40 V 
for 5 min between two parallel electrodes at the distance of 2 cm and dried in a dessicator for 24 h. 

Figure 5.31 Current intensity vs time measured during EPD from a 3 wt.% nano-A1203  suspension in 
ethanol for different voltages with the two electrodes at 2 cm distance. 

Figure 5.32 a) SEM and b-c) FEG-SEM images of an A1203  coating deposited from a 3 wt.% nano-A1203  
suspension applying 40 V for 5 min with 2 cm electrode distance and dried in a dessicator for 24 h. a) 
and b) are low magnification images showing deep cracks, c) is a high magnification image showing the 
organisation of the nano-A1203  particles. 

Figure 5.33 Zeta potential vs pH of a 3 wt.% PEEK-3 wt.% nano-A1203  suspension in ethanol. 

Figure 5.34 Zeta potential vs pH of a 4 wt.% PEEK-2 wt.% nano-A1203  suspension in ethanol. 

Figure 5.35 Zeta potential vs pH of a 5 wt.% PEEK-1 wt.% nano-A1203  suspension in ethanol. 

Figure 5.36 Graph showing the Zeta potential vs pH for A1203, PEEK, 3P-3A, 4P-2A and 5P-lA 
suspensions in ethanol. 

Figure 5.37 Model representing the interactions taking place between the oppositely charged PEEK 
particles and nano-A1203  particles in suspension. 

Figure 5.38 TEM images of the 4P-2A suspension: a) and b) images from the suspension and c) image 
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from the dried powder embedded in resin, showing a) the nano-A1203  powder suspended alone, b) and c) 
the interactions PEEK-nano-A1203  particles. 

Figure 5.39 Images of two coatings deposited from a 3P-3A suspension applying a difference of potential 
of 30 V for a) 4 min and b) 5 min. 

Figure 5.40 Current intensities as function of deposition time when differences of potential of 20, 30 and 
40 V were applied during EPD from 3P-3A suspensions. 

Figure 5.41 Images of samples deposited from a 4P-2A suspension applying a difference of potential of 
40 V for 1 (on the left), 3 (in the centre) and 5 min (on the right). 

Figure 5.42 Weight increase of PEEK-nano-A1203  coatings deposited from a 3P-3A suspension applying 
20, 30 and 40 V for different deposition times. 

Figure 5.43 Weight increase of PEEK-nano-A1203  coatings deposited from a 4P-2A suspension applying 
20, 30 and 40 V for different deposition times. 

Figure 5.44 Weight increase of PEEK-nano-A1203  coatings deposited by EPD from a 3P-3A suspension 
as a function of the potential difference and the deposition time. 

Figure 5.45 Weight increase of PEEK-nano-A1203  coatings deposited by EPD from a 4P-2A suspension 
as a function of the potential difference and the deposition time. 

Figure 5.46 The artificial neural network for studying weight versus deposition time and voltage 

Figure 5.47 Calculated data versus experimental data obtained for some set of epochs, hidden layers and 
neurons during the optimization for the 3P-3A and 4P-2A systems. 

Figure 5.48 Combined effect of the electric field (voltage) and the deposition time on the deposition 
yield for the 3P-3A system, calculated using the neural model developed applying the optimized settings 
(1000 epochs, two hidden layers and 20 artificial neurons for each layer). 

Figure 5.49 Combined effects of the electric field (voltage) and the deposition time on deposition yield 
for the 4P-2A system. These data were calculated using the neural model developed with the best 
settings: 1000 epochs, two hidden layers with 20 artificial neurons each. 

Figure 5.50 Change in weight of a 3P-3A sample with increasing temperature (TGA). 

Figure 5.51 SEM images of the top surface of a PEEK-nano-A1203  coating deposited from a 3P-3A 
suspension showing the microstructure at a) x180, b) x250, c) x800, d) x6600, e) a PEEK particle 
covered by nano-A1203  particles and f) the distribution of the nano-A1203  particles on a PEEK particle. 

Figure 5.52 SEM images of PEEK-nano-A1203  film deposited from a 4P-2A suspension. a) and b) top 
surface showing a) the microstructure and b) the high resolution organization of the nano-A1203  particles 
on a PEEK particle, c) the cross section. 

Figure 5.53 SEM images of PEEK-nano-A1203  film deposited from 5P-IA suspension showing the 
microstructure at a) x200, b) x750, c) and d) the distribution of the nano-A1203  on PEEK particles. 

Figure 5.54 DSC analyses of pure PEEK powder and PEEK-nano-A1203  composite powders. 

Figure 5.55 Comparison between the weight variations with the temperature of PEEK-nano-A1203  
composite powders with different amounts of PEEK (TGA analysis). 

Figure 5.56 Comparison between the heat flow variations with the temperature of PEEK-nano-A1203  
composite powders with different amounts of PEEK (DTA analysis). 

Figure 5.57 Images of a) sample deposited from the 3P-3A, b) the 4P-2A, and c) the 5P-1A suspension 
and heat-treated at 343°C with a heating rate of 10°C•min-1  and 30 min holding time. 

Figure 5.58 Image of a sample coated using the 4P-2A suspension and heat-treated at 343°C with a 
heating rate of 10°C•min-' and 30 min holding time. After the heat-treatment step the coating was 
manually scratched with a plastic pointy object to qualitatively test the substrate/coating adhesion. 

Figure 5.59 SEM images of PEEK-nano-A1203  films deposited from the 4P-2A suspension and heat-
treated at 343°C with a heating rate of 10°C•min' and 30 min holding. a) at x500, b) at x2500, c) 
showing a PEEK particle surrounded by nano-A1203  and d) the microstructure of the nano-A1203  top 
layer. 

Figure 5.60 SEM images of a film deposited from the 4P-2A suspension and heat-treated at 343°C with a 
heating rate of 10°C-min-1  and 2 h holding time. a) low and b) high magnification. 
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Figure 5.61 SEM images of a film deposited from the 4P-2A suspension and heat-treated at 343°C with a 
heating rate of 10°C•min-I  and 5 h holding time. a) low and b) high magnification. 

Figure 5.62 SEM images of a film deposited from the 4P-2A suspension and heat-treated at 343°C with a 
heating rate of 10°C-min' and 20 h holding time. a) low and b) high magnification. 

Figure 5.63 Image of pellets containing from left to right: 20 wt.% PEEK-80 wt.% nano-A1203, 40 wt.% 
PEEK-60 wt.% nano-A1203, 70 wt.% PEEK-30 wt.% nano-A1203  and pure PEEK prepared by manually 
pressing the powder in a cylindrical die and heat-treated at 343°C for 30 min with a heating rate of 
10°C•mitil. 

Figure 5.64 PEEK-nano-A1203  composite film deposited from a 4P-2A suspension and heat-treated at 
400°C with a heating rate of 10°C•min' and 2 hours holding time. 

Figure 5.65 SEM images of a film deposited from the 4P-2A suspension and heat-treated at 400°C with a 
heating rate of 10°C•min-land 2 h holding time. a) low and b) high magnification. 

Figure 5.66 a) Sample deposited from the 4P-2A suspension and heat-treated at 343°C with a heating 
rate of 10°C•min-1  and 20 h holding time, b) The same sample after manually scratching the surface with 
a plastic pointy object to qualitatively test the substrate/coating adhesion. 

Figure 5.67 SEM images of the cross sections of films deposited from the 4P-2A suspension and heat-
treated a) at 343°C for 5 h with a heating rate of 10°C•min"' b) at 400°C for 2 h with a heating rate of 
10°C•min'. 

Figure 5.68 Image of a PEEK coating heat-treated at 400°C for 2 h with 10°C•min'' heating rate with 
arrows showing the partially decomposed PEEK. 

Figure 5.69 SEM images of a film deposited from a 5P-1A suspension and heat-treated at 343°C with a 
heating rate of 10°C•min' and 30 min holding time. a) low and b) high magnification. 

Figure 5.70 XRD spectra of A) pure PEEK powder (P indicates the main PEEK peaks), and pellets 
containing B) 70 wt.% PEEK-30 wt.% nano-A1203, C) 40 wt.% PEEK-60 wt.% nano-A1203  all heat-
treated at 343°C with a heating rate of 10°C-min-1  and 30 min holding, D) pure nano-A1203. For clarity, 
scans A, B and C have been displaced upward by 3000, 2000, 1000 cps, respectively. 

Figure 5.71 Residual depth profiles of the scratches carried out on PEEK and PEEK-nano-A1203  coatings 
deposited from 3P-3A, 4P-2A and 5P-1A suspensions applying a progressive load between 0 and 20 N. 

Figure 5.72 Surface maps of the scratch tracks left on a) pure PEEK and b) 3P-3A coatings applying a 
progressive load between 0 and 20 N. The images were obtained by white light interferometry (Zygo®). 

Figure 5.73 a) Image of the two layers PEEK-nano-A1203  sandwich pellets after heat-treatment. b) SEM 
images of the contact area between PEEK and nano-A1203  in the sandwich pellets and b) SEM image of 
the PEEK side. 

Figure 5.74 Micro-hardness values obtained from pure PEEK and PEEK-nano-A1203  composite pellets 
with increasing nano-A1203  content. 

Figure 5.75 Compressive stress-strain curves for PEEK-nano-A1203  composite pellets (20 wt% PEEK-
80 wt.% nano-A1203, 40 wt.% PEEK-60 wt.% nano-A1203  and 70 wt.% PEEK-30 wt.% nano-A1203) 
tested at room temperature. Note that pure PEEK has compression strength of 130-170 MPa [190]. 

Figure 5.76 Images of the pellets after the compression strength test: a) 20 wt.% PEEK-80 wt.% nano-
A1203, b) 40 wt.% PEEK-60 wt.% nano-A1203  and c) 70 wt.% PEEK-30 wt.% nano-A1203. 

Figure 5.77 Potentiodynamic curves in 0.1 M NaCl solution of a) uncoated 316L stainless steel, b) pure 
PEEK films and composite coatings deposited from c) 5P-1A, d) 4P-2A and e) 3P-3A suspensions. 

Figure 5.78 Image of a PEEK film after electrochemical measurement showing severe crevice corrosion 
and detachment of the coating from the substrate. 

Figure 5.79 Images of a) a 3P-3A film after cutting and b) after tape test. 

Figure 5.80 Images of a) a 4P-2A film after cutting and b) after tape test, showing both the tape and the 
film left on the substrate. 

Figure 5.81 Images of a) a 5P-1A film and b) the tape used for the tape test, both pictures were taken 
after the test. 

Figure 5.82 Image of a pure PEEK film and the tape used for the tape test, both pictures were taken after 
the test. 
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Figure 5.83 SEM images of a part of a 4P-2A film peeled off during the tape test showing a) a low 
magnification image of the part detached showing holes (arrows) with shape similar to PEEK particles 
and b) high magnification image showing the high nano-A1203  content. 

Figure 5.84 Image of a pure PEEK film after immersion in 0.1 M NaCI solution for 1 week and 
following the tape test. 

Figure 6.1 Fit to Kikuchi pattern for nickel reflections recorded from a pixel on a FIB milled and 
polished surface. 

Figure 6.2 Grain lattice orientation maps of a Ni coating, with each colour representing a grain obtained 
with a FIB instrument equipped with electron backscatter diffraction (EBSD). The picture is pixeleted 
because of the resolution employed (25 nm). 

Figure 6.3 a) Image of a PEEK-nano-A1203  (4P-2A) film deposited on a metallic cylindrical tube and b) 
SEM image of a NiTi wire coated with PEEK-nano-A1203  film by EPD using a 4P-2A suspension. Both 
coatings were sintered at 343°C with a heating rate of 10°C•min-1 and 30 min holding time. 

Figure A.1 Optical microscopy picture of the as-received 2 mm thick stainless steel substrate. 

Figure A.2 Bearing ratio plots of the as-received surface of the 2 mm thick stainless steel substrate. 

Figure A.3 3D plot of the surface of the as-received 2 mm thick stainless steel AISI 316L substrate. This 
area is 1.46 mm x 1.10 mm and the height of the block is 80 gm. 

Figure A.4 Optical microscopy picture of the 2 mm thick stainless steel substrate surface polished with 1 
gm diamond paste. 

Figure A.5 Bearing ratio plots of the 2 mm thick stainless steel substrate polished with 1 gm diamond 
paste. 

Figure A.6 3D plot of the surface of the 2 mm thick stainless steel substrate polished with 1 gm diamond 
paste. This area is 1.46 mm x 1.10 mm and the height of the block is 80 gm. 

Figure A.7 Optical microscopy picture of the 2 mm thick stainless steel substrate surface polished with 3 
gm diamond paste. 

Figure A.8 Bearing ratio plots of the 2 mm thick stainless steel substrate polished with 3 gm diamond 
paste. 

Figure A.9 3D plots of the surface a) in point 1, b) in the major area of the 2 mm thick stainless steel 
AISI 316L substrate polished with 3gm diamond paste. Each point has an area of 1.46 mm x 1.10 mm 
and the height of the block is 80 gm. 

Figure A.10 Optical microscopy picture of the 2 mm thick stainless steel substrate surface ground with 
800 grit SiC paper. 

Figure A.11 Bearing ratio plots of the surface of the 2 mm thick stainless steel substrate ground with 800 
grit SiC paper. 

Figure A.12 3D plot of the surface of the 2 mm thick stainless steel AISI 316L substrate ground with 800 
grit SiC paper. This area is 1.46 mm x 1.10 mm and the height of the block is 80 gm. 

Figure B.1 Bearing ratio plots of the as-received stainless steel substrate surface before and after 
chemical etching with 10% H2SO4  for 30 s. 

Figure B.2 Bearing ratio plots of the stainless steel AISI 316L substrate surface ground with 800 grit SiC 
paper before and after chemical etching with 10% H2SO4  for 30 s. 

Figure B.3 Bearing ratio plots of the as-received stainless steel substrate surface before and after 
chemical etching with 18% HCI for 5 min. 

Figure B.4 Bearing ratio plots of the surface of the stainless steel substrate ground with 800 grit SiC 
paper before and after chemical etching with 18% HCI for 5 min. 

Figure B.5 Bearing ratio plots of the as-received stainless steel AISI 316L substrate surface before and 
after chemical etching with 25% HNO3  for 10 s. 

Figure B.6 Bearing ratio plots of the stainless steel substrate surface ground with 800 grit SiC paper 
before and after chemical etching with 25% HNO3  for 10 s. 
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1. Introduction 

For many years the deposition of coatings on materials has been employed to improve or 

change the substrate appearance and/or properties. For example, the characteristics of a low-

cost substrate, such as a metal or an alloy, can be enhanced by the deposition of coatings with 

suitable properties, such as higher hardness, wear, corrosion and oxidation resistance. With the 

same purpose, the deposition of composite coatings, i.e. formed by the combination of two 

classes of materials, has recently attracted considerable attention. Composite coatings, e.g. 

metal-ceramic and polymer-ceramic coatings, have found many applications for their wear 

resistance, higher hardness and protective function against oxidation and corrosion. Depending 

on the components other functional properties, e.g. bioactivity, surface reactivity, etc., can be 

obtained by depositing adequate coatings. The physical and mechanical properties of 

composites depend also on the amount and distribution of the second phase in the matrix and 

on the shape and size of the included phase. These four variables can be varied together with 

the matrix material to produce composites with tailored properties. In particular, the use of 

particles as reinforcement and the availability of sub-micron and nano powders have led to the 

production of composites with improved properties due to the highest interface area between 

reinforcement and matrix compared to conventional micron size powders. The use of sub-

micron and nanoparticles has expanded the potential applications of composite films in micro-

devices [1-3]. 

Coating technologies involve processes at high temperatures (e.g. chemical vapour 

deposition [4] and thermal spraying [5-13]), as well as low-temperature techniques (e.g. 

electrochemical methods [14-23]). The electrochemical techniques present a number of 

advantages over the other methods, such as low cost of the equipment, ability to produce thin 

films on substrates with large sizes and complex geometries, low temperature and ambient 

pressure processing that avoids problems and costs associated with high temperature and low 

pressure processes. Moreover electrochemical methods, including electrodeposition, electro co-

deposition and electrophoretic deposition, can be employed to produce a great variety of 

coatings and composite coatings. Some of these methods, however, such as electrophoretic 

deposition, may need a high temperature stage to aid densification of the coating. 

The aim of this project is to investigate in detail the deposition of Ni-A1203  and 

polyetheretherketone (PEEK)-A1203  composite films onto stainless steel by electro co-

deposition and electrophoretic deposition, respectively. The evaluation of the effects that each 

process parameter plays on the microstructure, the composition and the properties of the 

coatings is fundamental to optimise the experimental conditions to deposit dense coatings free 

from pores and other microstructural defects. Ni-A1203  composite coatings were chosen for 

their relative high hardness, yield strength, tensile strength, corrosion and wear resistance and 

PEEK-A1203  composite films because they should provide relatively high thermal stability, 
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hardness, elastic modulus and tensile strength and should increase the wear resistance 

compared to pure PEEK coatings. These latter composite coatings have never been produced 

before, but few studies have been carried out on bulk composite materials with PEEK matrix 

and A1203  inclusions [3, 24-29]. 

This thesis is divided into six chapters presenting the experimental details for the 

electrochemical deposition of composite films, the results achieved and their evaluation and 

discussion. Chapter 2 presents an overview of the electrochemical methods employed in this 

research: electrochemical deposition, electro co-deposition and electrophoretic deposition and 

reviews the literature with a focus on the deposition of pure nickel, alumina and PEEK films as 

well as Ni-A1203, Ni-Al and PEEK-A1203  composites. Chapter 3 describes the characterization 

techniques employed in this research, with particular emphasis on the specific instruments and 

facilities used. Chapters 4 and 5 describe the deposition of Ni-A1203  and PEEK-A1203  

composite films, respectively. In particular these two chapters cover the materials and methods 

employed in the separate studies and describe the results obtained which are comprehensively 

discussed. Chapter 6 concludes the thesis summarising the most important results, drawing key 

conclusions and presenting detailed suggestions for further research work which would be 

required to advance the developments in this research field. 
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2. Literature review 

This chapter describes the electrochemical methods employed in this research project: 

electrochemical deposition, electro co-deposition and electrophoretic deposition. Particular 

emphasis is given to the parameters influencing the different processes. The findings reported 

in the literature are also reviewed with a focus on the deposition of pure nickel, alumina and 

PEEK films as well as Ni-A1203, Ni-Al and PEEK-A1203  composites. 

2.1 Electrochemical deposition of metals 

2.1.1 Introduction 

solution 
H2O 

M+, A- 

c atho de 	anode 

Figure 2.1 Electrolytic cell for the deposition of the metal M from a solution of the salt MA. 

Electrodeposition, also known as electroplating and electrochemical deposition, is a 

common industrial application for the processing of metallic coatings on a surface to enhance 

or change the appearance and/or the properties of the substrate material. This process occurs in 

an electrolytic cell that consists of a conductive liquid (the electrolyte or plating bath) and two 

(anode and cathode) or three (working, auxiliary and reference electrodes) electrodes. The 

plating bath can be an electrolytic solution (aqueous or organic) or a molten salt where the salt 

MA dissociates into cations M+  and anions A-, which are free to move when an electric field is 

applied. The main electrodes taking part into the process are the anode/auxiliary electrode 

(positive electrode) and the cathode/working electrode (negative electrode), as represented in 

Figure 2.1. When a three electrode cell is employed, the third electrode is the reference 

electrode that monitors the potential of the working electrode during the process (the electrode 

at which the interesting process takes place in conventional metal plating is the cathode). The 

electrolytic cell is connected to an external power supply that forces an electric current into the 

cell providing the required energy to drive the reaction in the opposite of its spontaneous 

direction. When a potential difference is applied between the two electrodes the cations migrate 
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towards the cathode and the anions toward the anode generating a current. 

To deposit a metallic film the object to be coated must be negatively charged (cathode) 

so that the positive metallic ions M"+  will be attracted to it and when they reach it, they will be 

reduced to the metallic state M°  taking up n electrons (e) provided by the cathode: 

Mn+  + n e---* M°(,) 	 [2.1] 

If the current density applied ensures that the metallic ions Mn+  in the solution continue to reach 

the cathode and the electrons needed for the reduction are available at the cathode there will be 

deposition. The anode employed in an electrolytic cell can be a soluble anode or an insoluble 

(inert) anode. If the anode is soluble during the electroplating the metal M°  is oxidized to ion 

M"+  and the anode dissolves away: 
ow  , . 

M  
.n+ + n e- 	 [2.2] 

The ions Mn+  go into the solution and start to migrate toward the cathode, while the electrons 

left on the anode move toward the cathode through the external electric circuit. In this case the 

anode must be made of the same metal M that is deposited on the cathode; otherwise the 

solution will be contaminated by cations different from those that should be deposited, resulting 

in an impure deposit. Moreover, in this situation, the concentration of the deposited metal in the 

solution will be constant during the deposition because the dissolving anode will replace the 

amount of metal deposited at the cathode. The net outcome of this process is the transfer of 

metal from the anode to the cathode. 

If the anode is an inert electrode during the electroplating process it remains unchanged 

and the electrons are produced by the oxidation of water (with oxygen evolution) or anions, 

which of them depends on the concentration of the solution and the potential of the anode. 

During the deposition the concentration of Mn+  in the solution slowly decreases and therefore it 

is fundamental to supply ions in order to maintain a constant concentration. 

2.1.2 Electrodeposition from a solution with more than one ion 
If the solution contains more than one ion, it is possible to predict which one will be 

deposited knowing the respective reduction potentials. The standard reduction potentials E° vs 

SHE (standard hydrogen electrode) of redox couples (reduced and oxidized form of the same 

substance A(' 4-  n)+/Ax+) in the standard state (temperature of 298 K, pressure of 1 atm and molar 

concentration) are listed in the electrochemical series. When the conditions applied are not 

standard the potential E of a redox couple can be calculated using Nernst equation: 

E  = Eo 4.  RT in  ao„ 	 [2.3] 
nF aRed 

where E° is the standard electrode potential of the redox couple, T is the temperature in K, R 

the gas constant (8.5145 J-K-1 -mo1-1), n the number of electrons transferred during the reaction, 

F the Faraday's constant (= 96485 C.mal) and am  and aRed  are respectively the activities of 

the oxidized and reduced species. The activity of a substance in the solution is defined as its 
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effective concentration (as long as the solution can be considered "dilute"). In an ideal solution 

there are not interactions between the particles and therefore their concentration and their 

activity are the same. Instead in a real solution there are electrostatic and covalent interactions 

between the particles and generally the activity is lower than the concentration. The activity of 

a particle X can be expressed by: 

	

ax = Yx ' Cx 
	 [2.4] 

where Cx  is the concentration of the particle X in the solution and yx  is the activity coefficient, 

which is a value between 0 and 1. The activity coefficient is characteristic for each substance 

and takes into account the interactions between the particles in the solution. In a very dilute 

solution (10-3  mo1.1-1) the interactions between the particles can be ignored and yx  is 1, therefore 

the activity and the concentration are considered to be the same and Nernst equation becomes: 

E = E°  + RT  In [Ox] , = E0  + 0.025679  In  r [Ox] , = E0  + 0.0591  log [Ox]  [2.5] 

	

nF 	[Red  i 	 Re d] 	n 	[Red 	d] 

where [Ox] and [Red] are the concentrations of the oxidized and reduced species, respectively. 

In the last two members of eq. 2.5 T is 298 K and only a concentration change is taken into 

account. If the reduced form is a pure metal its concentration is considered 1 [30]. 

When there are two or more substances in solution that can be reduced, it is fundamental 

to consider the processes occurring at the cathode to select the appropriate potential for the 

reduction of only the desired component. For example, if in the solution there are two metals A 

and B and A has a more negative standard potential (less noble) than B. If the standard 

potentials of A and B are at least 0.1 V different, it is possible to reduce only B at some 

potential, while both can be reduced applying more negative potentials. Moreover it must be 

taken into account that during the deposition of a metal from an aqueous solution there is often 

hydrogen evolution that can be due to the reduction of hydrogen ions or to water electrolysis 

depending on the difference of potential applied and on the substances in solution. If hydrogen 

is deposited together with the metal, the process efficiency will be low and the deposit may be 

spongy and porous [14, 31] or the incorporation of atomic hydrogen may introduce brittleness 

into the film. 

2.1.3 Current density and limiting current density 
The current density j [A•dm-2] is defined as the current applied i [A] divided by the area 

of the electrode A [dm2 ]: 

. 
= 	

[2.6] 

The current density is a fundamental parameter in electrodeposition and should be maintained 

constant and at the right value during the deposition. When a difference of potential (E) is 

applied in an electrolytic cell the positive ions migrate towards the cathode and, if the cathode 

is at the right potential, they are reduced. If the applied voltage is further increased the number 
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of reduced ions in a given time rises and so does the current (see part A in Fig. 2.2). At the 

same time, the difference in concentration between the interface cathode/solution and the bulk 

of the solution increases as does the rate of diffusion of the ions. Continuing to increase the 

applied voltage a situation can be reached in which all the ions that arrive at the cathode by 

diffusion are instantaneously reduced. At this point even a further increase in voltage will not 

affect the current density (j) (see Fig. 2.2). Under these conditions the number of reduced ions 

completely depends on the diffusion and the corresponding current density is the limiting 

current density. This value of current is the maximum that can be reached and it will not be 

exceeded unless, increasing the voltage, other reactions will take place at the cathode (see part 

B in Fig. 2.2). For example if the voltage reaches the potential for the discharge of hydrogen 

ions the limiting current density will increase and the excess will be used to liberate hydrogen 

[14]. 

4 

Limiting 
current 
	

Part B 
density 

Part A 

E 

Figure 2.2 Trend of the variation of the current density with the potential applied. 

2.1.4 Electrochemical deposition of nickel 
A well-known method used to deposit metallic coatings is the electrochemical deposition 

described in section 2.1.1. This technique largely depends on the plating conditions, such as 

electrode potential or current density, substrate material, composition and purity of the 

electrolyte, additives, pH, bath temperature, agitation and mode of deposition (direct current vs 

pulse plating or galvanostatic vs potentiostatic), which are characteristic for each metal and 

difficult to control and standardize. In order to obtain reproducible and consistent results it is 

fundamental to operate with extreme care during the experimental procedure. 

The deposition of nickel from aqueous solutions has been extensively studied in the past 

centuries [14, 32, 33] and in this section just the bath composition and the types of electrodes 

employed will be considered. The effects of different parameters on the preferred orientation 

[34-42], the grain size [35-41, 43-45] and the surface morphology [35, 45, 46] of electroplated 

nickel films are extensively reported in the literature. 
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A) Composition of nickel baths 
In 1837 nickel was electrochemically deposited for the first time starting from an 

aqueous solution containing nickel salts. In this procedure a nickel ion (Ni2+) is reduced to 

metallic nickel (Ni°) gaining 2 electrons (e"): 

Ni2+  (aq) + 2e-->Ni°  (s) 	 [2.7] 

The baths used to deposit nickel over the centuries have been mainly based on acid solutions 

even though it is also possible to achieve deposition using alkaline baths. The first bath 

industrially used was the Watts solution. Later, other baths were employed and developed for 

special purposes; among them the only one largely employed was the nickel sulphamate bath 

[32, 33]. 

i) Nickel sulphate bath 
Table 2.1 Composition of nickel sulphate baths [33]. 

Solution 

150-400 g/1 of nickel sulphate NiSO4.6H20 

20-80 g/1 of nickel chloride NiC12.6H20 
or 10-40 g/1 of sodium chloride NaCl 

15-50 g/1 of boric acid H3B03  

pH 3.0-4.0 

T 40-70°C 

Current density 32-110 mA•cm-2  

The nickel sulphate bath was formulated by Watts in 1916. Its composition covers the 

range listed in Table 2.1. Watts did not mention agitation, but recommended using the bath hot. 

In fact, it has been suggested that in nickel deposition the temperature affects the cathode 

efficiency, the structure of the nickel coating (smaller grain size at lower temperatures) and the 

mechanical properties of the coating [32]. However, until 1931 the majority of nickel plating 

baths in Europe and in the USA were operated at room temperature [33] and, even more 

recently, numerous groups [2, 34, 47-55] have employed this bath at room temperature. The 

main advantages of the nickel sulphate bath are: 

1. Nickel sulphate is available in a high purity grade and is less expensive than the 

chemicals used in other baths. For the same reason sometimes nickel chloride is 

substituted by sodium chloride. 

2. The nickel sulphate solution is less corrosive to plant and equipment than the nickel 

chloride solution (chloride ions are corrosive) and therefore it can be used in industrial 

processes. 

3. This bath is easy to use and to maintain. 

4. Nickel sulphate is highly soluble in water (570 g/1 at 50°C) and is a source of 

uncomplexed nickel ions. The latter property is fundamental because in a concentrated 
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solution the attraction of opposite charged ions by Columbic forces takes place and when 

this attraction is high the effective concentration (activity) of free ions in the solution is 

reduced. When the concentration of Ni2+  is low the result is a rough deposit and for this 

reason the concentration should be high. 

5. The coatings deposited from this bath present lower internal stress values compared with 

those obtained from a nickel chloride bath and therefore in almost all the baths the 

concentration of nickel chloride is limited (low concentration do not influence the deposit 

properties). High Cl" concentration produces deposits with worst properties than those 

obtained from sulphate baths, but low Cl" concentration is normally used to assist the 

dissolution of the nickel anode [32, 33]. 

ii) Nickel sulphamate bath 
Table 2.2 Composition of the nickel sulphamate bath. 

Solution 

300-450 g/1 of nickel sulphamate Ni(NH2S03)2 

0-30 g/1 of nickel chloride NiC12.6H20 

30-40 g/1 of boric acid H3B03  

pH 3.0-5.0 

T 30-50°C 

Current density 54-215 mA•cm"2  

Nickel sulphamate is a salt of the strong monobasic sulphamic acid. The structure of this 

acid is similar to the sulphuric acid but with one hydroxyl group replaced by an amino group. 

The nickel sulphamate bath, as a solution for the nickel deposition, was introduced by Piontelli 

and Cambi in 1938 and in 1950 it was introduced into the electroplating industry by Barrett. 

The composition of this bath can vary slightly and it is reported in Table 2.2. The main 

advantages of this bath compared with the sulphate bath are: 

1. A higher rate of deposition. In fact it is possible to employ high current density with a 

lower nickel concentration (180-200g/1) without worsening the deposit properties. 

2. A lower internal stress value in the deposit. This can be explained considering that the 

deposition can be conducted without or at low chloride contents. Many solutions contain 

just 5 g/1 of NiCl2  to achieve good anodic efficiency. 

The two main drawbacks of this bath are the high sensitivity to impurities and the higher cost 

of chemicals. In addition, it has to be noticed that this bath cannot be employed at temperatures 

higher than 55°C, since at this temperature the sulphamate decomposes [32, 33, 56]. 

iii) Nickel chloride bath 
There are two main types of nickel chloride baths: the first one contains mainly nickel 

chloride, the other one is similar to a sulphate bath but with a higher NiC12  content. The 
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composition of the all-nickel chloride bath proposed by Wesley and Carey in 1939 is reported 

in Table 2.3. The main disadvantages of this bath compared with the nickel sulphate bath are its 

high corrosion, higher costs and lower purity of the chemicals used, brittleness and higher 

internal stress values of the deposit obtained. The advantages of this bath are the higher 

concentration of nickel ions ([Ni2+] = 1.05-1.26 mo1/1 instead of [Ni2+] = 0.57-1.52 mol/l in a 

nickel sulphate bath) and the higher electrical conductivity of the bath compared with the nickel 

sulphate bath. These two properties lead to a better current distribution and therefore to a better 

metal distribution on the substrate. The presence of Cl" has two main effects: it assists the 

anode corrosion and increases the diffusion coefficient of the Ni2+  permitting the use of higher 

current densities [32, 33]. The composition of the mixed sulphate-chloride electrolytes bath is 

given in Table 2.4. The main advantage of this bath compared with other baths is a higher 

electrical conductivity, which permits the use of lower voltages resulting in a better metal 

distribution on the cathode. 

Table 2.3 Composition of the all-nickel chloride bath [33]. 

Solution 

250-300 g/1 of nickel chloride NiC12.6H2O 

30 g/1 of boric acid H3B03  

0.4 m1/1 of 30% hydrogen peroxide H202  
(as anti-pitting agent) 

pH 3.8 

T 55°C 

Current density 10-140 mA•cm-2  

Table 2.4 Composition of the mixed sulphate-chloride bath [32]. 

Solution 

200 g/1 of nickel chloride NiC12  

Up to 100 g/1 of nickel sulphate NiSO4 

30-50 W1 of boric acid H3B03  

pH 2.5-4.0 

T 40-70°C 

iv) Nickel fluoborate bath 
The nickel fluoborate bath (main compositions listed in Table 2.5) did not achieve a great 

popularity for Ni deposition. The properties of the coatings are similar to those obtained from 

Watts bath, but a disadvantage of this solution is the higher cost of the chemicals [32, 33]. 

v) Alkaline solutions for nickel deposition 
Alternatively nickel can be deposited from baths containing alkaline electrolytes, but 

these baths have been rarely used and therefore they are of little industrial importance. The 

compositions of some of these baths are reported in Table 2.6 [32]. 
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Table 2.5 Composition of the two main nickel fluoborate baths [32]. 

Kern bath Lajner and Pantschenko bath 

Solution 

300-450 g/1 of nickel 

fluoborate Ni(BF4)2 

80-100 g/I of nickel fluoborate 

Ni(BF4)2 

5-40 g/1 of fluoboric acid 
HBF4  to adjust the pH 

15 g/1 of nickel chloride 

30-40 g/1 of boric acid H3B03  10 g/1 of boric acid H3B03  
pH 2.0-3.5 3.0 

T 40-80°C 50°C 

Current density 10-140 mA•cm-2  Up to 215 mA•cm-2  

B) Buffering agents 
Usually during nickel electroplating there is co-deposition (reduction) of hydrogen ions 

and therefore the pH of the solution at the cathode tends to increase steadily. In order to have 

consistent results, it is fundamental to work with a constant pH value and therefore a buffer is 

added to the solution. A buffer is a chemical that can accept or give up hydrogen ions keeping 

their concentration more-or-less constant. In nickel plating, the buffering agent normally 

employed is boric acid. This chemical is used in all the four acid baths described above (see 

Tables 2.1-2.5). The boric acid owes its buffering action to this dissociation: 

H3B03 + H2O 4- H2B03" + H30+ 	 [2.8] 

that renders it able to give up H+  replacing those reduced during the deposition. This chemical 

is effective between pH 3 and 5 and therefore it is convenient considering that all these 

solutions (see Tables 2.1-2.5) operate near this range. 

When a nickel salt solution is electrolysed, the pH in the cathode layer increases (higher 

pH) quickly forming basic salts or hydroxides. The hydroxides normally precipitate when the 

pH is a little over 6, but they may precipitate even when the pH is lower. When high current 

densities are applied the pH rises more quickly near the cathode and the formation of these 

precipitates is more likely. Therefore baths operating at particularly high current densities must 

have a higher concentration of boric acid to control the pH. A minimum concentration of 40 g/1 

should be employed, but in some cases it should be raised to above 50 g/1 to avoid burning 

nickel deposits (a burn deposit is rough and is produced when an excessive current density is 

applied, this deposit contains oxides and other inclusions) [32, 33]. 

C) Levelling and anti-pit agents 
In order to improve the properties of the coating and to solve or minimize some problems 

occurring during the deposition levelling and anti-pit agents are added to the nickel bath. 

Levelling agents should reduce surface irregularities in the deposit. Anti-pit or wetting agents 

are added to avoid pitting, which causes the formation of small cavities (pin-holes) in the film. 
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Table 2.2 Compositions of alkaline baths employed for nickel deposition [321. 

Bath 1 Bath 2 Bath 3 Bath 4 Bath 5 Bath 6 Bath 7 Bath 8 Bath 9 Bath 10 
NiSO4•7H20 210 WI 400 WI - - 120 g/1 - - 100 WI - 250 WI 
NiC12.6H20 60 g/1 - - 30 g/1 - - 20-40 g/1 - 85 g/1 50 g/1 
(NH4)2SO4 50 g/1 20 g/1 - - - - - - - 

KC1 - 10 g/1 - - - 10 g/1 -- - - 

NH4OH _ (25%) 
250 m1/1 

(sp.gr.0.91) 
200 g/1 

(30%) 
175 m1/I 

(28%) 30-60 
gil 

- - - - -  

Ni(NH4)2(SO4)2 - - 100 WI - - - -- - - 
Sodium sulphite - - 180 g/1 - - - -- - - 
Sodium citrate - - 10 g/1 - 60 g/1 - 66 g/1 66 g/1 - 

NH4C1 - - - 50 W1 - - - - - 
Ammonium 

citrate - - - 65 g/1 - 20 g/1 - - 

Na4P202-10H20 - - - - 65 g/1 73 g/1 - - - - 
NaHS03  - - - - 2 g/1 - - 5 g/1 5 g/1 - 

Citric acid - - - - 30 g/1 - - - - 
NaC1 - - - - 30 W1 - - 35 WI - - 

Potassium 
pyrophosphate - - - - 200 g/1 -- - - 

Tartaric acid - - - - - - 30-60 g/I - - - 
Sodium sulphate - - - - - - - - 75 g/1 - 

EDTA - - - - - - - 60 WI 40 g/1 153 WI 
Triethanolamine - - - - - - - 40 m1/1 40 m1/1 4.5 g/1 

Hexamine - - - - - -- - 1 g/1 
Saccharin - - - - - -- - 4.5 g/1 
Ni(NO3)2 - - - - - - - 20 g/1 20 g/1 - 

T[°C] 25-80 20-35 50-60 25 20-35 50-60 40 60 60 55 
pH 8.5 Over 8 7.5 9.0-9.2 7.5-9.0 9 5.3-6.2 7 7.5 4.5 

Current [A/ft2] 20-100 5-15 15-20 30 2-20 50 10-100 40 40 Up to 60 
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Pitting is one of the main problems occurring during Ni deposition and it is mainly 

caused by: 

1. residual grease left on the surface; 

2. inclusions of very fine particles which are too small to cause roughness in the deposit; 

3. gas bubbles adhering to the cathode (hydrogen pitting). 

The first and the second causes can be solved cleaning carefully the cathode surface to remove 

particles (e.g. particles produced during the polishing treatment), oil and grease (using organic 

solvents). The third cause can be explained considering that hydrogen bubbles adhere to the 

cathode surface during the deposition and the deposit grows around them leaving pits. These 

bubbles are due to the reduction of hydrogen ions H+  that are adsorbed on the metal surface M 

and reduced to hydrogen (M-H): 

+ e + M M-H 	 [2.9] 

and then converted into a gas molecule of H2: 

2 M-H 2M + H2 	 [2.10] 

The nickel reduction and the hydrogen reduction take place at similar electrode potentials and 

therefore the side reaction (hydrogen evolution) cannot be avoided. Another problem caused by 

hydrogen, besides pitting, is that a certain quantity of it may enter into the metal coating (M-H) 

making it brittle and producing pores in its structure (spongy and porous deposits). 

The adherence of bubbles on the cathode surface can be considerably reduced increasing 

the movement around the cathode and reducing the interfacial tension (or surface tension), so 

that the gas bubbles are more easily detached from the cathode surface. The movement is 

generally increased by agitating the solution or moving the cathode. The agitation can be 

achieved by magnetic stirring, mechanical stirring or air agitation (this is not suitable if there 

are foaming surfactants in the solution). The disadvantage of agitation is that it is a difficult 

variable to control quantitatively and to reproduce on a bigger scale; therefore sometimes 

instead of stirring the solution, it is preferred to move the cathode itself (rotating electrodes). 

The surface tension is reduced by adding wetting or anti-pit agents to the solution. It is 

critical that these chemicals do not react in the solution generating products that can influence 

the phenomena taking place at the cathode. Moreover it has to be mentioned that sometimes 

these additives are not enough to avoid pitting. The first wetting agent used by Waite and 

Martin in 1941 in nickel deposition was sodium dodecyl sulphate (also known as sodium lauryl 

sulphate) (SDS) CH3(CH2)11SO4Na, which is a negatively charged surfactant satisfying the 

characteristics listed above [32, 33]. 

D) Electrodes used in nickel deposition 
The cathode and anode efficiency during the deposition should be as close to 100% as 

possible in order to avoid wastage of power and time, ensuring an economically efficient 

process. The nickel deposition normally presents cathode efficiency between 95 and 97%, but 
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if during the deposition there is a considerable hydrogen evolution this value drops. Therefore 

it is essential to operate in conditions in which the hydrogen reduction is limited [33]. 

i) Anode 
As described in section 2.1.1, in nickel plating the anode can be soluble or inert and in 

the case it is soluble it should be made of nickel. When a nickel anode is employed, the main 

process taking place at the anode surface is the nickel oxidation that leads to the dissolution of 

the anode itself: 

Ni° 	Ni2+  (aq) + 2 e 	 E. csTio/Ni2+)  _ + 0.25 V vs SHE 	[2.11] 

The use of a nickel anode ensures that the concentration of nickel in the bath will be constant 

during the whole process. Moreover, the anode should dissolve smoothly and without the 

undercutting of grains, so that there is no production of small nickel particles, which are a 

waste of material and can be incorporated in the deposit resulting in a rough coating (to remove 

these particles from the bath the anode can be enclosed in a bag [57] or the solution can be 

filtered regularly). Under normal conditions the dissolution of a highly pure (99.9%) nickel 

anode is not satisfactory; in order to improve it, the pH should be less than 4.5 and the bath 

should contain at least 6 g/1 of chloride ions which assist the anode corrosion. These two 

conditions are followed in the four acid baths previously described (see Tables 2.1-2.5). 

Another reaction taking place at the anode is the gas evolution. Normally this gas is 

oxygen due to water electrolysis, but if chloride ions are in the solution they can be oxidised to 

produce gaseous chlorine. During these experiments the evolution of chlorine is unlikely to 

happen because the small amount produced will dissolve in water giving hypochlorous acid 

(HC1O) [33]. 

ii) Adhesion between cathode and coating 
The adhesion between the deposit and the substrate is a fundamental parameter in 

electrodeposition. The substrates can be: 

1. Made of the same material as the coating. In this case perfect bond strength should be 

achieved between them and the crystal lattice of the cathode should continue in the 

coating. 

2. Made of a different material. This is the most common situation considering that 

generally a material is coated with a different material to achieve new properties. In this 

case the adhesion depends on the strength of the interatomic forces between the two 

materials. The film structure is strongly influenced by the substrate structure because the 

deposited ions take positions immediately adjacent to those in the metal lattice. In 

addition the structure of the metallic substrate is more likely to be continued in the 

coating if the deposition is carried out at low current density resulting in a good adhesion 

between the coating and the substrate. 
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Generally before the deposition, the surface is chemically or mechanically treated. If these 

treatments are inadequate or incorrect the adhesion between the two materials can be poor. A 

poor adhesion can be explained as a total or partial loss of contact between the two phases 

during the deposition and can lead to the separation between the two materials and, in the 

extreme case, to the coating peeling off from the substrate. A lack of adhesion can be explained 

and improved considering: 

1. Presence of surface contaminants. This problem can be partially solved by cleaning the 

substrate surface to remove the most common contaminants, e.g. greases and oils can be 

removed using organic solvents. 

2. Presence of oxide films. This problem can be solved treating the surface with acid to 

remove the oxide or grinding the substrate to take away the oxide layer on top of it. 

During these treatments it must be taken into account that different metals present 

different rates with which they re-form the oxide on their surface; this has to be taken 

into consideration to determine the transfer rate of the substrate from the cleaning 

solution to the plating bath [33]. 

Moreover it has to be taken into account that electroplating will not cover surface imperfections 

such as scratches, dents or pits but will render them even more pronounced. Therefore it is 

important to remove any undesirable surface marks on the substrate before the deposition. 

2.2 Electrochemical co-deposition 

2.2.1 Introduction 
From the 1960s, electrochemical or electro co-deposition has been used as a method to 

deposit particles or fibres in a metallic matrix to produce composite films. The particles/ fibres 

are held in suspension in an electroplating bath and are co-deposited with the metal (Cu, Cr, Ni, 

Co and alloys) during its electrochemical deposition (for further details see section 2.1). The 

main difference between electro co-deposition and electro deposition is the presence in the pure 

plating bath of these insoluble particles/fibres which can be pure metals, ceramics or organic 

materials and can have size ranging from nm to over 100 um. The metal matrix keeps the 

second phase together and improves the substrate/coating adhesion [15, 16, 58]. 

In electro co-deposition the electrodes are vertically positioned in the plating bath, 

whereas when the cathode is horizontally positioned the process is called sediment co-

deposition. This technique was firstly developed by Viswanathan and Ghouse [51]. During 

sediment co-deposition, the solution is periodically stirred to suspend the particles that 

subsequently sediment on the cathode surface due to a combination of electrophoresis and 

gravity factors. If the substrate is not flat its position must be constantly changed in order to 

achieve a uniform particle distribution on every side of it. However, the distinction between 

these two techniques is not well-defined [47, 48, 59]. 
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The application of these techniques to different types of particles and different plating 

baths enables the production of a large range of composite films with many potential 

applications and excellent mechanical properties such as wear resistance, corrosion resistance 

and lubrication, depending on the properties, the amount and the distribution of the co-

deposited particles [15, 16, 58]. Furthermore, the rising availability of smaller particle sizes has 

increased the potential applications of these composite coatings [58]. For example, sub-micron 

powders promote the homogeneity of the composite through the increase of the contact area 

between metal and particle and also permit the application of composite materials in 

microdevices and thin films [2]. For example, oxide particles like A1203  and TiO2  [60] or fibres 

and whiskers [61] have been deposited with metals to produce composite coatings with a 

significantly higher yield strength and hardness compared with the pure metal (e.g. Qu et al. 

[61] found that the micro-hardness of a pure nickel deposit is 192 HV while that of a nickel-

alumina whiskers film is 346 HV). Metallic films containing hard materials, like diamond, WC 

and SiC, protect the substrate from abrasion. Sub-micron powders, like A1203, BaSO4, Si3N4, 

V205  and Cr2O3  are deposited to decrease the corrosion rate of the metal. Graphite, MoS2  and 

PTFE are electro co-deposited to produce composite coating that can be employed in moving 

contact because they reduce the friction between the surfaces [15, 16]. 

2.2.2 Experimental parameters 
From the studies of Hovestad and Janssen [15], Stojak et al. [16] and Low et al. [58], it 

was shown that the electro co-deposition is influenced by many interdependent experimental 

parameters including particle characteristics (surface charge, particle concentration, type, 

shape, size), electrolyte composition (bath constituents and additives, surfactant, bath 

temperature, pH), current density, hydrodynamics and cell configuration. In the literature 

different or even contradicting results are often reported for different particle-electrolyte 

combinations and cell configurations (parallel plate electrode, rotating disk electrode RDE and 

rotating cylinder electrode RCE). Some of the disagreements encountered are a direct 

consequence of incomparable hydrodynamics due to the method employed to suspend particles 

in the solution. Therefore it is hard to achieve a clear picture of the exact effect that each 

parameter plays in the process. However, the major part of the recent investigations carried out 

on the electro co-deposition have suggested that the three main factors influencing the co-

deposition processes are the current density, the particle type and concentration and the 

agitation of the bath or the electrode movement [15, 16, 58]. 

0 Surface charge 
Some variables such as pH, bath constituents and their concentration, additives and 

particle type influence the surface charge of the particles, which can be obtained by measuring 

the zeta-potential (discussed in section 2.3.2). This parameter is fundamental for a better 
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understanding of the process because a positive surface charge enhances the attraction of the 

particles to the cathode (electrophoresis) and therefore their co-deposition. 

A completely different theory was proposed by Bund and Thiemig [62, 63] who observed 

that negatively charged particles were better incorporated into the film than those positively 

charged. In the authors' opinion [62, 63] the negatively charged A1203  particles in nickel or 

copper plating baths were attracted by the positively charged double layer around the cathode 

and when they entered the double layer their negatively charged shell was stripped off and the 

particles were incorporated in the growing metal film. 

ii) Particle concentration and type 
The concentration of the particles in the bath is an important factor. In fact, for a wide 

range of particle-electrolyte systems, it was observed that at low particle concentration the co-

deposition process was limited by the supply of particles to the electrode and that by increasing 

the particle concentration in the bath the amount of particles embedded in the metal matrix rose 

until reaching a saturation state. But the correlation between the concentration of particles 

suspended and the amount of particles co-deposited was not proportional and depended on the 

particle-electrolyte system. The concentration of particles suspended in the solution has been 

varied between 2 and more than 200 g/1 producing composite coatings containing an average of 

1-10 vol.% of particles. Furthermore, it must be noticed that the amount of incorporated 

particles in the coating could increase up to 50 vol.% by applying sediment co-deposition [16]. 

Table 2.7 Results obtained from the electro co-deposition of a-A1203  and y-A1203  from a copper 

sulphate solution (adapted from table reported by Stojak et al. 1161) 

Bath 
composition 

Particle size 
and crystal 

phase 

Particle 
loading 

(g/1) 

Current 
density 

(mA.cm-2) 

Analytical 
method 

Co-deposition 
results 

250 g/1 CuSO4  
pH 1.0-3.0 

0.02 gm 
a-A1203  30 40 Gravimetric 3.3 vol% 

250 g/1 CuSO4  0.02 pm 
pH 1.0-3.0 	y-A1203  40 	Gravimetric No 

incorporation 

The The type of particles affects their incorporation in the coating. For example, Hovestad et 

al. [15] reported that Greco and Baldauf found that the amount of TiO2  co-deposited with Ni 

under the same conditions employed for co-depositing A1203, was three times more than the 

amount obtained in Ni-A1203  coatings. It was also observed that even the particle 

crystallographic phase played a significant role on the quantity of particles incorporated in the 

coating: no y-A1203  was co-deposited with copper under the same conditions in which a-A1203  

was co-deposited, see results obtained by Chen et al. [15] reported in Table 2.7. This behaviour 

was explained considering that in those conditions a-A1203  presented a positive zeta potential 

whereas y-A1203  was negatively charged and therefore it could not be deposited on the cathode; 

this explanation was in disagreement with the findings reported by Bund and Thiemig [62, 63]. 
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Stappers and Fransaer [49] investigated how the surface properties (hydrophilicity and 

hydrophobicity) and the electrical conductivity of the particles influenced their incorporation 

into the composite by studying the metal growth around them by atomic force microscopy 

(AFM) and SEM. They electrodeposited nickel-iron multi-layers around the particles and 

etched the iron layers from the cross section to expose the structure of the individual layers and 

obtain information about the metal growth. They [49] observed that the metal deposition took 

place underneath hydrophilic glass particles, which were consequently pushed up by the 

process before being incorporated (see Figure 2.3 a)) and a hole was formed at the metal-

particle interface, but not underneath hydrophobic poly-methyl-meth-acrylate (PMMA) 

particles and graphite particles. The incorporation of the glass particle and of the PMMA 

particles took place by the metal simply growing around them. Whereas when conductive 

graphite particles were incorporated the deposition took place on their surface as if the particles 

were part of the electrode [49] (see Figure 2.3 b)), similar observations were also reported for 

Al particles by Susan et al. [64]. 
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Figure 2.3 SEM images of a) a nickel film grown around a glass particle. The deposition started 

with the glass particle settled on the cathode (white circle) but the particle moved up by the metal 

deposition underneath the particle. b) Metal growth profile around a conductive graphite particle 

as if the particle was part of the electrode (redrawn from ref. 1491). 

iii) Particle shape 
The influence of the particle shape in co-deposition has not been studied hitherto. 

However, the particle shape should indirectly influence the co-deposition process affecting 

other factors playing a role in co-deposition, such as the adsorption of different quantity of ions 

on the particle surface and the suspension stability [15, 58]. The ratio between the volume and 

the surface area of a particle depends on its shape and therefore it may be reasonable to suppose 

that different shapes behave differently, probably because they adsorb different quantity of 

ions. 

iv) Particle size 
The influence of particle size on the amount of second phase co-deposited strongly 

depends on the system studied. In fact: 

35 



Ilaria Corni 

1. In some systems, such as Ni-Cr (Bazzard and Boden [65] found that increasing the 

particle size from 5 to 30 gm the quantity of Cr co-deposited with Ni rose.), Cu-P (In their 

experiments Graydon and Kirk [66] increased the particle size from 3 to 20 gm obtaining 

a higher concentration of P co-deposited with Cu.) and Cu-A1203  (Chen et al. [66] carried 

out experiments from suspensions with the same concentration of a-A1203  with particle 

size 0.3 and 1.0 gm obtaining a higher quantity of a-A1203  co-deposited when the bigger 

particles were employed.) the percentage of co-deposited particles increased with the use 

of bigger particles. 

2. In other systems the influence of particle size was negligible (Verelst et al. [67] deposited 

Ni-A1203  composite films using A1203  with particle size between 0.3 and 2.2 pm and they 

did not observe any influence of the particle size on the amount of co-deposited 

particles). 

3. In other systems the percentage of co-deposited particles decreased using larger particles, 

such as Ag-A1203  (Suzuki and Asai [68] noticed that increasing the particle size from 0.5 

to 2 gm the quantity of a-A1203  co-deposited with Ag decreased.) and Ni-A1203  (Brandes 

and Goldthorpe [69] observed that the dispersion of finer particles in the deposit was 

more uniform and that increasing the particle size from 5 to 30-40 pm the amount of a-

A1203  co-deposited decreased.). 

No explanations have been given in the literature to clarify these different effects. 

v) Bath constituents and additives 
It was observed that plating baths made of different metals or different salts of the same 

metal produce different incorporation rates of the same particle. Kuo et al. [70] observed that in 

the system Ni-A1203  also a different concentration of the same salts in the bath influenced the 

quantity of the co-deposited second phase. Moreover additives, which are often added to 

plating bath, such as bath brighteners, wetting agents and surfactants, affect the co-deposition. 

Different brighteners produce different effects, but they generally increase the particle co-

deposition. Instead wetting agents normally produce a decrease of the amount of embedded 

particles. Their different behaviours mainly depend on their chemical structure. In fact cationic 

additives promote co-deposition and anionic additives reduce it because they confer a negative 

charge to the particles. The surfactants (normally adsorbed on the particle surface) improve the 

stability of the suspension increasing the wettability of the suspended particles. In particular 

cationic surfactants (Figure 2.4) represent a great advantage because they confer to the particles 

a positive charge, which stops the particles from agglomerating and electrostatically attracts 

them to the cathode. The main drawback in the use of surfactants is that they are embedded in 

the deposit together with the particles on which they are adsorbed; however, normally the 

amount of surfactant adsorbed is insignificant and hence does not affect the composite 

properties [15]. 
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Figure 2.4 Interactions between a particle and cationic surfactants. 

Furthermore the addition of small quantities of monovalent cations, like Tr, Ce+, Rb+  

and NH4 ,+  or amines, like TEPA (tetra-ethylene-pent-amine), alanine and EDTA (ethylene-

diamine-tetra-acetic-acid) increase the co-deposition. This effect can be explained considering 

that the adsorption of metallic cations confers to the particles a positive surface charge. A rise 

in the ion adsorption on the particle surface was observed increasing the concentration of the 

metallic ions and adding additives, such as TEPA and EDTA, to the solution. Consequently, it 

was assumed that TEPA and EDTA promote co-deposition enhancing the adsorption of metal 

ions on the particle surface [15, 16]. 

vi) Bath temperature 
The effect of the temperature seems to vary for different particle-electrolyte systems. In 

some systems no effect of temperature on the vol.% of embedded particles was observed. In 

other systems the vol.% of co-deposited particles increased with the bath temperature whereas 

in other systems the opposite behaviour was observed [15]. 

vii) pH 
The effect of the pH resulted similar for different systems. Martin and Williams [71] 

observed that the pH of the bath plays an important role in ensuring the particle co-deposition 

on the cathode. This was explained considering that the pH can influence the particle surface 

charge (zeta potential) rendering them positive or negative (see section 2.3.2). In general it was 

observed that when the pH is above 2 there is a little influence on the quantity of particles 

embedded in the deposit, while when it is below 2 there is a sharp decrease in the amount of 

incorporated particles (e.g. SiC and A1203)[15, 16, 72]. 

viii) Current density 
Numerous galvanostatic techniques (direct current, pulsed direct current [61, 73-75] and 

pulsed reverse current [1]) can be employed to deposit composite coatings but direct current is 

the most commonly used [58]. The effect of the current density on the amount of particles co-

deposited was extensively investigated and different behaviours were described by Stojak et al. 

[16]. It was observed that increasing the current density: 
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1. In some systems the amount of co-deposited particles decreased (e.g. Takeuchi et al.[16] 

found that the quantity of diamond particles co-deposited with Ni diminished rising the 

current density and Bazzard and Boden [65] found the same trend for the quantity of Cr 

particles co-deposited with Ni). 

2. In other systems there was little or no influence on the amount of occluded particles (e.g. 

Sautter [72] reported that the current density did not influence the co-deposition of A1203  

with Ni.). 

3. In other systems this amount increased (e.g. Kariapper and Foster [16] observed an 

increase of the amount of TiO2  co-deposited with Ni increasing the current density). 

Moreover, it has also to be noted that for the Ni-Al system it has been reported by Susan et al. 

[64] that increasing the current density the vol.% of Al co-deposited in the coating increased 

until reaching a maximum and then decreased. All these behaviours can be explained 

considering that applying higher current densities all the particles at the cathode interface 

would be incorporated, but at the same time it can also happen that these conditions enhance 

just the deposition of the metal decreasing the amount of second phase co-deposited. 

ix) Hydrodynamics 
The mixing of the bath is fundamental to keep the particles suspended and to transport 

them to the cathode. The hydrodynamics of the system has control over the rate, the direction 

and the force with which the suspended particles hit the cathode surface. The contact between 

the particles and the cathode is fundamental to achieve electro co-deposition even if this contact 

does not guarantee that the particles will be incorporated in the film. 

In electro co-deposition the parallel plate electrode configuration has been largely 

employed for its simple design and for the relatively uniform current density that can be 

achieved, but a major disadvantage of this system is the incomparable hydrodynamics due to 

the different ways employed to mix the suspension, such as stirring, vibrating a perforated plate 

at the bottom of the cell, bubbling gas or pumping the suspension through the cell. In parallel 

plate electrode configuration the agitation has two main functions: to transport the particles 

from the bulk to the cathode surface and to keep the particles suspended. Stojak et al. [16] 

reported that an increase in bath agitation was found by Greco and Baldauf to increase the 

amount of deposited particles in Ni-A1203  and Ni-TiO2  systems. In the same review [16] it was 

also reported that Snaith and Groves observed a decrease in the quantity of incorporated 

particles increasing the bath agitation in systems like Cu-SiC and Cu-CrBr2. Therefore, it may 

be thought that increasing the agitation a larger number of particles reach the electrode 

enhancing the amount of particles incorporated in the deposit, but if the bath agitation is too 

powerful the time that the particles spend at the electrode surface is not enough and they are 

swept away before being embedded in the coating [15, 16, 58]. 

A better control of the hydrodynamics and of the mass transport during the deposition 
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can be achieved using rotating electrodes [16] employed by few researchers [1, 2, 52, 76-79]. 

Vidrine and Podlaha [1] deposited Ni-A1203  composite films stirring the solution to keep the 

particles suspended and rotating the electrode at 1600 rpm. Under the same hydrodynamics, 

they [1] observed that the particle concentration in the deposit increased with increasing current 

density in a citrate bath and decreased using a chloride bath. They [1] also reported that lower 

rotation rates (225 rpm instead of 1600 rpm) favoured the particle incorporation independently 

from the current density employed. Opposite results were reported by Shao et al. [76-78], who 

observed that the A1203  incorporation from sulphamate baths increased with increasing rotation 

rate and decreasing current density. From these results it is clear that even controlling the 

hydrodynamics other factors, such as the current density, the composition of the bath and the 

rotation rate, strongly influence the particle incorporation. 

2.2.3 Mechanisms for electro co-deposition 

The mechanisms of electro co-deposition are still not well understood but some models 

have been proposed in the last decades. A comprehensive overview of all of them was 

conducted by Hovestad and Janssen [15], Stojak et al. [16] and Low et al. [58] and they are 

reported below. In 1962 Whithers [15] explained the mechanism of electro co-deposition 

suggesting that particles with a positive surface charge were attracted to the cathode by 

electrophoresis. Two years later Martin and Williams [71] proposed that the particles were 

transported to the cathode by electrophoresis or by bath agitation and that they were 

subsequently mechanically entrapped in the growing metal film. In 1967 Brandes and 

Goldthorpe [69] refused the mechanical entrapment of the particles in the coating and 

suggested the presence of an attractive electrostatic force that held the particles at the cathode 

surface for a sufficient time to be incorporated in the growing metal layer. In their [69] opinion 

this attractive force may be due to a small charge on the particle surface. This suggestion may 

partially explain, considering the effect of the gravitational force, why the incorporation in the 

deposit of small particles is easier than that of larger particles. In 1968 Saifullin and Khalilova 

[15] presented a model to calculate the weight percent of co-deposited particles, that was based 

only on the mechanical entrapment and for this reason it was subsequently rejected by the 

scientific community. In 1971 Bazzard and Boden [65] suggested that, due to the bath 

agitation, the particles collide with the cathode surface and if they stay there for a certain time 

they are incorporated in the film. They [65] developed the following equation to calculate the 

wt.% of embedded particles in the film: 

4 
7C • r'd 

	

x= 4 
	

3 	x100 	 [2.12] 

	

— 	• r3  d + 47z-  • r 2  em  • j•t 
3 

where 43t r3d/3 is the mass of each particle deposited (with radius r and density d) and 
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47r.r2 .em•j•t is the quantity of metal deposited in a time t applying a current density j (em  is the 

electrochemical equivalent of the metal) supposing a current of 4ir•r2  j on the spherical 

particles. This equation was rejected by the scientific community because it did not take into 

account the effects of pH, temperature and bath composition [15]. 

0 Model of Guglielmi 
In 1972 Guglielmi proposed a two-step mechanism based on electrophoresis and 

adsorption of particles on the cathode. In the first step, the loose adsorption, the particles are 

weakly adsorbed on the cathode surface while the electrode is still surrounded by a layer of 

ions and solvent molecules. There is not a real contact between the cathode and the particles 

and this adsorption is mainly physical. This step results in a high degree of coverage of the 

cathode by the particles that are surrounded by a cloud of adsorbed ions. In the second step, the 

strong adsorption, the particles lose the ionic cloud and become strongly adsorbed on the 

electrode. This step depends on the electric field at the cathode and therefore it is thought to 

have an electrochemical character. Finally, the strongly absorbed particles are entrapped in the 

growing metal layer. Furthermore, Guglielmi developed an equation to explain the effect of the 

current density on the volume fraction of embedded particles: 

a 	ZFPV 0 	 , kc 
	=expkB il)77.1 	P 	 [2.13] 
1+a 	M • j 	 1+ kc p  

where a is the volume fraction of embedded particles, z is the valence of the metal ion, F is 

Faraday's constant, p and M are the density and the atomic mass of the deposited metal, vo  and 

B are undefined kinetic constants of the metal-particle system considered, j is the current 

density, A is the Tafel constant of the reduction of the metal, I/ is the electrode overpotential, k 

is a constant depending on the particle electrode interaction and cp  is the particle concentration 

in the bath. This was the first model that could be experimentally verified. Several researchers 

validated this model with their experiments, but at the same time the model was criticised by 

the scientific community because it did not take into account fundamental parameters such as: 

size and type of particles, bath composition, temperature, pH and hydrodynamics [15, 16, 58]. 

ii) Model of Buelens and Celis et al. 
Celis et al. [15, 16, 64, 80] noticed that Guglielmi's model could not explain the 

behaviour of some systems and therefore they supposed that two processes play a fundamental 

role in the co-deposition mechanism: the adsorption of ions onto the particle surface and the 

ions reduction at the cathode creating a physical bond between the particle and the cathode. 

Based on these postulates and on agitation, Celis et al. [15, 16, 58, 80] proposed a five step 

mechanism for co-deposition, that is depicted in Figure 2.5. In the first step the particles in the 

bulk of the solution adsorb ions on their surface gaining an ionic cloud. In the second step the 

particles are transported by bath agitation to the hydrodynamic boundary layer, then (third step) 
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they diffuse through the diffusion layer and reach the cathode surface. Finally the particles are 

incorporated in the film in two steps, similar to those described by Guglielmi: the particles 

surrounded by an ionic cloud are adsorbed on the cathode surface and become incorporated in 

the deposit by the reduction of some of the adsorbed ions. Moreover, Celis et al. [15, 16, 58, 

80] suggested that the particles are embedded only if a certain amount of the adsorbed ions is 

reduced. This assumption supports the field-assisted adsorption described by Guglielmi that 

underline the differences between the loose adsorption and the strong adsorption step. 

	 114 

Deposit 

Electrical Diffusion 	Convection 
double 	layer 	layer 
layer 
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Figure 2.5 Schematic representation of the mechanism of particle co-deposition proposed by 

Buelens and Celis et al. (redrawn from ref. [581). 

Subsequently Buelens and Celis [15, 16, 58, 64, 80] developed a probability equation to 

calculate the weight percent of particles embedded in the deposit (w%) at a given current 

density: 

w(%)= 	
WpNpP

100 	 [2.14] 
M.

F 
 i 

Wp  N p  P 
n 

where Wp  is the weight of one particle, Np  the number of particles that reach the electrode per 

unit time and surface area, P the probability of the particle to be co-deposited and Mmi/nF is the 

weight of metal deposited obtained using Faraday's law. The central assumption of this 

equation is that a certain quantity of the ions adsorbed on the particle should be reduced to 

achieve particle incorporation. This model takes into account that the particles need to stay 

close to the electrode surface for a certain time (as it was hypothesised before by Brandes and 

Goldthorpe [69] and by Ba77ard and Boden [65]) to be incorporated and therefore not all the 

particles will be embedded. 

iii) Recent models 
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Recently, more elaborate models that predict the particle probability to be incorporated in 

a film using a statistical approach have been developed. These models consist of many, often 

interrelated, equations containing a wide set of parameters and render difficult to understand 

the effect that each individual experimental parameter has on the process and therefore the use 

of extensive computer calculations is needed [15, 16]. 

The flexibility and reliability of the models proposed to describe the behaviour of a wide 

range of metal-particle combinations still needs validation and it is important that future models 

will consider the effect of particle characteristics (type, dimensions and concentration), 

operating parameters (temperature, current density, pH and hydrodynamics) and bath 

composition (concentrations, presence of surfactants and additives) on the amount of second 

phase co-deposited in the composite. Moreover, another important factor that has not been 

taken into account in all the models proposed so far is the effect of particle inclusion in the 

metallic film, i.e. the particles might reduce the cathode surface area if they are non conductive 

or enlarge it if they are conductive [58]. 

2.2.4 Deposition of nickel composite coatings 
Extensive research has been reported in the literature on the wide range of composite 

coatings that can be produced by electro co-deposition [15, 16, 58], some examples of the 

conditions employed to deposit Ni composite coatings are listed in Table 2.8. This section will 

mainly focus on the application of electro co-deposition for the production of Ni-A1203  and Ni-

Al composite films, which are the systems studied in this project. Tables 2.8-2.10 show the 

conditions employed to electro co-deposit Ni composite coatings. An important point to be 

considered is that the plating solution should not contain undesirable particles, which otherwise 

would be co-deposited during the process. Therefore cleaning procedures, such as filtration, 

must be applied to the bath to eliminate the undesirable particles and the anode can be enclosed 

in a bag to prevent that the materials dissolved from the anode contaminate the plating bath [57, 

74, 75]. 

2.2.4.1 Electrochemical co-deposition of Ni-A1203  composite coatings 
The production of Ni-A1203  composite coatings has attracted considerable attention for 

their properties, such as higher hardness [12, 52, 57, 61, 62, 75, 78, 79, 81-94], yield strength 

[72, 95], ultimate tensile strength [95], tensile strength [57, 89], wear [12, 54, 75, 81, 87, 90, 

91, 93, 94, 96] and corrosion resistance [83, 97-101]. These coatings have been deposited using 

thermal spraying [12, 13], magnetron sputtering [102], electroless deposition [83, 86, 87, 99, 

103], pulse laser deposition [88], electrophoretic deposition [104-106], electrochemical co-

deposition [1, 2, 52-55, 57, 61, 62 70, 72-79, 81, 82, 84, 85, 89-95, 97, 98, 100, 101, 107-112] 

and a two step mechanism consisting of electrophoretic deposition of alumina coating and 
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subsequent electrochemical deposition of nickel [96]. The electro co-deposition technique has 

been also employed to produce Ni-A1203  functionally graded materials by changing the bath or 

the deposition conditions during the deposition process [84, 110, 112]. The characteristics of 

the nickel plating baths and of the A1203  particles employed to produce composite coatings by 

electro co-deposition are listed in Table 2.9. A summary of all the findings reported in the 

literature is reported below. 

i) Effects of the deposition parameters 
It is well known that the concentration of particles in the bath, the current density and the 

particle size are the main parameters influencing the amount of second phase embedded in the 

composite coatings. The influence of these parameters on the Ni-A1203  deposition has been 

studied and also other parameters have been recognized to influence the process. 

An increase of the A1203  volume fraction in the coating was observed when the A1203  

concentration in the plating bath increased [57, 72, 78, 82, 84, 98, 101, 110, 112]. Ferkel et al. 

[82] observed a 2 vol.% of A1203  co-deposited in the film with 8.3 g/1 of A1203  suspended in 

the bath. Sautter [72] obtained 2 vol.% of A1203  in coatings deposited from solution with 25 g/1 

of A1203  and 5 vol.% of A1203  from baths containing 150 g/1 of A1203. The upper limit 

observed by this researcher [72] was due to the suspension viscosity which made impossible to 

obtain good stirring. Banovic et al. [84, 110] reported a 40 vol.% of A1203  in samples deposited 

from a solution containing 225 g/1 of A1203. Nwoko and Shreir [57] observed that for particle 

concentration in the Watts bath < 60 g/1 the amount of A1203  co-deposited increased but 

decreased for higher concentrations, probably for the incapacity to keep all the particles 

suspended and due to the increase of agglomeration. Shao et al. [78] reported that the amount 

of A1203  co-deposited increased with the concentration in the bath until reaching a plateau 

when the particle size was 300 nm, whereas when smaller particles (50 nm) were employed the 

concentration increased linearly over the whole range analysed. Conversely Xiong et al. [74] 

and Bund and Thiemig [62] observed that the particle content in the coatings was just slightly 

influenced by the particle concentration in the bath. 

The current density presented controversial effects. Nwoko and Shreir [57], Xiong et al. 

[74], Webb et al. [2], Thiemig et al. [92] and Vidrine et al. [1] observed that increasing the 

current density the amount of A1203  co-deposited increased and then decreased. Sautter [72] 

reported a small effect of the current density on the amount of A1203  co-deposited from a Watts 

solution containing 50 g/1 of A1203. Erler et al. [98], Banovic et al. [84, 110], Shao et al. [76, 

78] and Aruna et al. [85] observed that the amount of A1203  increased with decreasing current 

density. Thiemig et al. [92] also stated that the influence of the current density on the 

deposition results was extremely connected to the hydrodynamics and the cell configuration. 

Different influences of the particle size on the amount of particle co-deposited have been 

reported. Brandes and Goldthorpe [69] and Aruna et al. [85] observed a decrease of the amount 
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Table 2.8 Some examples of the conditions used to electro co-deposit nickel and other particles from aqueous solutions. 

Ref Ni(NH2S03)2  NiSO4  Ni(BF4)2  NiCl2  H3B03  SDS Other chemicals Suspended particles pH Means to keep the  particles suspended 

[51] - 240 g/I - 45 g/I 30 g/1 0.5 g/1 - 1-100 g/1 graphite stirring 4.5 - 
5.5 

Continuous mechanical 
during 

deposition 

[113]  - - 280 g/1 - 40 g/I 0.1 g/1 5 fluobWoIrifcreaecid 
50 WI Zirconia 

(8.1 µm) 3.0 Mechanically 
controlled stirring 

[114]  - 260 g/I - 30 g/1 30 g/1 - - Zirconia 3.0 

[115]  - 300 g/1 - 45 g/1 45 g/1 - 1 g/1 saccharin /1 Zr02  
(4-10 nm) 

10-50 g Mechanical 2.5  stirring 

[116]  350 WI - - - 35 WI 0.1 g/1 15 g/INH4CI 30 g/1 CeO2  (30 nm) - Stirring for 2h before 
deposition 

[50] - 250 g/1 - - 15 g/I 0.1 g/1 15 g/INH4C1 30 WI La203  (1-2 Am) 6.0 Mechanical agitation 

[60] 400 g/1 - - 5 g/1 30 g/1 - 0.5g/1 anti pit 
agent 

Variable amounts of 
TiO2  powder (1 Am) 

4.0 + 
0.2 - 

[117]  - 250 g/1 - - 20 g/I - Surface active 
agent 

10-120 g/1 TiO2  
(20 nm) 3.0 - 

[65] 600 WI - - 10 g/1 40 WI - - 20a0ndg /51 CI 1  rm  - (3<07115m7 
4.0 Rotating paddle 

[118]  - 260 g/1 - 13 g/1 12.5 g/I 0.3 g/I - 50wt.% SiC (20 nm) 4.0 Stirred for 24hrs 
the depositi before on. 

[119]  - 300 g/1 - 40 g/1 35 g/1 - - SiC (0.7 µm) 4.0 
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Table 2.9 Conditions used to electro co-deposit nickel-alumina composite coatings. 

Ref Ni(NH2S03)2  NiSO4  NiC12  H3B03  SDS Other chemicals Suspended 
particles PH 

T 
pC11 

Current 
density (-i) 

Means to keep the 
particles suspended 

[73] 485 g/1 - 8 g/1 22 g/1 - 0.5 g/1 surfactant 10-150 g/1 
y-A1203  (25nm) 

- 3.525 4.0 
150-70 7 
A-m-2  - 

[57] - 300 g/1 45 g/1 30 g/I - - A1203  (5-50nm) 3.5-4.0 50+1 10-40 
mA•cm-2 

N2 was bubbled through 
the solution 

[107] 500 g/1 - 8.5 g/1 26 g/I - - 
1 to 15 g/1 of 5- 

and y-A1203  
(25 nm) 

3.1 - 25mA•cm2  - 

[98] - 250 g/1 30 WI 30 g/1 0.3 
gil 

- 0.5 — 50 g/1 of y- 
A1203(13 nm) 4.2+0.2 55+2 0.5-8.0 

A-dm-2  Stirring 

[1] - Variable - - - 88 g/1Na3C6H507. 
2H20 

25 g/I 7-A1203  
(32 nm) . 40 - 13.3-92.8 

mA•cm2  
Stirring the solution and 

RDE. 

[1] 230 g/1 - 8 g/1 30 g/1 - - 25 g/1 y-A1203  
(32 nm) 4.0 - 1-140 

mA•cm-2  
Stirring the solution and 

RDE 

[1] - - 48 g/I 25 g/1 - 25 g/1 10 g/17-A1203  
(32 nm) 3.0-4.5 - 39.8-92.8 

mA•cm-2  
Stirring the solution and 

RDE 

[61] 350 g/1 - 15 g/I 30 g/1 - - 50 g/1 A1203  
(80 nm) 4.2 40+1 Pulse co- 

deposition 
Stirring the solution at 

600rpm 

[70] 38-308 g/I - 10 g/1 40 g/1 - - 5 g/I 
(80 nm) 

A1203 4.0 50 3 A•dm-2 Stirring at 200rpm 

[76]  400 g/1 - 10 g/1 30 g/1 0.5 
WI 

0.1 g/lcoumarin 
C9H602 

80 g/1 A1203  
(300 nm) 

About 
3.0 mA•cm

-  -2 
5-40 Stirring for lh for 

suspension stability. RDEat 
500-2000rpm 

[77]  310 g/1 - 10 g/1 30 g/I 0.5 
gil 

0.1 g/lcoumarin 
C9H602  

4-80 g/1 A1203  
(50 or 300 nm) 

About 
3.0 - 20mA•cm- 2 

Stirring for 1 h for 
suspension stability. RDEat 

500-2000rpm 

[108] - 250 g/1 160g/I - - - A12031(05g/0-13o1f5lim)
mA•cm-2 3.0 50 1-300 Mechanical stirring at 

1200-1700rpm 
[97, 
101] - 300 g/1 60 g/1 30 g/I 0.2 

g/1 - 20-100 g/1 of a- 
A1203(< 1µm) 

3.80- 20 3.85  2 A•dm-2  Stirring at 800rpm 

[81] - 300 g/1 50 g/1 40 g/1 0.1 
gil 

0-0.3 g/lHexadecyl 
p yridi nium 

bromide(HPB) 

20 g/I of a-A1203  
(< 0.8µm)  

4.0 40-45 3 A•dm-2  Stirring at 300rpm 
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[62] 270 g/1 - 5 g/1 40 g/1 - 1-10g/1 of 7- 
A1203  (13 nm) 4.3 40 1-10 

A•dm-2 Stirring at 250rpm 

[62] - 50 g/1 - -  - 
250 g/11(413207 25 g/I 

C6H807  •H20 
1-10g/I of 7- 

A1203 (13 nm) 9.5 40 1-10A•dm-2 Stirring at 250rpm 

[74] 430 g/1 - - 35 g/1 0.2 
WI 

2.3 g/1 nickel 
bromide 

50 g/1 of 7-A1203  
(50 nm) 

4.0 ± 
0.1 48±3 3.4-50__ 

mA•cm 2  Magnetic stirring 

[79] - - - - - - 150 g/1 of 7- , A1203 (14 nm)  3.5-4.5 50 2000 A•rn-2 RDE 

[82] - - - - - - 1.7-8.3 g/I of 7- 
A1203 (14 nm) 2.5-4.5 45 115 A-m-2  

[72] - 300 g/1 45 g/1 30 g/I - 0.2 v/o N13-wetting 
agent 

0-150 g/I of 7- 
A1203  

(10-40 nm) 
1-5 20-80 1-5 A•dm- 2  Stirring 

[95] - Sulfate - - - - 2.2 pm and 0.3 
gm A1203  - - - 

[52] - 315 g/1 - 25 g/1 - - 

30 g/I of a-A1203  
(300 nm) or 7 - 

A1203  
(50 nm) 

3.2  Room 
T 

12.5 
mA•cm-2  RDE 

[78] 310 g/1 - 3 g/1 31 g/1 0.5 
g/1 0.1 g/lcoumarin 4-80 g/1 of A1203  

(50 or 300 nm) 
3.0  - 5-40 

mA•cm-2  RDE 

[2] - - 26 g/I 25 g/1 - 

25 g/I NaCl, 1.5g/I 
sodium saccharin, 

0.01g/lFC95 
surfactant 

2-20 g/1 of y- 
A1203  (10 nm) 3.0 Room 

T 
2-50 

mA•cm-2  RDE 

[110] 400 g/1 - 5 g/1 30 g/1 0.5 
g/1  

0.1 gil coumarin A-A1203  
(0.6-0.8 pm) 4.0+0.2 50+2 5-250 

mA•cm-2  

[84] 400 g/1 - 5 g/I 30 g/1 0.5 
gil 

0.1 g/1 coumarin 
75, 150, 225 g/1 

of a-A1203  
(0.6-0.8 pm) 

 4.0+0.3 50+2mA•cm2 
5-250 Stirring at 400rpm 

[85] 215 g/1 - 10 g/I 30 g/1 g/1 
0.2 A1203 (5.5 - 

100 g/I of a- 
gm) 

or a- and y- 
A1203  (0.54gm) 

4 - 0.23-5.4 
A•dm-2  - 

[90] 275 g/1 - 6 g/1 30 g/1 
WI 
0.2 150 - g/1 of A1203  

(1gm) 
4  50 0.8-1 

A•dm-2  Stirring at 200rpm 
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[112] - 300 g/1 35 g/1 40 g/I 
0.05- 
0.15 
WI 

0.8-1.2 g/1 saccharin 20-1200 of a- 
A1203(0.51,an) 3.6-4 50±3 10 A•dm-2  Stirring at 350rpm 

[91] - 3 g/1 40 g/1 - 90 g/1 Gentle - 39 g/1 of 8-A1203 
(30 nm)  4-5  50±2 4 A•din-2  stirring 

[92] 270 g/I 10 g/1 40 g/1 - - 
0-120g/1 of y- 

A1203  (13 or 50 4.3 
nm) 

 40 1-10 A•dm- 
2 - 

[100] - 264 g/I 24 g/I 12 g/1 0.3 
WI 

- 20g/1 of A1203  
(13 nm) 4 40 2 A•dm-2  Stirring at 300rpm 

[53- 
55] -264 g/I - - - 

56 g/I ammonium 
citrate, 23 g/I 

ammonium acetate, 
105 IA ammonia 

20 g/1 of A1203  
(30-50 nm) 

7_7.4  20 - - 

[93] - 300 g/I 45 g/1 30 g/1 - - 10 g/1/1 of a- 
A1203 (100 nm) 4 50 3 A•dm-2  (0.5-10 T)  

Magnetic field 

Table 2.10 Conditions employed in electro co-deposition and sediment co-deposition to produce Ni-Al composite films. 

Ref Ni(NH2SO3)2  NiSO4  NiC12  H3B03  SDS Other 
chemicals Suspended particles Current 

density pH  T Means to keep the 
particles suspended 

[64, 
110] 400 g/1 - 5 g/1 30 g/1 0.5 

WI 
0.1 g/1 

Coumarin 
150 to 225 g/I Al 
powder (1-4 gm) 

10-250 
mA•cm-2 

4.0 ± 
0.1 50°C Magnetic stirring at 

400 rpm 

[121, 
122] 

- 150 g/I - 15 g/I 0. 1 
WI 

15 g/lNH4C1 
Al powder (75 nm and 
1-5 gm) (quantity not 

mentioned) 

20 
mA.cm _2  5.5-6.0 35°C A reciprocating 

perforated plate 

[47, 
48] - 270 g/1 45 g/1 40 g/I 0.2 

g/I - 5-150 g/1 Al particles 20-90 
mA•cm-2 (3 µm) on/off 

4.0 Room T 
Magnetic stirring 

(400 rpm) following 
time 1200/10 s 

[59, 
124] 56 g/I - - 9 g/1 - 

15 g/1 
(NH4)2SO4 15 
g/ICH3COOH 

 20-140 g/I Al particles 
(75 gm) 

200-450 
mA•cm_2 3.5 -4.5 

20°C 
and 

° 50 C 

Magnetic stirring at 
150 rpm 
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of a-A1203  co-deposited increasing the particle size from 5 to 30-40 pm or from 0.54 to 5.5 pm, 

respectively. Whereas, Shao et al. [78] reported that bigger particles (300 nm vs 50 nm) were 

incorporated in the film in higher volume fraction but lower particle number density. Verelst et 

al. [95] reported that the particle size (0.3 and 2.2 pm) did not influence the amount of particle 

co-deposited. 

The concentration of electrolyte in the bath and the bath composition affect also the 

amount of A1203  co-deposited. Vidrine et al. [1] reported that the amount of A1203  co-deposited 

was between 0.14 and 1.03 wt% (0.31 and 2.28 vol.%) from a citrate bath and between 2 and 7 

wt.% (4.39 and 14.48 vol.%) from a chloride bath starting from a suspension containing 25 g/1 

of A1203  with size 32 nm. Kuo et al. [70] observed that decreasing the concentration of 

electrolyte in the bath from 1.2 M to 0.3 M produced an increase from 8.37 to 26.78 vol.% of 

the amount of nano-A1203  co-deposited. This increase was explained considering that the 

smaller agglomerates at lower Ni2+  concentration presented more opportunities to be adsorbed 

onto the electrode. However, it was also observed that a further decrease of the Ni2+  

concentration to 0.1 M produced a slightly decrease of the amount of A1203  particles co-

deposited (24.65 vol.%) because of the lower current efficiency and the obstruction of the 

adsorption of A1203  particles on the cathode by the hydrogen evolution. They [70] also 

observed that employing lower Ni2+  concentrations a more uniform A1203  distribution in the 

film was achieved. 

Moreover, Sautter [72] also reported that the bath temperature and the bath pH between 2 

and 5 did not influence the amount of A1203  co-deposited, but bath pH lower than 2 produced a 

considerable decrease in the amount of A1203  co-deposited, in agreement with findings 

obtained with copper electrolytes containing SiC or A1203  particles [15]. Similar results were 

also reported by Nwoko and Shreir [57], who observed a decrease in A1203  co-deposition with 

decreasing pH and explained it considering the decrease of nickel deposition efficiency that 

lowers the deposition rate diminishing the rate of entrapment of the particles and at the same 

time increases the hydrogen evolution thus not allowing the particles to be deposited. 

Webb et al. [2] and Shao et al. [78] observed in correspondence of the higher amount of 

A1203  co-deposited a decrease of the metal current efficiency, that was attributed to the 

competition between the nickel deposition, which is charge-transfer controlled, and the A1203  

co-deposition, which is limited by the mass transfer when higher current densities are 

employed. Whereas Barmak et al. [110] observed that the deposition rate was not affected by 

the particles in the bath for current densities between 0 and 25 A•dm-2. They [110] also 

observed that at higher current densities the A1203  presence interferes with Ni deposition. 

All the depositions considered here are obtained from conventional direct current plating. 

In the literature it has been reported that pulse reverse plating (if the pulse length is long 

enough) can be employed to increase the concentration of particles embedded in the film by 

dissolving a fraction of plated metal during the reverse pulse therefore increasing the amount of 
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co-deposited particles [1, 74]. This process however has not been taken into consideration for 

the present project. 

ii) Agglomeration 
Following the increasing interest in the production of nano-materials, many researchers 

have reported the production of composite coatings containing A1203  particles smaller than 100 

nm [1, 2, 52-54, 61, 62, 70, 72-74, 78, 79, 82, 91, 92, 94, 98, 100, 107, 109]. Although the 

production of nano-composite coatings advanced rapidly, some problems such as the uniform 

distribution of nanoparticles in the matrix, the control of the amount of reinforcement co-

deposited and the nanoparticle agglomeration are still unsolved [70]. In fact, nanoparticles 

present a strong tendency to agglomerate in the bath because of their high surface energy [54, 

57, 62, 70, 72, 79, 85] and, during co-deposition, the agglomerates are embedded in the coating 

reducing the potential mechanical properties of the composites. Consequently numerous studies 

have been carried out to reduce particle agglomeration in solution employing chemical or 

physical methods. The chemical methods consisted of adding surfactants, macro-molecules or 

metal cations in the electrolytic bath; when these chemicals are adsorbed on the particle 

surfaces they produce electrostatic or steric interactions that improve effectively the repulsions 

between particles improving their distribution in the film. The physical method consists of 

applying ultrasonic energy that destroys the binding energy between the agglomerated particles 

[70]. 

Kuo et al. [70] observed a considerable decrease of the agglomerate sizes applying both 

chemical and physical methods and they also reported that a decrease of agglomeration 

considerably enhanced the amount of particles co-deposited. They [70] also observed that 

decreasing the ionic strength of a nickel sulphamate bath the average agglomerate size 

decreased. The same behaviour was also reported by Vidrich et al. [107] and by Erler et al. 

[98]. Vidrich et al. [107] observed that increasing the ion concentration in solution the zeta 

potential decreased and the A1203  agglomeration size rose. This result was explained 

considering that at higher ion concentrations the electrolytic double layer is compressed and the 

electrostatic repulsions between particles decrease while Van der Waals attractions dominate. 

Therefore the strongest agglomerations take place close to the isoelectric point. Bund and 

Thiemig [62] observed that the agglomeration behaviour of nano-A1203  particles depended also 

on the type of bath, in fact 200 nm size agglomerates were observed in sulphamate bath and 

100 nm in pyrophosphate bath. Erler et al. [98] treated the suspension with ultrasonic vibration 

and by measuring the particle size they confirmed that this method successfully broke the 

A1203  agglomerates, which remained of the same size for a week. Shao et al. [78] reported that 

the nano-A1203  was well dispersed when the concentration in the film was < 16 vol.%, but that 

for concentrations higher than 20 vol.% the aggregation became significant. 

The same agglomeration problem was also observed when bigger A1203  particles (0.8 
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f..tm) were employed, as described by Chen et al. [81] and Banovic et al. [84]. Chen et al. [81] 

observed that the vol.% of A1203  co-deposited increased with the surfactant (hexadecyl-

pyridinium-bromide (HPB)) concentration, as also observed by Ger [120] for the Ni-SiC 

system. This behaviour was explained considering that the particle zeta potential increased 

gradually with the increase of the surfactant concentration. Chen et al. [81] also observed that 

adding HPB decreased the agglomeration of the A1203  particles in suspension and in the film 

and improved their distribution in the Ni matrix. The mechanical properties of the composite 

coatings were strongly related to the amount of HPB in the bath: micro-hardness and wear 

resistance increased for HPB concentration below the optimum and then decreased because of 

the increase in brittleness of the metal matrix caused by the HPB inclusions. 

iii) Microstructure 

Figure 2.6 SEM micrographs of a) nickel coating and b) Ni-A1203  composite coatings electro co-

deposited from a Watts bath containing 100 g/1 of A1203  particles with size < 1 pim and applying a 

current density of 20 mA•cm-2  (redrawn from ref. [97J). 

b) 

Figure 2.7 SEM micrographs of a) nickel coating and b) Ni-A1203  composite coatings electro co-
deposited from a Watts bath containing 20 g/1 of nano-A1203  particles and applying a current 

density of 20 mA•cm-2  (redrawn from ref. [1001). 

It has been extensively reported in the literature that the introduction of a second phase in 

an electro co-deposited film modifies the crystallographic structure of the metal and that the 
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kind of particles, their size and their concentration influence the properties of the metal matrix. 

Bund and Thiemig [62] reported that the nickel films deposited from the sulphamate bath have 

a well-defined columnar structure and that this structure changes to the unoriented dispersion 

type when A1203  particles were added; whereas the films deposited from the pyrophosphate 

bath with and without A1203  presented a granular structure with fine grains. Szczygiel et al. 

[97] and Ciubotariu et al. [100] observed that the co-deposition of A1203  with particle size < 1 

p.m [97] or 13 nm [100] changed the nickel structure from a regular pyramidal crystal structure 

to a disordered structure (see Fig. 2.6 and 2.7). The A1203  particles were uniformly distributed 

in the film; some of them emerged from the nickel surface and others, even if completely 

embedded in it, were not fully covered by the Ni because non conductive [97, 100]. 

Aruna et al. [85] noticed that the current density influenced the crystalline orientations of 

nickel and Ni-A1203  films and that the nickel grain size did not increase with increasing current 

density, but decreased with the incorporation of A1203  powder; an opposite behaviour (size 

increased with increasing current density but did not vary with the presence of A1203  particles) 

was reported by Banovic et al. [84]. Banovic et al. [84] also observed that the composite films 

deposited applying a current density below 1 A•dm-2  were relatively smooth whereas when 

higher current densities were applied some structures, attributed to the Ni growth around A1203  

particles, were observed. When higher current densities were applied the Ni was reduced faster 

than it could diffuse across the surface producing a rough growth and the formation of a ridge; 

whereas under lower current densities the nickel was deposited slowly allowing its diffusion 

and the production of a smoother surface [84]. 

Different distributions of A1203  in the films were reported. Nwoko and Shreir [57] 

observed that the A1203  particles were randomly distributed in the films and that the A1203  

inclusions increased the number of dislocations compared to pure Ni films. Erler et al. [98] 

noted that the nanoparticles were incorporated as clusters and that they were not uniformly 

distributed. In fact in the first 2-3 i_tm of the layer there were zero or very few particles. This 

effect was explained considering that at the beginning the deposition can occur only on 

electrode areas without particles and a particle free layer is deposited and then the particles can 

stick to the rough nickel surface being consequently embedded by the growing metal layer. 

Verelst et al. [95] observed that the Ni-A1203  interface was not continuous and contained 

large voids in the as deposited composite film, this weak interface changed after treatments at 

1200°C when a solid state reaction took place between A1203  and Ni probably producing a 

strong interface and improving the mechanical properties of the composite. Contrary, Shao et 

al. [78] reported that the A1203  particles were well-adherent to the Ni matrix with no voids 

along the boundary. Erler et al. [98] measured the residual stresses in pure nickel coatings and 

in composite coatings containing nano-A1203  or nano-TiO2  particles and observed completely 

different behaviours due to the different particle influences on the crystallisation mechanism of 

Ni and the development of different crystalline structures. Tu et al. [53, 55] observed by X-Ray 
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Photoelectron Spectrometry (XPS) that there is a chemical bond between the nanoparticles and 

the nickel matrix, in particular the bond takes place between the unsaturated chemical bonds of 

oxygen atoms and the Ni atoms. These chemical bonds produce compact bindings between the 

nanoparticles and the Ni matrix and can advantageously improve the film properties. They [53, 

55] also reported that the nanoparticles increased the current efficiency and decreased the 

overpotential of the process catalysing the Ni deposition through nucleation centres. 

iv) Mechanical properties 
The addition of A1203  to Ni films influences the coating mechanical properties; a brief 

summary of the results reported in the literature is presented here. 

Numerous researchers reported that the inclusion of A1203  in Ni coatings increased their 

hardness [52, 54, 61, 75, 78, 81, 82, 84, 85, 89-94] thanks to the reinforcement hard nature and 

its influence on the metal microstructure and grain size [62, 84]. Few researchers [52, 78, 84, 

89, 93] observed that the hardness increased linearly with the amount of A1203  embedded in the 

coatings. Moreover, considering the same particle concentration in the films (0.5 vol.% [78] 

and 8 vol.% [89]) it seemed that the smallest particles increased more effectively the hardness 

than the bigger one. Bund and Thiemig [62] employed two different baths to carry out the co-

deposition of Ni-A1203  coatings and observed that the micro-hardness considerably increased 

with the amount of A1203  in the coatings deposited from a sulphamate bath, whereas only a 

slightly variation was observed when a pyrophosphate bath was employed. 

The yield strength [72, 95] and the ultimate tensile strength [95] were observed to 

increase with the incorporation of A1203  in the coatings; the tensile strength increased as much 

as four times with the incorporation of A1203  [57, 89]. These increases were at the expense of 

the ductility (elongation at rupture) that decreased drastically with the amount of A1203  co-

deposited in the film [89, 95]. Composites containing 2.2 1.tm A1203  particles seemed slightly 

stronger than those with smallest particles (0.3 µm), but the latter were able to maintain the 

matrix ductility [95]. The opposite behaviour was reported by Ding et al. [89], who observed 

that composites with smaller particles were more brittle than those with bigger particles. 

Wang et al. [91], Feng et al. [93] and Xu et al. [54, 94] observed that the wear resistance 

of Ni-A1203  films was higher than that of pure nickel. Chen et al. [81] explained this behaviour 

considering the reinforcement hard nature. In another study the same group [75] observed a 

decrease of the wear resistance of Ni-A1203  films under dry sliding conditions with increasing 

A1203  content; this unexpected behaviour was due to the roughness of the Ni matrix. In fact 

they [75] also reported that the wear resistance of the same coatings under oil-lubricated 

conditions increased with increasing amounts of A1203  because the oil prevented adhesive wear 

and in these conditions the anti-wear performances of the coatings depended on the A1203  

content and not on the coating roughness. 
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vi) Corrosion resistance 
The results reported in the literature for the corrosion properties of Ni-A1203  composite 

coatings are inconsistent, possibly due to the fact that the inclusion of the second phase affects 

the surface morphology of the films in different ways modifying the protective properties. For 

example, Erler et al. [98] observed that the corrosion resistance of Ni-A1203  composite coatings 

under salt spray test deteriorated compared to pure Ni coatings and considerably different 

behaviours were observed between specimens produced under the same plating conditions. The 

corrosion difference between pure Ni and Ni-A1203  films was explained considering a higher 

diffusion of the chloride ions at the interface Ni-A1203  [98]. Szczygiel and Kolodziej [97, 101] 

observed that the anticorrosion properties of Ni-A1203  composite coatings in Na2SO4  and in 

NaCl solutions were higher than that of pure Ni due to the change in the metal texture and 

microstructure following the co-deposition of the second phase, as shown in Figure 2.6. 

Ciubotariu et al. [100] reported that the corrosion resistance of the nanostructured Ni-A1203  

films was higher than that of pure Ni in both 0.5 M K2SO4  and 0.5M NaC1 solutions for the 

finer surface structures of the composites compared to pure Ni (see Figure 2.7) and the 

insulator action of the A1203  particles [100]. 

2.2.4.2 Electrochemical co-deposition of Ni-Al composite coatings 
Composite films containing Al particles have recently attracted considerable attention for 

their resistance to oxidation at high temperatures [121-123] and their relative high hardness 

[64]. The high temperature oxidation resistance is due to the presence of enough Al content (6-

7 wt.% [123]) in the film to develop a slow-growing, thermodynamically stable and continuous 

layer of a-A1203. Conversely, lower Al content would deteriorate the oxidation resistance of the 

coatings compared to pure nickel [121-123]. It has to be mentioned that often conventional 

commercial alloys cannot form this a-A1203  scale because their Al content is not high enough 

and higher Al content would increase the material brittleness [121, 122]. Therefore the 

deposition of composite films containing Al is a solution to protect substrates with poor 

oxidation resistance at high temperature. The hardness increase of coatings containing a low 

amount of Al was explained by Susan et al. [64] considering the refinement of the matrix 

microstructure. They [64] also underlined that higher amounts of Al would produce an opposite 

effect due to the softness of this material compared to nickel. Ni-Al composite coatings have 

been deposited using electrochemical methods, such as electro co-deposition [64, 121-123] and 

sediment co-deposition [47, 48, 59, 124], the conditions employed are listed in Table 2.10. The 

electro co-deposition of Ni-Al composite films was studied by Susan et al. [64, 123] and Zhou 

et al. [121, 122]. 

Susan et al. [64] observed that the films were without voids, cracks or other defects and 

that the distribution of Al particles in the Ni matrix was uniform. Moreover, some of the Al 

particles on the coating surface were completely surrounded by nickel and other were not. This 

53 



llaria Corni 

phenomenon was explained considering that the electrically conductive particles embedded into 

the coating become part of the cathode and the nucleation and growth of the metal took place 

also on their surfaces. While Zhou et al. [121, 122] found that the as deposited film contained a 

high density of pores and pinholes. Moreover they observed that in the major area of the 

deposit (see letter A in Fig. 2.8) the Al particles were surrounded by nickel, while in other parts 

(see letter B in Fig. 2.8) there were fresh deposits enriched with Al and in some parts there 

were pores and holes (see letter C in Fig. 2.8) due to the breakage of fresh deposits during 

rinsing. 

Figure 2.8 Surface morphology of the as-deposited Ni-28A1 composite film obtained by Zhou et al. 

(redrawn from ref. 11221). 

Susan et al. [64] calculated the volume per cent (vol.%) of Al embedded in the Ni matrix 

when different current densities were applied obtaining that the Al content in the film was 

maximum (20 vol.%) when the Al concentration in the bath was 225 g/1 and the current density 

50 mA• cm-2. While a further increase in the current density caused a decrease of Al content to 

about 12 vol.%. The same trend was also observed when the Al concentration in the bath was 

150 g/1, but in this case the Al content in the coating was lower. Zhou et al. [121, 122] 

deposited composite films containing 28.0 wt.% of Al, this value cannot be compared with the 

results obtained by Susan et al. [64] because the authors [121, 122] did not mention the 

concentration of Al particles in the suspension. Zhou et al. [121] noticed an increased of the Al 

content in the coating increasing the concentration of Al particles in the bath (as it was also 

observed by Susan et al. [64]), but they did not study the dependence of these two variables. 

Moreover, they [121] compared films containing micron and nano-Al particles concluding that 

the distribution of nanoparticles was more homogeneous than that of micron-particles, even if 

in some parts of the deposit the nanoparticles were agglomerated into clusters. 
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2.3 Electrophoretic deposition 

2.3.1 Introduction 
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Figure 2.9 Schematic representation of the cell used in electrophoretic deposition when the charged 

particles in suspension are positively charged (redrawn from ref. [23]). 

Electrophoretic deposition (EPD) is an electrochemical method used to produce coatings 

[17-20, 23, 125, 126] and free standing objects [17, 127, 128]. The interest in EPD has recently 

increased both in academia and in the industrial sector because of its cost-effectiveness (short 

time and simple apparatus required), its ability to produce coatings onto substrates with 

complicated shapes [129] and its high versatility making EPD a method applicable to deposit 

any solid material (metal, polymer and ceramic) that is available as a fine powder (< 30 gm) or 

as a colloidal suspension [17-23, 125]. During the past decades EPD has been largely employed 

for the deposition of coatings. However, this technique has also shown potential to produce 

composite materials by infiltrating porous substrates (e.g. fibre fabrics) with a second phase 

[17-19, 23, 126] and it enables the deposition of layered materials using two suspensions with 

different compositions (e.g. by moving the substrate from one suspension to another, when the 

desired thickness is reached it is possible to develop coatings having layers of different 

compositions [17, 23, 125, 126, 130, 131]). In addition to layered composites, EPD facilitates 

the deposition of functionally graded materials by gradually changing the composition of the 

suspension [17-19, 23, 125, 126, 132]. This kind of materials presents a gradual change in the 

composition from one face to the other allowing a similar gradual change in the properties. An 

example of application for functionally graded materials is the joining of a metal layer and a 

ceramic one, considering that they present very different thermal expansion coefficients leading 

to very high residual stresses during cooling, the production of functionally graded metal-

ceramic coating could possibly solve this problem [105]. EPD has also been used to deposit 

nanoparticles or carbon nanotubes [18, 19, 23, 133] to produce advanced nano-structured 
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functional coatings. The increasing interest in the field of EPD has led to the establishment of 

the international EPD: Fundamentals and Applications conference series [134, 135]. 

EPD occurs in two steps. In the first step, an electric field is applied between two 

electrodes and the charged particles in suspension move toward the opposite charged electrode 

(electrophoresis) while in the second step, the particles accumulate at the electrode and create a 

relatively compact and homogeneous film (deposition) (see Figure 2.9). Therefore in order to 

apply this technique it is fundamental to produce a stable suspension containing charged 

particles free to move in the suspension [17, 18, 20-23]. The main differences between EPD 

and electrochemical deposition of a metal, which was discussed in section 2.1, are listed in 

Table 2.11 [21]. It follows that EPD is a non-faradic process governed by laws different from 

those governing electroplating [125]. After electrophoretic deposition, a heat-treatment step is 

normally required to further densify the deposit and to eliminate porosity [17, 18, 20-23, 125]; 

this is another difference compared to electrodeposition. 

Table 2.11 Principal differences between electroplating and electrophoretic deposition (after ref. 
1211). 

Electroplating EPD 
Moving species Ions Solid particles 
Charge transfer on deposition Electrons for ions reduction None 
Required conductance of the 
liquid medium 

High Low 
 

Preferred liquid Water Organic 
Deposition rate — 0.1 ttm•min"' —1 mm-min' 

2.3.2 Properties of charged particles 
When two phases come into contact, there is a redistribution of positive and negative 

charges on their interface producing a so-called electric double layer that is of the order of few 

nanometers. The charge redistribution process can be due to different mechanisms: 

1. the adsorption of ions onto the particle surface from the liquid [136]; 

2. the dissociation of ions from the solid phase to the liquid; 

3. the adsorption or the orientation of dipolar molecules on the particle surface; 

4. direct electron transfer between the two phases [17, 21, 22]. 

Considering ceramic or glass particles in water or organic liquids, the last mechanism does not 

apply, but the other three invariably occur. A charged particle in suspension is surrounded by a 

shell of counter ions (ions with an opposite charge), as shown in Figure 2.10. The concentration 

of these counter ions is higher close to the particle (double-layer or Stem layer) than in the bulk 

of the suspension. When an electric field is applied, the counter ions and the particles should 

move in opposite directions because they have opposite charges. However, as a result of the 

attraction between them, part of the ions surrounding the particle will move in the same 

direction of the particle, and therefore the direction of the particle depends on the net charge of 
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the double-layer and not just on its individual charge [17, 22]. 

A measure of the surface charge of a particle is given by the zeta-potential C, which is 

defined as the potential of a particle at the surface of shear, which is the limit between the 

liquid moving with the particle (double-layer) and the liquid that does not move with it (see 

Figure 2.10). The value and the sign of zeta-potential are influenced by many factors, such as 

the presence of electrolytes, the suspension concentration and the pH. Moreover, it has to be 

noticed that zeta-potential can be positive for a negative particle if the charge of the specifically 

adsorbed ions is higher than the particle charge. Therefore this is a fundamental parameter to 

determine the particle behaviour under an applied electric field and to predict if there will be 

anodic, cathodic or no net deposition [17, 21, 22]. 

4 Double-layer 

Bulk 

Figure 2.10 Scheme of the double layer surrounding a charged particle and variation of the electric 

potential from the particle surface to the bulk of the suspension (modified from ref. [171). 

2.3.3 Properties of the suspension 
Successful EPD relies on the preparation of a stable suspension containing charged 

particles (high zeta-potential) and with low ionic conductivity (the stability of suspensions is 

usually reduced with increasing ionic concentration [17]) and low viscosity. Suspensions are 

usually characterised by numerous parameters that will be discussed below [17, 20]. 

1) Particle sizes 
There is not a general rule to specify the suitable particle size for EPD, in fact good 

deposition results for a variety of materials with particle size from a few nm to 30 gm have 

been reported. The fundamental characteristic for successful EPD is the complete dispersion 
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and stability of the particles in the suspension. The main problem connected to the deposition 

of large particles is their tendency to sediment due to gravity, making the deposition of uniform 

films difficult. In order to deposit large particles a very strong surface charge or a large 

electrical double layer region must be achieved [20], so that the coulombic force compensates 

the gravitational force. 

ii) Suspension media 
The liquids used in EPD should be inert to the powder and they may be either distilled 

water or organic solvents. The main drawback of using aqueous suspensions for EPD is the 

electrolysis of water that occurs at low voltages (about 5 V) and produces gas evolution at the 

electrodes. The gas evolution is unavoidable if the applied electric field is strong enough to 

have relatively short deposition times and the consequence is the production of a deposit with 

inclusion of gas bubbles. Another drawback related to the use of water is the adsorption of 

water in the deposit that causes major shrinkage and cracking during drying [17]. Organic 

media generally have a lower dielectric constant (the dissociating power of the liquid) than 

water. This is a disadvantage because the particle charge is reduced, but at the same time higher 

field strengths (about 100-1000 V•em-1) can be applied because in these liquids the problems 

due to the electrolytic gas evolution are reduced. Therefore in EPD the use of organic liquids 

has been usually preferred over water, even if it is possible to obtain successful deposits from 

both media and the use of water is still of current interest because it is less expensive and less 

harmful for the environment compared to organic solvents [17]. 

The organic media typically used can be distinguished in two main groups: alcohols and 

aprotic solvents. Alcohols are similar to water and therefore the acid/base chemistry involved 

between the particles and the liquid does not change significantly when the medium is an 

alcohol instead of water [17]. In fact Wang et al. [137] analysed the electrophoretic mobility of 

alumina in ethanol (dielectric constant c = 25) observing a variation from positive at low pH to 

negative at high pH, entirely analogous to the behaviour observed in water. They [137] also 

showed that electrostatic stabilization in ethanol is possible. Examples of aprotic solvents are 

ketones, ethers and hydrocarbons. Their dielectric constants (c) are around 15 for ketones and 

lower than 10 for ethers and hydrocarbons (the dielectric constant of water is 78.5). Powers 

[138] carried out EPD of 13-A1203  from different organic solvents and demonstrated that in 

order to achieve deposition the solvent dielectric constant was required to be between 12 and 

25. Solvents with a lower dielectric constant did not dissociate enough to produce a reasonable 

charge on the particles, while solvents with dielectric constants higher than 25 reduced the size 

of the double layer and the electrophoretic mobility. An explanation of this behaviour was not 

provided; it must be taken into consideration that it was possible to deposit coatings from 

aqueous solution, with a dielectric constant considerably higher than 25 [17, 20, 21]. 
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iii) Conductivity of suspensions 
The conductivity of the suspension is an important factor in EPD experiments and 

therefore it needs to be considered. It has been reported [20] that if the suspension conductivity 

is too high the particle motion is low because the large amount of free ions in suspension is the 

main current carrier. If the suspension conductivity is too low the particles charge electronically 

and the suspension loses stability. There is therefore a range of conductivity suitable for EPD 

that differs for different particle-media systems and it is influenced by the suspension 

concentration, the pH and the temperature. For example, it has been reported in the literature 

[139] that it was possible to deposit alumina film from ethanolic suspensions at 30°C with 

concentration of 5 wt.% or 10 wt.% and conductivity of 140-170[6.cm-1  or 270-320 ilS•cm-1. 

iv) pH 
In section 2.3.2, the ways that particles in suspension obtain a surface charge was 

described. Most oxides in aqueous suspension will obtain a charge by adsorption or de-sorption 

of protons due to a chemical reaction of the surface groups, which can be acidic, alkaline, or 

amphoteric. This reaction depends on the pH of the suspension. At this point it is worthwhile 

introducing two properties strongly related to the pH: the point of zero charge (pzc) and the 

isoelectric point (iep). The point of zero charge (pzc) is the value of pH at which H+  and 01-f 

are adsorbed in equal amounts whilst the pH that leads to no net charge on the surface is termed 

isoelectric point (iep) or the point of zero zeta potential (pzzp). These two points, pzc and iep, 

can be different when, for example, multivalent metal ions are added to the suspension. 

Therefore in order to achieve a stable suspension containing charged particles it is fundamental 

to change its pH (by adding acid or base) and to set it far from either pzc or iep [17]. 

v) Zeta potential and suspension stability 
As already mentioned in section 2.3.2, the particle zeta potential is an important factor in 

EPD since it plays a role in the suspension stability: suspensions containing highly and 

uniformly charged particles are stable. The suspension stability depends on electrostatic 

interactions and van der Waals forces between the suspended particles. In order to avoid 

particle agglomeration high electrostatic repulsion, achieved with high particle charge, is 

required. In general, the higher the zeta potential absolute value the better the particle 

dispersion in suspension. The zeta potential can be controlled and varied by adding to the 

suspension charging agents, such as acids, bases and specifically adsorbed ions. 

The suspension stability depends on the settling rate and on the ability of the particles to 

avoid flocculation. Stable suspensions do not flocculate and do not form deposits on the bottom 

of the container (which flocculating suspensions generally do). It is therefore important to 

produce a stable suspension but it has also to be considered that if a suspension is too stable, 

the repulsive forces between the suspended particles will not be overcome by the applied 
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electric field and therefore there will not be deposition [20]. 

2.3.4 EPD parameters 
The most influencing parameters in EPD are the process parameters, such as the applied 

voltage (or current), the deposition time and the suspension concentration. 

Effect of the deposition time 
The relationship between deposition yield and time for a fixed applied field is linear at 

the beginning of the process and then it reaches a plateau. When EPD is carried out under 

constant voltage, this trend is explained considering that the potential difference between the 

electrodes is kept constant but the electric field decreases with deposition time because an 

insulating layer of material is deposited on the electrode surface [20, 22]. 

ii) Effect of the applied voltage 
Normally, the deposition yield increases with increasing difference of potential applied. 

It has to be considered that the quality of the deposit depends also on the magnitude of the 

applied field and if moderate fields (10-100 V•cm"') are employed uniform coatings are 

deposited. This phenomenon is explained considering that the packing of the particles in the 

film is influenced by their accumulation rate. Therefore if high electric fields are applied the 

particles move fast towards the electrode and they might not be able to find their best position 

to form a close-packed structure [20]. 

iii) Effect of the suspension concentration 
In contrast to other colloidal processes, such as slip casting and tape casting, in EPD it is 

possible to use suspensions with low concentration of solid particles. These suspensions present 

relatively low viscosity and permit to deposit relatively high density coatings (green density of 

about 40-60 vol.%) from suspensions with low solid loadings (1-2 vol.%) [17]. 

iv) Hamaker's equation 
The quantity of material deposited during EPD is directly proportional to the three 

parameters discussed above: deposition time, applied voltage and suspension concentration. 

This value can be theoretically calculated using Hamaker's equation [20, 21, 125]: 

M = fo aAC,uE • dt 	 [2.15] 

where M is the mass deposited in the time t, a is a coefficient representing the fraction of 

particles near the electrode that are deposited, A the electrode area [m2], C the particle 

concentration in the suspension [kg/m3], p the electrophoretic mobility [m2/Vs] and E the 

electric field applied [V.m-I] [20, 21, 125]. A, C and E are externally controlled parameters, 

while p depends on the properties of the suspension. In the simplified double layer theory the 
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interface is treated as a pure capacitor and the electrophoretic mobility id is given by 

Smoluchowski's equation [21]: 

6 • C 
= 

	

47r77 	
[2.16] 

where c is the dielectric constant of the liquid, the zeta potential and n is the viscosity of the 

liquid. This equation is valid if the double layer region is relatively small compared to the 

particle radius, in other words for systems of large particles in aqueous suspensions. Whereas 

when the system consists of small particles in a non-ionizing solvent it is more appropriate to 

use Htickel's equation: 

e • C 

	

= 67rg 	
[2.17] 

which is valid just for spherical particles [21]. In addition, it has to be considered that the speed 

of a particle in the suspension is due to four different forces acting on the particle. The first 

force accelerates the particle and is due to the interaction of the surface charge with the electric 

field. All the other forces slow the particle and are due to the viscosity of the suspension, the 

electric forces exerted on the counter ions in the double layer and the distortion of the double 

layer when the particle moves, due to a dislocation between the centre of negative and positive 

charges [17]. 

2.3.5 Mechanisms for the formation of deposits by EPD 
The mechanisms of electrophoretic deposition have been largely studied in the past 

decades but it is still not completely clear. A better understanding of the mechanisms is needed 

to avoid time-consuming trial-and-error experiments to determine the best parameters for the 

deposition [17, 18, 20, 23]. It is possible to distinguish four basic mechanisms for the formation 

of deposits by EPD: particle accumulation, charge neutralization, zeta-potential lowering or 

electrochemical coagulation, and electrical double layer distortion and thinning. Additional 

theoretical and modelling studies have being also carried out to clarify the mechanisms of 

deposition and the role of the electrochemical parameters on the complex interactions between 

solvent, particles and electric field. 

0 EPD due to particle accumulation 
Hamaker and Verwey [140, 141] observed similarities between the formation of deposits 

by electrophoresis and gravitation. In fact, in both processes, the pressure exerted by the 

arriving particles enables the particles close to the deposit to prevail over the inter-particle 

repulsion. Therefore the primary function of the applied electric field in EPD is to move the 

particles towards the electrode to accumulate. This mechanism can also explain depositions of 

coatings onto membranes that are not serving as electrodes. 

61 



Ilaria Corni 

ii) EPD due to charge neutralization 
Grillon et al. [142] suggested that the charged particles are neutralized when they touch 

the electrode or the deposit and become static. This mechanism explains the deposition of 

single particles and monolayers and the deposition of powders charged by the addition of salts 

to the suspension (e.g. the experiments described by Brown and Salt [143]). However, this 

mechanism cannot clarify depositions carried out for longer time and EPD processes in which 

the particle-electrode contact is not permitted, e.g. when the deposition occurs on a semi-

permeable membrane between the electrodes (this phenomenon is explained by the particle 

accumulation mechanism proposed by Hamaker-Verwey, as above) [17, 20, 22, 23, 126]. 

iii) EPD due to zeta-potential lowering or electrochemical coagulation 
This mechanism requires the reduction of the repulsive forces between the suspended 

particles. Koelmans [144] calculated the rise of the ionic strength close to the electrode when a 

difference of potential is applied and discovered that the value of ionic strength was similar to 

that required to flocculate a suspension. This behaviour was due to an increase of the 

electrolyte concentration around the particles. Therefore, Koelmans [144] proposed a 

mechanism based on the fact that an increase of the electrolyte concentration produces a 

decrease of the repulsion between the particles close to the electrode (lower zeta-potential) and 

consequently the particles coagulate. Considering that a finite time is needed for the increase of 

the electrolyte concentration next to the electrode, it can be concluded that a certain time has to 

pass in order to have deposition. This critical time is inversely proportional to the square of the 

applied voltage, i.e. the higher the applied potential the shorter the time required for deposition, 

and therefore this time can be very short and it is often not observed [17, 20, 22, 23, 126]. 

iv) EPD due to electrical double layer distortion and thinning mechanism 
Sarkar and Nicholson [22] proposed a model mainly based on the distortion of the 

particle double layer to explain the invalidation of the electrochemical coagulation mechanism 

when there is no increase of electrolyte concentration near the electrode. They noted that when 

a positive particle and its shell are moving towards the cathode, the electrical double layer 

(EDL) is distorted (thinner ahead and wider behind), as shown in Figure 2.11, due to fluid 

dynamics and to the effect of the applied electric field. As a result, the counter ions (negative) 

in the extended tail experience a smaller coulombic attraction to the positively charged particle 

and can more easily react with other cations moving towards the cathode. This process reduces 

the thickness of the double-layer and therefore, when another particle with a thin double-layer 

is approaching, the two particles come close enough to interact through van der Waals 

attractive forces and coagulate. This mechanism is plausible considering a high concentration 

of particles close to the electrode (or high collision frequency) and for incoming particles with 

thin double layer heads, coagulating with particles already in the deposit. 
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Subsequently Nicholson et al. [126] showed that the EDL-based model previously 

proposed by Sarkar and Nicholson [22] was not complete and suggested a new theory based on 

a decrease of the concentration of H+  at the cathode due to hydrogen H2 discharge or other 

chemical reactions. Therefore the local pH increased towards the isoelectric point (iep), zeta-

potential decreased and the particles coagulated. This mechanism can be generally applied for 

all the suspensions containing hydrogen ions. 

IYOSPEIERE DISIOJ1JO)( By EPD 
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Figure 2.11 Schematic representation of the electrical double layer distortion and thinning 

mechanism (redrawn from ref. [22]). 

v) Novel theories and models 
Studies of electrodynamic particle aggregation during EPD have been carried out under 

steady [145] and alternating electric fields [146]. These models produced equations for the time 

evolution of the probability of separation between deposited particles in different conditions. 

These equations are able to explain the experimentally observed clustering of colloidal particles 

deposited near an electrode in a direct current electric field by considering convection by 

electro-osmotic flow about the particles [147]. Numerical simulations have been also employed 

to a limited extent to model the accumulation of charged particles on an electrode during EPD 

[148, 149]. These studies are of fundamental and practical interest to describe the local 
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variations of particle interaction during deposition, which can be used to optimize the EPD 

technique. 

Regarding the growth of colloidal films during EPD, Sarkar et al. [150] provided another 

fundamental study observing the deposition of silica particles on silicon wafers as a function of 

deposition time. They compared the nucleation and growth of the silica particle layer with that 

of atomic film growth via molecular-beam epitaxy and noticed a prominent similarity between 

the two processes. From this observation a new direction for further research could follow in 

order to optimize the microstructure of EPD films. Theoretical work was also carried out by 

Van der Biest et al. [151-154] who produced a model to predict the yield of the electrophoretic 

deposition process taking into account the changes of the electric field over the suspension due 

to the potential drop over the growing deposit. This model was validated for A1203  suspensions 

in ethanol with different concentrations and with addition of HNO3. 

Another relevant study was published by Van Tassel and Randall [155] that 

electrophoretically deposited A1203  powder from an acidic suspension obtaining a very 

uniform, dense layer and observed an anomalous voltage rise across the deposited particulate 

layer. They showed that these two effects can be explained by the formation of an ion depleted 

conduction layer in the solvent at the deposition electrode, which presents an extremely high 

voltage gradient. Therefore the electrophoretic force on the particles in this layer is 

considerably higher than the force on particles in the rest of the system and this high voltage 

gradient layer also produces a large self-levelling effect for deposition thickness. 

More recently Ristenpart et al. [156, 157] have studied, both theoretically and 

experimentally, the flow around a charged spherical colloid next to an electrode in order to 

understand the nature of long-range particle-particle attraction near the electrodes. From their 

studies it was clear that the direction of flow of a particle depends on the sign of the dipole 

coefficient and that the flow consists of two components: the electro-osmotic flow (EOF) and 

the electrohydrodynamic (EHD) flow. The electro-osmotic flow (EOF) is proportional to the 

current density and the particle zeta potential, while the electrohydrodynamic (EHD) flow 

derives from the product of the current density and the applied potential. Comparing these two 

components, Ristenpart et al. [156, 157] found that the attractive EHD flow predominated far 

from the particle, whereas the attractive EOF predominated over the repulsive EHD flow close 

to the particle. Moreover, they also observed that under certain conditions, the two flows are 

both directed toward the particle producing aggregation. Another relevant study was published 

by Mohanty et al. [158] on the optimisation of the electrophoretic deposition of alumina from 

iso-propanol suspensions using statistical design of the experiments. Finally, Ciou et al. [159] 

employed an artificial neural network model to predict the kinetic behaviour of EPD. This new 

model produced improved numerical accuracy and presented outstanding capability for the 

prediction of kinetic behaviour compared to a modified Hamaker's law. 

The novel theoretical and modelling approaches summarised in this section represent 
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examples of the few efforts available in the literature to investigate basic phenomena occurring 

during EPD. It is important to highlight here the necessity for further theoretical and modelling 

work in the field of EPD and the need for establishing reliable correlations between model 

variables and the experimental processing EPD conditions. 

2.3.6 Applications of EPD 
Several reviews have been published giving complete overviews about the great range of 

applications of EPD, including coatings, composites, layered materials and functionally graded 

materials [17-23, 125, 126, 132, 133]. This section will be mainly focused on the application of 

EPD to produce alumina (A1203) coatings, polyetheretherketone (PEEK) coatings and A1203-

PEEK composite coatings, which are the systems relevant for the present project. 

A difference from EPD from a single component, the deposition of two or more 

components contemporarily from the same suspension is a complex and difficult process. Two 

different situations can be distinguished depending on the charge (zeta potential) of the 

materials in the suspension. If the suspended species have the same charge, they will move 

toward the same electrode under the influence of the electric field and they will be deposited at 

different rates depending on their respective concentration in the suspension [17, 20]. For 

example, Wang et al. [160] described the co-deposition of diamond and borosilicate glass 

particles from an ethanolic suspension and they reported that it is possible to modify the 

composition of the coatings by varying the concentration of the two materials in suspension. 

Theoretically, if the two components have opposite charges the positively charged particles 

would deposit on the negative electrode while the negatively charged particles on the positive 

electrode. If this is the case, it is possible to employ appropriate additives, such as surfactants, 

that will make the sign and the magnitude of the zeta potential of the components comparable. 

However, it has also been reported in the literature that materials having opposite charges can 

be co-deposited on the same electrode in the absence of any modifiers. This is because the two 

species may associate with one another in the suspension, e.g. by forming composite particles 

due to electrostatic interactions between opposite surface charges [161-165] or by adsorption of 

one particle onto the surface of the other [22]. Sarkar and Nicholson [22] mentioned that if a 

suspension contains two components with opposite charges the coarser component would 

absorb the finer and behave as the fine material. For example, in ethanol at pH 4 A1203  particles 

are positively charged and SiC particles are negatively charged; hence SiC-A1203  composite 

particles behave like if they would be 100% positively charged due to the adsorption of the 

small (positive) A1203  particles on the negatively charged SiC particles. Moreover, Boccaccini 

et al. [161] investigated the production of mullite ceramic from biphasic suspension of similar 

size SiO2  and A1203  particles. They [161] observed that the two species presented opposite 

charges at pH 4 (aqueous suspension) and that a strong electrostatic attraction took place 

between them producing composite particles that migrated towards the negative electrode in the 
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EPD cell. Singh et al. [164] reported the deposition of Ti02-CNTs (carbon nanotubes) 

composite coatings thanks to the formation of Ti02-coated CNTs, which formed because of the 

electrostatic interactions between positively charged TiO2  nanoparticles and negatively charged 

CNTs in suspension. Yousefpour et al. [162] deposited hydroxyapatite (HA)-polytetrafluoro-

ethylene (PTFE) coatings by EPD and they observed the formation of composite particles in 

suspension due to the electrostatic interactions between the positively charged HA and the 

negatively charged PTFE. Castro et al. [163] observed that in ethanol there are electrostatic 

interactions between negative Zr02  particles and positive MgO particles. They [163] also 

reported that the Zr02  particles can be covered by the positive MgO particles and therefore the 

MgO particles can compensate the negative surface charge of Zr02. Pang and Zhitomirsky 

[165] deposited HA-chitosan composite coatings on 316L stainless steel and observed that the 

addition of chitosan to the HA suspension increased the HA deposition rate for the adsorption 

of the chitosan on the HA nanoparticles, that stabilized the suspension and increased the 

nanoparticle charge. 

2.3.6.1 Alumina coatings deposited by EPD 
In the last few decades alumina coatings have been widely developed using EPD. The 

interest in A1203  coatings is based on its oxidation resistance and on its high hardness, which 

can be useful for tribological applications [166, 167], for the production of A1203  matrix 

composite reinforced with 2D or 3D metallic phase [168] and A1203  coated fibres employed as 

reinforcing elements in ceramic composites [169]. 

The conditions applied by different groups to perform electrophoretic deposition of A1203  

are listed in Table 2.12. Analysing the conditions applied it is noted that both nano and micron 

A1203  particles were successfully deposited from both aqueous [128, 139, 166, 170-175] and 

organic suspensions [127, 137, 169, 176-184]. The organic solvent mainly employed was 

ethanol [127, 137, 169, 177-182, 184], although Wang et al. [176] demonstrated that it was 

possible to deposit A1203  from acetone and Besra et al. [183] from butane-l-olo. 

Moreover, Kaya et al. [185] and Boccaccini et al. [186] demonstrated that A1203  coatings 

may be deposited from a boehmite (1-A100H) sol, which is a colloidal dispersion of very fine 

solid particles (10 nm-2 am) in a liquid medium. The coatings deposited with this technique 

needed to be densified via a sintering process carried out at very high temperatures (> 1600°C), 

due to the dehydration process and to the large and extensive pore network that develops during 

the transformation to a-A1203  phase: 
1100- 

- AlOOH  40 O.  C > y A1203  s0().c: (5. A1203  1000°C  >0 A1203  120cc  >a AI203  

The final sintered microstructure of A1203  derived from pure boehmite was seen to be relatively 

porous even thought the deposit was sintered at 1600°C for many hours. To avoid this problem 

the sol can be seeded with crystallographically suitable modifiers (a-A1203, ?-A1203  and 6- 
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A1203) which permits to produce high-density A1203  coatings with controlled microstructure, 

after sintering at temperatures of 1100°C-1300°C [185, 186]. 

2.3.6.2 PEEK coatings deposited by EPD 
Polyetheretherketone (PEEK) (or also poly(aryletheretherketone)) has the basic structure 

shown in Figure 2.12 and a basic formula of (-0-C6H4-0-C6H4-CO-C6H4-)n. It is a 

polyaromatic, semi-crystalline (30-35% crystallinity) thermoplastic polymer exhibiting 

excellent mechanical properties (e.g. high strength, excellent stiffness and toughness, excellent 

tribological properties) and chemical resistance. It is thermally stable with a melting 

temperature of 330-385°C and a glass transition temperature of 143°C. Therefore this material 

can be employed in numerous fields, such us aerospace, automotive and electronics. In 

addition, PEEK is biocompatible and has found a wide range of biomedical applications (e.g. 

dental, orthopaedic and cardiovascular devices) [6-11, 187-191]. Thus, even though PEEK is 

mechanically weak it represents a very attractive material for coatings. 

Figure 2.12 Basic chemical structure for polyetheretherketone (PEEK) (redrawn from ref. 191). 

Numerous studies have been reported for the production of PEEK coatings on metallic 

substrates using thermal spraying [6-11] and printing technique [192, 193]. Thermal spraying 

consists of injecting the PEEK powder into a flame or a plasma jet where the powder is melted 

and propelled towards the substrate in order to produce the coating. Printing consists of mixing 

powders in water to produce a slurry that is then homogeneously applied on the substrate 

surface and then dried and sintered. Another method to deposit PEEK coatings onto 

conductive substrates is EPD from ethanolic suspensions, as it has been explored by Wang et 

al. [187, 189] and Boccaccini et al. [188]. 

Wang et al. [187] prepared PEEK suspensions in ethanol with a concentration of 20 g/1 

and they added small amounts of dilute acid (acetic acid) or alkaline to adjust the pH at 5.5. In 

these conditions the PEEK particles resulted negatively charged (-20 mV) and therefore they 

were deposited on the anode. The suspension was ultrasonically mixed for 30 min and 

magnetically stirred for 3 hours to produce stable suspensions even if some difficulties were 

observed due to the easy sedimentation of the PEEK powders. The depositions were carried out 

on a conductive carbon rod (3 cm2), using a stainless steel cylinder as counter electrode (they 

were kept at 2 cm distance), applying a constant-current density of —0.167 mA•cm-2  and stirring 

the suspension during the whole deposition process. During EPD, the voltage was observed to 

increase with the increase of film thickness and it was noted that the voltage should not 

increase over 150V to not damage the quality of the coating. High deposition rate (high electric 
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Table 2.12 Conditions used to deposit alumina coatings by EPD 

Al203  concentration Al203  size Solvent Additives pH AV/ Current density Means to keep the particles       suspended 

[176] 20 g of A1203  in 220 ml 0.4 p.m Acetone n-butylamine to increase 
particle charging - 50 V (3 cm) 

1  0 

min  ultrasonic 

 mixing  

[183] 20 wt.% of A1203  0.8-1 gm Butane-l-ol - - 150-300 V (1.5 cm) 5 min stirring and 20 min 
ultrasonic mixing 

[179] 100 g/1 of a-A1203  0.6 gm Ethanol HCl / HNO3  / CH3COOH / 
PEI - 175 V (3.5 cm) 15 min ultrasonic mixing + 1 

hour magnetic stirring 

[178] 9 g of A1203  in 100 ml 0.2 gm Ethanol HCI / NH4 OH 
Ph  

to change the 2.2-11 100 V (3 cm) - 

[127] 2 g of a-A1203  in 200 ml 0.2 gm Ethanol 4 ml of 0.01 M HC1 - 100 V (3 cm) 15 min ultrasonic mixing 
[169] 3 g of 5-A1203  in 25 g 13 nm Ethanol 4.5-5.5 60 V (3 cm) 1 hour ultrasonic mixing 

[177] 25 wt.% of a-A1203  100-300 nm Ethanol 4wt.% of 4-hydroxybenzoic 
acid as dispersant - 100 V (2 cm) Ultrasonic mixing 

[180]  5 wt. /o of y-A1203  5 gm Ethanol Polyscylic acid and 
aluminium isopropoxide 8 10 V 20 min stirring and ultrasonic 

mixing 
[181]  lg of y-A1203  in 100 ml 40 nm Ethanol - 3 10-20 V - 
[181] 2.5g of a-A1203  in 100m1 200 nm Ethanol 3 10-20 V - 

[139] 5, 10, 20wt.% of a-A1203  - Distilled 
water 

0-5wt% of polyelectrolyte to 
stabilise the slurry. - 2.8-6.4mA/cm 2 Stirring during the deposition 

[174] 0-20 wt.% of A1203  0.5 pm Distilled 
water 

Ammonium salt of 
poly(acrylic acid) as a 

dispersant 
- 

1.4 mA•cm-2  , 2.8 
mA•cm-2,

4.2 mA.cm.2  

(2 cm) 

magnetic agitation during the 
deposition 

171] 
[170, Distilled 10 vol. 	of of a-A1203  0.2 pm water - 4.0 Magnetic field 10 T 

(2 cm) ultrasonic mixing 

[172] 3-5 vol.% of y-A1203  33 nm Distilled 
water 

HC1/ NH4OH to change the 
pH 2-12 3 mA•cm-2  (2 cm) 10 min ultrasonic mixing 

[128] 5 wt.% of a-A1203  0.5 gm Distilled 
water 

Dolapix, carbonic acid based 
polyelectrolyte - 1.6, 6.4, 12.8 mA•cm-2  

(2 cm) - 

[173] 3.2 wt.% of a-A1203  - Distilled 
water 

Acrysol A-5 as dispersant, 
triethilamine to change the 

pH 
7.8-8.2 30 V - 

[166] 20 wt.% of a-A1203  150 nm Distilled 
water 0.5wt.% celacol as binder 4 10 V (1.7 cm) Ball mixed for 24 hours 
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field and concentration) can easily cause the coating to peel off from the substrate or the 

production of a non-uniform coating. In another paper, Wang et al. [189] employed a 

suspension containing 3 g of PEEK that was ultrasonically dispersed for 20 min in 100 ml of 

ethanol (99.86%). The pH was adjusted to pH 8 using HNO3  and NH4OH. The depositions 

were carried out applying a constant field of 50 V•cm-1  for 5 min between a stainless steel 

cathode and a graphite anode. 

Boccaccini et al. [188] prepared suspensions with concentrations between 1 and 6 wt.% 

of PEEK in ethanol and they adjusted the suspension pH to 5.5 by adding 0.5 wt.% of HCl (0.1 

M) and NaOH following the zeta potential findings (-20 mV) reported by Wang et al. [187]. 

The suspension was ultrasonically mixed for 30 min to disperse the particles and magnetically 

stirred for 5 min before each deposition. The depositions were carried out applying a constant 

field of 10 V•cm-1  for 5 min between a Nitinol wire with a diameter of 0.27 mm (substrate) and 

a tube-like stainless steel counter electrode. 

Both groups carried out a sintering step to densify the film and to improve its adhesion to 

the substrate. A heat-treatment at 350°C for 20 min with a heating rate of 5°C•min-I  was carried 

out by Wang et al. [187]. They observed that the film firmly adhered to the carbon rod 

probably thanks to the coating permeating to the porous carbon structure. Boccaccini et al. 

[188] heat-treated the samples in argon atmosphere (to reduce the possible oxidation of the 

Nitinol substrate) at 340°C for 20 min with a heating rate of 5°C•miri'. Under these conditions a 

homogeneous and well-adherent coating was also produced. 

2.3.6.3 PEEK composites 
As underlined in section 2.3.6.2, PEEK presents good wear resistance and high thermal 

stability and for this reason it can be seen as a unique polymer for the production of high 

temperature and high wear resistant polymer-ceramic composites. Numerous studies have been 

carried out to determine the friction, wear, thermal and mechanical properties of PEEK and 

PEEK composites filled with fibres [194-200], inorganic particles [3, 24-29, 192, 193, 201-

214] and organic compounds [194, 197, 200] and prepared using different techniques, such as 

compression moulding [24, 26, 194, 201-205, 207, 211, 212], injection moulding [194-197, 

199, 200, 213], hot pressing [3, 25, 27-29, 209, 210] and thermolamination [208] for the 

production of bulk materials, and printing [192, 193] for the production of coatings. The 

composite properties depend on the filler concentration, shape, dimension and characteristics 

and on the interfacial bonding strength between the filler and the polymer. These composites 

present unique properties that can be tailored to meet specific requirements (e.g. low density 

and coefficient of thermal expansion, high strength and stiffness, chemical and thermal shock 

resistance, low thermal conductivity and electrical insulation properties) and render them 

valuable in many fields, such as aerospace, electronics, automotive, marine structures and 

biomedical applications [27]. Up to date, only few studies have been carried out for the 
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production of PEEK-A1203  bulk composite materials [3, 24-29, 205, 206] and a literature 

search has indicated that no previous attempts to fabricate composite coatings combining PEEK 

and A1203  have been reported. 

Nandar et al. [25] prepared PEEK-A1203  composites by physical blending at 350°C the 

two materials in different weight ratios: 30-70, 50-50 and 70-30. The A1203  particles employed 

had size of around 100 i.tm. From the thermal analysis of the blend two observations were 

made: the melting point of the mixture was lower than the melting point of pure PEEK, 

probably due to the more homogeneous heat transfer produced by the A1203  and the thermal 

stability of the composite increased with increasing A1203  content. The flexural strength of pure 

PEEK was the highest and decreased with increasing amount of A1203. While the flexural 

modulus was minimum for pure PEEK and maximum for the 70 wt.% PEEK-30 wt.% A1203  

composite, this value further decreased increasing the A1203  concentration. According to these 

results, the authors [25] concluded that 30 wt.% was the highest A1203  content that should be 

incorporated in the composites to keep mechanical properties at a reasonable level [25]. 

Kuo et al. [26] observed that the hardness, elastic modulus and tensile strength of PEEK-

nano-A1203  (--30 nm) composites increased with increasing concentration of A1203  between 2.5 

and 10 wt.%. They also expected that increasing the amount of reinforcement over 10 wt.% 

would further increase the hardness and the elastic modulus of the composite at the expense of 

the tensile strength. At higher concentrations, the particles would start to agglomerate but for 

wear applications a higher nanoparticle content is desired [26]. In another study on the same 

composite, Kuo et al. [205] observed that some nanoparticles were arranged in clusters in the 

composite whereas the majority of them were homogeneously dispersed in the PEEK matrix. 

Kuo et al. [26] observed using XRD that with the addition of nanoparticles no new 

crystalline phases had formed concluding that there were no chemical interactions between 

PEEK and A1203. It was also indicated that low A1203  concentration would increase the 

crystallinity of the PEEK matrix due to heterogeneous nucleation but that higher amounts of 

A1203  would decrease the crystallinity due to a decrease in the mobility of the polymer chains. 

DSC analysis [26, 205] showed that the crystallization temperature decreased with increasing 

cooling rate and that a slower cooling rate produced a slightly higher crystallinity for both 

PEEK and PEEK composites. The crystallization temperature of the composites decreased for 

low A1203  contents (2.5 wt.%) and increased with increasing A1203  due to the heterogeneous 

nucleation effect that would gradually provide more sites for nucleation. Another factor 

affecting the crystallization temperature of the composites was the higher thermal conductivity 

of the A1203  compared to PEEK, which are 30 and 0.2 WmK-I, respectively. However, it has 

been found that different nucleation agents (different morphology and content) could produce 

opposite effects on the heat of crystallization [205]. Kuo et al. [26] reported no significant 

changes in the melting points of the composites, whereas in another work [205] they observed a 

slightly decrease of the melting temperatures, as also reported by Nandar et al. [25]. The TGA 
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analysis determined that increasing the nanoparticle content, the degradation temperature of the 

PEEK composite continuously increased [26], as also observed by Nandar et al. [25]. 

Goyal et al. [3, 27, 28] prepared PEEK-A1203  composites by mixing 25 gm PEEK 

powder with 8 gm [27, 28] or 39 nm [3] A1203  powder in ethanol and subsequently hot pressing 

at 15 MPa and 350°C. The A1203  concentration was varied between 0 and 50 wt.% [27], 60 

wt.% [28] or 30 wt.% [3], as determined by thermogravimetric analysis. The micron-A1203  

particles were uniformly distributed in all composites and there were no aggregates present [27, 

28], whereas in the PEEK-nano-A1203  composites [3] some aggregates were observed when the 

A1203  concentration was 10 wt.% or higher. The interfacial adhesion between the micron-A1203  

particles and the PEEK was strong in composite containing less then 30 wt.% A1203  and low 

for composites with higher A1203  contents [28]. It was also determined that the thermal stability 

of the composites in air (determined considering as degradation temperature the temperature at 

which the material lost 10 wt.%) increased with the incorporation of both micron and nano-

A1203  particles [3, 27, 28], as also observed by Kuo et al. [26] and Nandar et al. [25]. However, 

a decrease in the thermal stability of the composites was also observed (although still higher 

than that of pure PEEK) when the content of nano-A1203  particles raised over 30 wt.%, due to 

the agglomeration tendency of the nanoparticles. Differential scanning calorimetry (DSC) 

analysis showed an increase of 2-4°C of the melting temperature with increasing amount of 

micron-A1203  [27] and of 1-6°C with 0-10 wt.% of nano-A1203  [3], probably due to the 

homogeneous dispersion of the particles in the composite that increased the crystallinity of the 

PEEK matrix [3, 27]. This result is however in contrast with the findings reported by Nandar et 

al. [25] and by Kuo et al. [205]. Goyal et al. [3, 27] observed that the presence of micron and 

nano-A1203  in the composite increased the crystallization temperature by 12°C in comparison 

to pure PEEK, indicating that the addition of A1203  enhanced the rate of PEEK crystallization; 

opposite results were reported by Kuo et al. [26,205]. The increase of crystallization was 

further confirmed by the XRD analysis showing a slight decrease of d-spacing with increasing 

A1203  content in the composites probably due to the higher perfection of the crystals [27]. 

Qiao et al. [24] produced bulk composites adding to 250 gm size PEEK powder 5 wt.% 

of nano (15 and 90 nm) or sub-micron (0.5 gm) A1203  particles and observed that the 

introduction of alumina particles, both sub-micron and nano, into the bulk material reduced the 

wear coefficient, but not the friction coefficient of PEEK. 

Xiong et al. [29] used hot pressing to prepare PEEK composites containing 1 wt.% to 9 

wt.% of nano-A1203  particles and reported that the wear rate and the friction coefficient of 

PEEK were greatly reduced by the presence of 1 to 9 wt.% of nano-A1203. 

The production of PEEK-A1203  composite bulk materials was also registered in a patent 

[206]. In this patent a composite made of PEEK, 15-20 wt.% A1203  particles (< 5 gm), 3-8 

wt.% of graphite particles (< 5 gm) and 6-9 wt.% of carbon powder (< 30 gm) was employed 

to produce a sealing ring for a shaft in order to prevent leakage of oil and to reduce abrasion. 
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2.4 Summary 

From the studies reported in the literature and reviewed in this chapter it emerged that 

further research is needed to better understand a few key questions still unresolved in the field 

of deposition of composite coatings by electrochemical means. These key questions are 

summarised below and provide the basis for setting the specific aims and objectives of the 

present research project. 

1. Contradictory results were reported in the literature about the influence of the electro co- 

deposition parameters on the amount of particles co-deposited with the metal for 

different metal-particle systems, including the Ni-A1203  system of interest in this study. 

A lack of previous investigations focusing on the combined effect of relevant processing 

parameters (applied current density, particle concentration in the bath and particle size) 

affecting co-deposition of Ni-A1203  composite films was also observed. Thus the first 

objective of the project was to comprehensively investigate the deposition of composite 

coatings in the Ni-A1203  system. 

2. Numerous mechanisms have been proposed in the literature to explain the particle co-

deposition process in combination with metal electrolytic deposition, but full 

understanding of the mechanisms involved has not been achieved to date. Moreover, 

different behaviours have been observed for conductive and insulating particles. Thus a 

second objective of the present project was to design experiments with the specific aim 

of gaining more fundamental knowledge about the mechanisms of co-deposition. The 

results should enable to draw conclusions about the link between process parameters and 

co-deposition behaviour. 

3. Considering that no studies on the deposition of PEEK-A1203  composite coatings by 

either EPD or other techniques have been so far reported in the literature and that 

research on PEEK-A1203  bulk composites demonstrates their improved properties 

compared to pure PEEK (e.g. lower wear coefficient, higher hardness and thermal 

stability), a third aim of this project was to develop a fabrication method based on EPD 

to deposit these composite coatings for the first time on metallic substrates, and to 

characterise the key properties of the coatings produced. 

4. Given that EPD mechanisms, in particular for diphasic polymer-ceramic suspensions, 

are not completely understood and that further predictive modelling and theoretical 

approaches are needed to investigate EPD, the fourth aim of the project was to use the 

wealth of results gained on EPD of PEEK, A1203  and PEEK-A1203  to derive analytical 

tools aiming at predicting deposit yield and composition. 
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3. Characterisation techniques 

3.1 Scanning electron microscopy 

Two scanning electron microscopes (SEM): JEOL JSM 5610 LV and JEOL JSM 840 

were used for high quality secondary images of the deposited coatings and to analyse the 

starting powders with a standard voltage of 5-20 kV. The JEOL JSM 5610 LV is equipped with 

a backscattered electron detector that distinguishes alumina and aluminium (A1=26.98 amu) 

from nickel (Ni=58.69 amu) considering their different atomic weight. In the backscattered 

images Al and A1203  are seen as the dark phases and Ni is the light grey phase. Before imaging, 

the non conductive samples were gold coated for 2 min at 20 mA employing the sputter coater 

Emitech K550 (Quorum Technologies Ltd, East Sussex, United Kingdom) resulting in a 

thickness of —14 nm. 

A Gemini LEO 1525 Field Emission Gun Scanning Electron Microscope (FEG-SEM) 

was employed for high resolution images of the alumina coatings, PEEK-A1203  and Ni-A1203  

composite coatings.' Before the analysis the non conductive samples were chromium-coated 

for 1 min applying a current intensity of 75 mA using Emitech K575X (Quorum Technologies 

Ltd, East Sussex, United Kingdom) obtaining a thickness of ---15 nm. 

The samples for the powder analysis were prepared placing some powder on carbon tape. 

To analyse the cross section of the stainless steel coated samples the specimens were embedded 

in epoxy resin. Struers Epofix resin and hardener were used in a weight ratio of 25:3, 

respectively. It took about 12 hours to cure before grinding with Struers SiC paper (grit size of 

600, 800, 1200 and 4000) and polishing with Struers diamond paste sprays (3 gm and 1 gm). 

Before microstructural analysis these samples were gold coated as described above. 

3.2 Transmission electron microscopy 

In order to determine the shape and size of the nano-A1203  particles, a sample was 

prepared by suspending some powder in ethanol and sonicating it for 30 min. Then a drop of 

the suspension was placed on the TEM copper grid and after drying the deposit was analysed 

using a JEOL JEM-2010 Transmission Electron Microscope (TEM) (high resolution) with 

LaB6  filament.2  The dispersion of the PEEK-A1203  suspension and the interactions between 

these two types of particles in suspension were analysed with a JEOL 2000 FX Electron 

Microscope (TEM) equipped with LaB6  filament. Two samples were prepared in epoxy resin 

(Struers Epofix resin and hardener in a weight ratio of 25:3): the first sample contained the 

powder dried from few ml of a 4 wt.% PEEK-2 wt.% A1203  suspension in ethanol, the second 

The experiments were carried out with extensive assistance of Dr. M. Ardakani (Imperial College 
London). 
2  The experiment was carried out with extensive assistance of Dr. D. Daniel (Imperial College London). 
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sample contained few ml of the same suspension. The resin was then cut into 1 mm2  stripes and 

sectioned using a diamond knife on a Power Tome XL microtome (RMC, Boeckeler 

Instruments)3  to obtain 1 mm2  samples with a thickness of —90 nm. The samples were carbon 

coated with Emitech K450 (Quorum Technologies Ltd, East Sussex, United Kingdom) before 

the TEM analysis.4  

3.3 Focused ion beam-secondary ion mass spectrometry (FIB-SIMS) 

The FIB-SIMS analysis was carried out using the FEI-FIB 200 TEM workstation 

equipped with a SIMS detector.' A gallium ion source was the primary ion beam employed 

with energy of 30 keV. All the specimens were tilted to align their top surface perpendicular to 

the ion beam. To analyse the cross sections of the Ni-nano-A1203  composite films the samples 

were prepared as for SEM analysis (see section 3.1). The gold coated resin specimens were 

then mounted on the instrument holder and covered with Al tape with silver particles to 

enhance the electric contact. Once the area of interest was found the analysis was carried out 

using a beam current of 5 nA for sputtering away the gold layer and the top part of the 

specimen. A much lower beam current of 50 pA was employed to record images of the samples 

to minimize material removal during imaging. The SIMS mappings of the Al atoms (26.9) were 

carried out using a current beam of 50 pA and a beam dwell time of 4 ms. 

To accomplish the three-dimensional reconstruction of the composite coating a specimen 

without any further preparation and half covered in Al tape was inserted into the FIB 

instrument. The volume to be lifted out was chosen and a 1-2 tm thick platinum layer was 

deposited in-situ on the top part of it. The 10 j_tm x 20 gm x 25-30 pm (depth) volume was then 

cut-out from the rest of the sample by milling with a beam current of 3-7 nA. This volume was 

then lifted out from the original sample and attached to a Cu stem. The surface of the specimen 

was then cleaned with a beam current of 1 nA and it was ready for the analysis. Fifteen slices 

—100 nm thick were milled away with a beam current of 1 nA to determine the 3D 

microstructure of the composite and for each one of them few analyses were carried out: 

• an image of the top part of the specimen (platinum layer) to determine the thickness of 

the layer sputtered away taken with a beam current of 30-50 pA; 

• an image of the side of the sample tilted of 45° taken with a beam current of 30-50 pA; 

• the corresponding SIMS mapping of the Al (26.9) and 0 (15.9) atoms (just for one slice) 

carried out with a current beam of 300 pA and a beam dwell time of 0.5 ms. 

3.4 X-ray diffraction (XRD) analysis 

A Philips X-ray diffractometer with PW 1710 X-ray generator using a Cu Ka radiation 

3  The experiment was carried out by R. D. Brooker (Imperial College London). 
4  The experiment was carried out with extensive assistance of Dr. Q. Chen (Imperial College London). 
5  The experiments were carried out with extensive assistance of R. J. Chater (Imperial College London). 
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was used to determine the crystallinity of the coatings and of the starting materials. For the 

analysis of the Ni coatings, the Ni-A1203  composite coatings and the Al powder 20 was scanned 

from 5° to 100° with a step size of 0.04° and 1 s per step. The XRD analysis of the A1203  

powder was carried out between 20 10° and 80° with a step size of 0.04° and 2 s per step for the 

sub-micron-A1203  powder and 30 s per step for the nano-A1203  powder. The PEEK powder 

before and after heat treatment and the PEEK-A1203  pellets after heat treatment were scanned 

between 20 10° and 40° and 10° and 60°, respectively with step size of 0.04° and a scan time of 

4 s per step. X-Pert High Score and X-Pert data viewer programs (PANalytical ©) were 

employed to strip the Ka2  signal from the XRD data and to measure the properties (position, 

net height and FWHM (full-width-half-max)) of the peaks. 

3.5 White light interferometer (Zygo®) 

Figure 3.1 Schematic representation of Zygo® Interferometer (redrawn from ref. [215]). 

Zygo® Interferometer uses white light to obtain images of the sample surface and to 

provide surface structure analysis through a software that converts the data obtained. All the 

measurements of Zygo® Interferometer are carried out in a piece of equipment similar to the 

one schematically shown in Figure 3.1. This instrument uses a light beam that is divided into 

two portions by a beam splitter within the interferometric objective. One of these portions is 
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directed to and is reflected from the test surface whereas the other portion is directed and 

reflected from an internal high quality reference surface in the objective (Figure 3.2). Both 

portions are then directed onto a solid-state camera and they interfere producing an image of 

light and dark bands (fringes) that indicate the surface structure of the point tested [215]. When 

the information in one point is collected the objective is vertically moved with a piezoelectric 

transducer in another point that has to be scanned. As the objective scans the surface a video 

system captures the intensities at each camera pixel and the software converts these intensities 

into height obtaining a height map of the area scanned. These results are displayed as solid 

images (e.g. 3D plots), plots (e.g. bearing ratio plots), and numeric representations of the 

surface (e.g. rms and Ra values). 

[3.1] 

Light Source Reference Surface 

Test Surface 

Figure 3.2. Schematic representation of the light paths inside the white light interferometer. 

Rms (see Figure 3.3) is a roughness parameter of an area weighted statistically given by 

the root mean square deviation from the central line and expressed by: 

11 2 	2 	 2 
Y1 + Y2 + —+  rms = 

where yb y2 Yn are the deviations of n discrete elements from a central line defined as the best 

fit surface selected with the Remove control [215, 216]. The Remove control is an option of the 

software that permits to remove from the data a surface figure and it is fundamental for this and 

for the following data to be meaningful. Rms is an average of the roughness of the surface 

analysed and therefore it can be considered representative of that particular surface [215]. 

rms 

Figure 3.3 Schematic representation of rms on a sample [redrawn from ref. 215]. 

Ra (see Figure 3.4) is a roughness parameter of a chosen area expressed by: 
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Ra= Yi+ +...+ Yn —±  [3.2] 

where y,, Y2 Yn are the deviations from the central line selected with the Remove control and n 

is the number of discrete elements [215]. 

Sampling Length 

Figure 3.4 Schematic representation of Ra on a sample (redrawn from ref. [215]). 

Description 	 Profile 	 Bearing Ratio Plot 

Ground surface with 
random heights 

Honed surface with 
peaks removed 

Turned surface with 
dominating peaks 

Figure 3.5 Examples of surface profile and the corresponding bearing ratio plot (redrawn from ref. 

[215]). 

reference line 

Figure 3.6 Scheme explaining how the bearing ratio plots are obtained (redrawn from ref. [215]). 

The Bearing Ratio Plot displays on the horizontal axis the percentage of points at a 

specified depth below the highest point (tp%) and on the vertical axis the depths of the data. 

Examples of surface profiles and the correspondent bearing ratio plot are shown in Figure 3.5. 

To explain how these data are obtained the description can be simplified and limited to a slice 

of data, even if the bearing ratio plot represents the whole surface. A reference line is drawn 

parallel to the substrate to intersect the data at the same deepness (Figure 3.6) and the bearing 

ratio is calculated with the following equation: 
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S +S, 4-S 
Bearing Ratio —  1  

L 	
3  x100% 	 [3.3] 

where L is the length of the sample and Sx  is the subtended length [215]. 

In this research Zygo® Interferometer with MetroPro software was employed to analyse 

the surface roughness of the stainless steel samples before and after mechanical and chemical 

treatments and the shape of the scratch tracks left on pure PEEK and PEEK composite coatings. 

In all experiments a magnification of x 5 (0.5 zoom x 10 lens) was employed; in these 

condition an area of 1.46 mm x 1.10 mm was analysed with around 3.07.105  pixels (1 point 

every 2 lam). In order to determine the stainless steel surface roughness 3D plots, rms and Ra 

values and bearing ratio plots were examined. In all these experiments and for all the data 

obtained the removed figure was a cylinder because the stainless steel surfaces were not flat but 

slightly bended due to the guillotine used to cut the larger foils into smaller pieces. Rms and Ra 

values were measured in different parts of the samples and to obtain a representative value of 

the entire surface the average of them and the corresponding standard deviation were 

calculated. 

3.6 Thermal gravimetric analysis and differential thermal analysis 

For the thermal gravimetric analysis (TGA) and the differential thermal analysis (DTA) 

of PEEK and PEEK-A1203  mix powders a Stanton Redcroft STA 780 instrument was 

employed. Approximately 10 mg of material was placed in a platinum crucible and heated from 

room temperature to 750°C at a heating rate of 10°C•miril  in flowing air. 

3.7 Differential scanning calorimetry analysis (DSC) 

For the DSC analysis of pure PEEK and PEEK-A1203  powders with different 

compositions a differential scanning calorimeter Q2000 from TA Instruments (New Castle, 

Delaware, USA) was employed. Approximately 5 mg of material was placed in an aluminium 

pan with lid and the sample was encapsulated before running the experiment; pan and lid were 

also supplied by TA Instruments (New Castle, Delaware, USA). An empty pan and lid were 

used s a reference. The samples were heated from room temperature to 450°C at a heating rate 

of 10°C.min-1  in flowing helium at a rate of 50 ml.mitf l . 

3.8 Heating microscopy 

The experiments were performed on PEEK samples using a standard heating microscope 

(Leitz Wetzlar, GmbH) equipped with a digital camera. The samples were 3 mm x 3 mm x 3 

mm and prepared by uniaxial pressing the PEEK powder. They were introduced in the furnace 

of the microscope at room temperature (25°C) and then the temperature was increased until the 

PEEK powder was completely decomposed with a heating rate of 10°C.min-I  in air. The 
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dimensional changes of the PEEK samples were measured from the images using the Image 

Tool © and the shrinkage was calculated using the following equation: 

— 
shrinkage (%)= A, 	 100 	 [3.4] 

A 

A, 

o 

where Ao  is the initial area and At  is the area at 343°C, as also described by Adell et al. [217].6  

3.9 Particle size measurements 

A Malvern Mastersizer particle size analyser (Malvern Instruments Ltd. Malvern, UK) 

was employed to analyse the particle size distribution of PEEK and sub-micron-A1203  powders. 

Suspensions containing 3 wt.% of PEEK powder in ethanol and 1 g of sub-micron-A1203  

powder in 50 ml of water were prepared and ultrasonically mixed for 30 min before the 

measurements were carried out. 

3.10 Zeta potential measurements 

Zeta potential provides important information on the powder surface charge in 

suspension avoiding time-consuming trial and error attempts to prepare stable suspensions for 

EPD; it is well known that a suspension is stable at pH at least two pH values away from the 

isoelectric point (iep) (see section 2.3.3). In this project some zeta potential measurements have 

been carried out using ZetaProbe by Colloidal Dynamics (Warwick, USA)', that can analyse 

samples with concentration from 0.5 up to 60 vol.%, whereas traditional characterization 

techniques (for example, Zeta PALS-zeta potential analyzer by Brookhaven Instrument 

Corporation) require much more diluted samples. The difference in sample concentration 

depends on the different methods employed by the two instruments to measure the zeta 

potential. Zeta PALS by Brookhaven Instrument Corporation uses a laser to measure Zeta 

potential and therefore the suspension must be transparent. While ZetaProbe measures the zeta 

potential using an ultrasonic and electroacoustic sensor (Electricsonic amplitude ESA) as the 

one shown in the Figure 3.7 [218, 219] permitting the application to more concentrated 

suspensions. This instrument is also equipped with a mechanical stirring to ensure the 

homogeneity of the suspension and a standard probe to measure pH (pH range: 1-13), 

conductivity (conductivity range: 0-5 S/m) and temperature (temperature range: 10-50°C). 

The ESA probe consists of two electrodes (as shown in Figure 3.8). In the outer electrode 

the exposed metal is the active part whereas in the other electrode the active part is the niobium 

(Nb) foil. The active metal part of the outer electrode must face the niobium foil electrode 

during the experiments and in order to obtain consistent results a homogeneous sample must be 

present between them. An AC electric field is applied between the two electrodes and the 

6  Experiment carried out by Dr. 0. Bretcanu (Politecnico di Torino, Italy). 
Experiments carried out in collaboration with Dr. Saga Novak (Joef Stefan Institute, Slovenia). 
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charged particles in suspension move back and forward generating sound waves. The sound 

waves are proportional to the electric field strength and are an indication of the particle 

velocity. The particle velocity divided by the AC field strength gives the dynamic mobility 

from which the zeta potential can be calculated using an appropriate formula. The ESA signal 

also includes a contribution from the electrolyte in which the particles are suspended, but 

usually the electrolyte signal is smaller than that from the colloidal particles and can be 

neglected, as it happened in the experiments here described [218, 219]. 

Figure 3.7 Images of a) the ESA probe and b) the configuration of the outer electrode and the main 

electrode during the experiments (redrawn from ref. 12191). 

a) 	 b) 

Figure 3.8 Images of a) the outer electrode and b) the main electrode of the ESA probe showing the 

active metal part (redrawn from ref. 12191). 

All the zeta potential measurements were carried out in a beaker containing 280 ml of a 

suspension that was previously sonicated for 30 min. The ZetaProbe, an electrode to measure 

the pH and two pipettes connected to the instrument in order to change the pH by the addition 

of a certain amount of acid (1 M HCl) or alkaline (1 M NaOH) solution were also inserted in 

the container. In all experiments the equilibration time, which is the time between reaching the 

next pH point and the next measurement, was chosen to be 480 s, considering the slow 
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response of pH electrodes in ethanol and the long time needed to acquire stable pH readings 

[137]. The pH is a measure of the acidity in aqueous solutions and therefore in non aqueous 

solvents it loses its validity ("operational" pH) [20, 137, 184, 220]. 

In order to measure the suspension zeta potential the potentiometric series (measurements 

carried out after the suspension pH has changed to the desired value) has been employed 

varying the pH between 2 and 13 and supplying the information required to the Zeta Probe (see 

Table 3.1). All the data listed in Table 3.1 without giving a reference were obtained from the 

instrument database apart from the data marked with the symbol:*. These data: density and 

dielectric constant of 3 wt.% PEEK-3 wt.% A1203, 4 wt.% PEEK-2 wt.% A1203  and 5 wt.% 

PEEK-1 wt.% A1203  suspensions were calculated using the rule of mixtures: 

Xc = Xa. Va + Xp • Vp 	 [3.5] 

where Xc is the property calculated (density or dielectric constant) for the composite and Xa, 

Xp, Va and Vp are the property (density or dielectric constant) and the volume fraction of 

A1203  and PEEK, respectively. 

Table 3.1 Summary of the data employed to measure the zeta potential of different suspensions. 

Properties 3 wt.% 
PEEK 

3 wt.% 
A1203  

3wt.% PEEK - 
3wt.% A1203  

4wt.% PEEK- 
2wt.% A1203  

5wt.% PEEK- 
1 wt.% A1203  

Particle 
density 

1 .3 
g. cm  ..3 

[221] 

4 g• cm-3 
[222] 1.96 g.cm-3  * 1.68 g- cm-3  * 1.46 g.cm-3  * 

Particle 
concentration 3 wt.% 3 wt.% 6 wt.% 6 wt.% 6 wt.% 

Particle 
dielectric 
constant 

3.2 10 5.2* 4.4* 3.6* 

Solvent 
density 

0.79 
g.cm-3 

0.79 
.cm  3  

0.79 g • cm" 0.79 g•cm-3 0.79 0.79 g•cm-3 

Solvent 
viscosity 

1.08 
mPa• s 

1.08 
mPa•s 1.08 mPa• s 1.08 mPa• s 1.08 mPa.s 

Solvent 
dielectric 
constant 

24.6 24.6 24.6 24.6 24.6 

Acid used/ 
concentration 

HC1 
1 mo1/1 

HC1 
1 mo1/1 

HC1 
1 mo1/1 

HC1 
1 mol/1 

HC1 
1 mo1/1 

Base used / 
concentration 

NaOH 
1 mo1/1 

NaOH 1 
mo1/1 

NaOH 
1 mo1/1 

NaOH 
1 mo1/1 

NaOH 
1 mo1/1 

Sample 
volume 280 ml 280 ml 280 ml 280 ml 280 ml 

3.11 Quantitative image analysis 
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File Edit Text Window Help 

0 f. 
x-uigetfile(.=.tif',.pick file to open.); 
a=imread(x); 
a=a(:,:,1); 
figure(1), imshow(a); 

%crop image 

b=a(40: 350,1:630); 

%show cropped image 

figure(2), imshow(b); 

%generate image histogram 

figure(3), imhist(b); 
c=ones(size(b)); 
ut=input('enter upper threshold 
c(bCut)=0; 
figure(4), imshor(0; 

%the vol percent of nickel is 

nickel.(nnz(c)/numel(c))0100 

%the vol percent of alumina is 

alumina=100-nickel 

script 

2 
3 
4 
5 
6 
7 
8 
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10 
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c) 	 d) 
Figure 3.9 Matlab© images of the program and outputs used to determine the vol.% of A1203  in 
the films deposited. a) the program, b) cropped image, c) histogram of the scale of grey in the 
image and d) black and white image from which the percentages are calculated. 

In order to determine the vol.% of A1203  in the Ni composite films a quantitative image 

analysis was carried out using Matlab© and the program shown in Figure 3.9 a).8  This program 

is divided in few steps: 

1. It shows the image to be analysed. 

2. It crops the image to discard the resin (used to embed the specimen) and the substrate 

from the area to be analysed following the instruction of the operator and shows the 

result (Figure 3.9 b)). 

0  Program written by Paul Shearing (Imperial College London) 
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3. It generates a histogram (Figure 3.9 c)) with a scale of grey to help the operator to choose 

the threshold between nickel and alumina phases in the image. 

4. It produces a new black and white image (Figure 3.9 d)) in which the white area is the 

nickel and the black area is the alumina to check if the threshold given was correct. 

5. The percentages of the two colours/materials in the image are given as a result. 

For the Ni-sub-micron-A1203  films back scattered SEM images (for better contrast 

between A1203  and Ni, due to their different atomic weights) at magnification x 2500 were 

taken in eight different areas of the cross section (four for each side). For the Ni-nano A1203  

films four images (two for each side) were taken using a FIB-SIMS at magnification x 6500. 

3.12 Scratch test analysis 

The adhesion between the stainless steel substrate and the nickel, PEEK and PEEK-A1203  

films were measured by a CSM Instrument Scratch Tester (CSM Instruments, Peseux, 

Switzerland) connected to a computer equipped with the CSM Instruments Scratch 3.87.01 

software. The instrument was also equipped with an acoustic detector. Rockwell diamond 

indenters with different diameters were used for all the experiments: for PEEK and PEEK-

A1203  films the indenter had a radius of 200 gm, while for the Ni films indenters with 10 gm or 

100 gm radius were employed. The different indenters were chosen depending on the coating 

properties to penetrate as deep as possible into the coating and almost reach the substrate. Three 

scratches were made on each sample applying a progressive normal load from 0.1 N to 20 N 

with a loading rate of 19.9 N•min' and a scratch speed of 1 mm.minT1  obtaining a total scratch 

length of 1 mm. 9  

3.13 Micro-hardness analysis 

The micro-hardness of PEEK, PEEK-A1203, Ni and Ni-A1203  composite coatings and of 

pure PEEK and PEEK-A1203  pellets with different compositions was measured using a Micro-

hardness Indentec Zwick/Roell ZHV instrument (Zwick GmbH e Co, Ulm, Germany) equipped 

with a Vickers diamond indenter. The measurements were carried out under a load of 0.245 N 

(25 g) for 15 s on the top surface of the coatings/pellets. The pure Ni and Ni-A1203  composite 

coatings were analysed as deposited, whereas the PEEK and PEEK-A1203  coatings/pellets were 

analysed after heat treatment. Ten measurements were taken for each sample and three samples 

analysed for each condition, the measured values were averaged. For these measurements the 

advantages of the PEEK and PEEK-A1203  pellets compared to the coatings were the 

elimination of the substrate effect and that they could be polished to obtain flat and smooth 

surfaces leading to more reproducible data. 

9  Experiments carried out in collaboration with Dr. P. Veronesi (University of Modena, Italy). 
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3.14 Tape test 

Table 3.2 Classification of the adhesion test result (adapted from the ASTM D 3359-04 method) 

Classification % area removed 
Surface of coating after tape 

test and adhesion range 

5B 
0% 

None 
-I'M N EN--  

MI 

4B Less than 5% P- 
- 1 L 

fil 

3B 5- 15% 
ma. 

_ 
Or —mil Mp— 

vii 

2B 15-35% 
.._ 

el 
_• 

. 
_ 

- - 

1B 35-65% 
- 
Alrii,  
i_ 

_ 	. 	--,.. 
I 	1 

wens 

I 

NI,- 

OB Greater than 65% 

I I 
— 
----, ,.. 

In this study the ASTM D 3359-04 method B was used to determine the adhesion of 

PEEK, Ni, PEEK-A1203 and Ni-A1203  composite coatings on stainless steel substrates. This 

method is suitable for coatings with thickness between 0 and 125 1.tm. This standard test 

method measures the adhesion by tape test and consists of few steps: 

1. Design on the coating a lattice pattern with a sharp razor blade (Agar Scientific, Stansted, 

UK) and check by light reflection that the cutting edge reached the substrate. The pattern 

should have between 6 and 11 straight cuts on each direction at 90° between each other. 

The cutting is carried out to provide a free edge from which the peeling can start without 

overcoming the cohesion of the film. 

2. Brush the coating surface lightly to make sure that any detached flakes or parts are 

removed. 

3. Cut a piece 7.5 cm long of 2.5 cm wide semitransparent pressure-sensitive Permacel P-99 

tape (Robert McKeown Company, Branchburg, New Jersey, USA.). Apply the centre of 

this piece over the area of the coating to be analysed and to ensure good contact rub it 
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firmly with the eraser on the top of a pencil; the colour under the tape can be used as an 

indication. The same batch of tape should be used for all the experiments for accurate 

comparison. 

4. Within 90 ± 30 s of application, remove the tape by grabbing a free end and taking it 

rapidly back on itself with an angle as close as possible to 180°. 

The adhesion between the substrate and the coating is then qualitatively evaluated by 

comparing the grid area with the illustrations reported in Table 3.2. This method only 

determines if the adhesion is at a generally adequate level but cannot distinguish between 

higher levels of adhesion. 

This test was applied to pure Ni films deposited on stainless steel substrates treated with 

different abrasive and different acids, to Ni-A1203  composite films deposited in different 

conditions, to pure PEEK films and to composite films deposited from the 3P-3A, 4P-2A and 

5P-1A suspensions after heat treatment before and after immersing the samples in 0.1M NaC1 

solution (BDH Laboratory supplies, Poole, UK) for 1 week. After immersion and before the 

test the samples were cleaned with distilled water and let dry. Four samples for each 

composition were tested. 

3.15 Corrosion resistance 

An Auto AC DSP device from ACM Instruments (Cumbria, UK) was employed to 

determine the corrosion resistance of stainless steel and deposited coatings in chloride or 

sulphuric acid environments. Sodium chloride (NaCl) by BDH Laboratory supplies (Poole, 

UK) or sulphuric acid (H2SO4) by Sigma Aldrich (Gillingham, UK) were employed to prepare 

0.1 M solution in distilled water. Standard pitting potential measurements were made in NaC1 

solution increasing the potential with a sweep rate of 1 mV•s-1  from the rest potential to more 

positive potentials until a current of 5 mA-cm-2  was reached (potentiodynamic anodic 

polarization). In order to determine the corrosion current density and the corrosion potential in 

sulphuric acid the potential was varied linearly using a sweep rate of 1 mV.s-1  from cathodic to 

anodic in a range of ± 500 mV vs the rest potential. The corrosion current density and the 

corrosion potential were obtained by the intersection of the extrapolated anodic and cathodic 

currents in the Tafel plot. All these experiments were carried out in a three electrode set-up: 

with the sample as working electrode, a platinum wire as counter electrode and a saturated 

calomel electrode (SCE) (Thermo Electron Corporation, Fife, Scotland) as a reference 

electrode. The sample area was kept constant and controlled using a micro super XP-2000 

lacquer (Hi-Tex Products Ltd., Poole, UK). 

3.16 Compressive strength test 

Compressive strength tests have been carried out using a Zwick/Roell Z010 instrument 

(Zwick GmbH e Co, Ulm, Germany) on PEEK-A1203  pellets with different compositions after 
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heat treatment. The samples were cylinders with diameter between 7.80 and 9.50 mm and 

height between 9 and 12 mm; the ratio of height to diameter was always higher than 1:1 

(dimensions employed by Rae et al. [190]). Five specimens for each composition were 

analysed applying a crosshead speed of 0.5 mm•miril  and the test was stopped when a strain of 

50% was reached. 

3.17 Artificial neural network modelling 

In the last few years the interest in artificial neural networks has largely increased thanks 

to their ability to be applied in many areas, from finance to medicine and engineering (e.g. 

detection of medical phenomena, applications in material science and prediction of the stock 

market fluctuations) [223]. In fact, this method can theoretically be applied to every situation in 

which a relationship between independent (inputs) and dependent (outputs) variables exists, 

even if the relationship between them is complex. Artificial neural networks have become a 

powerful technique in all areas of science and especially in chemistry [224]. The broad success 

achieved by the artificial neural networks can be explained considering that they are easier to 

use compared to other statistical models and that they represent sophisticated modelling 

techniques able to model very complex functions [225]. 

An artificial neural network (ANN), also called a "neural network" (NN), is a form of 

mathematical regression or classification model. It is an interconnected assembly of simple 

processing units or nodes whose functionality is loosely based on the animal neuron [223, 225]. 

In other words, neural networks are non-linear data modelling or decision making tools that can 

be used to represent complex relationships between inputs and outputs or to find patterns in sets 

of data. In general terms, a neural network has an input layer, an output layer and any number 

of hidden layers. The layers are formed by neurons that are simple processors capable of very 

simple mathematical tasks and, from the connections of the neurons, it is possible to obtain 

more complex results. The input neurons are in the input layer and they have the role to 

introduce the data in the network. They send the data to the neurons contained in the hidden 

layers through a connection and, during the passage from a layer to the next forward, the data 

are multiplied for a number, also called "weight". The weight can be a real number, negative, 

positive or null and it is characteristic of each connection [225]. The neurons in the hidden 

layer receive modified data from all the input neurons with which are connected; all the data 

are summed and the result obtained becomes the argument of the function contained in the 

neuron. This function is the activation function and it is generally one of the following [226]: 
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Logarithmic function: 	y = log(1+ x) 	 if x 	 [3.9] 

y = log(1— x) 
	

if x < 0 
	

[3.10] 

Sine function: 	y = sin(x) 	 [3.11] 

Then, the elaborated data are sent to the output element. During the transfer they can be 

multiplied again by other weights. In the output neuron, the values from all connected hidden 

units are again summed and the result (y,) is compared with the experimental data (x1) using an 

error function as, for example, the total quadratic error: 

E = —21(x — y, )2 	 [3.12] 

If the calculated and experimental values differ for more than a prefixed value, the process is 

repeated changing the weights of the connections, which initially are randomly chosen, until 

the differences between calculated and expected values are below the limit set by the operator. 

According to ref. [225], the decrease of the prediction error during each epoch is carried out 

using a gradient descent method like the back propagation algorithm: 

w(t +1) = w(0+ a 	 .9E + fl(w(t)— w(t —1)) 	 [3.13] 
dw„,( , )  

where w(t +1) is the updated and w(t) is the old weight, E is the difference between theoretical 

and experimental data, a is a learning parameter (generally between 0 and 1), R  is a momentum 

(generally between 0 and 1). After a variable number of epochs, which can vary from few tens 

to thousands, the calculation comes to a convergence. 

Normally a set of experimental data is employed to train the neural network model and 

another set of experimental data to check the accuracy of the model in predicting the 

experimental results. This last set is the validation data set and it can be used also to avoid 

over-fitting (e.g. the model predicts extremely well the behaviour of the training data but not 

that of other data). To avoid overfitting, the training of the neural network is stopped when the 

error with respect to the validation data set is minimum. Once the neural network is trained it 

can be applied to predict behaviours or to optimise processes in the area in which it has been 

trained. 

In this research, the neural network approach was applied to develop a quantitative 

understanding of the effect of different parameters on the yield of EPD of PEEK-A1203  

composite systems on stainless steel substrates. As described in section 2.3, in EPD there are 

two kinds of parameters: those related to the suspension and the substrate (type of solvent, 

solvent dielectric constant, type of particle and particle size, suspension concentration and 

conductivity, viscosity of the suspension, zeta potential, pH and conductivity of the substrate) 

and those strictly related to the process (distance between the electrodes, difference of potential 

applied, deposition time). The data used for the Artificial Neural Network modeling were 

obtained from depositions carried out from the same suspensions (3P-3A or 4P-2A) and on the 
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same type of substrate and therefore the first group of variables did not influence the results; 

whereas the variation of few process parameters, such as the difference of potential applied 

(AV) and the deposition time, influenced the deposition yield. These two parameters were 

chosen to investigate the possibility of effectively optimizing and understanding EPD of these 

composite materials using a neural network approach.l°  This is the first time that such an 

analysis has been carried out in EPD. 

In the neural network terminology the inputs chosen were the difference of potential 

applied and the deposition time and the output was the deposition yield per area (g•cm-2). In 

order to produce a matrix of data to train the model the deposition time was increased minute 

by minute (1 min, 2 min, 3 min, etc.) keeping the difference of potential applied constant and 

stopping when the coatings started to peel off upon drying. Each sample was weighed before 

and after the deposition and the coating area was measured to determine the deposition yield. 

The same experiment was repeated 4 times for each condition and the average of the 4 data was 

used for the statistical modelling; a standard deviation of 7% was considered for each 

measurement. The differences of potential employed were 20 V, 30 V and 40 V and the two 

electrodes were always kept at 2 cm distance. In order to optimize the fitting of the 

experimental data, the neural network independent parameters, such as the number of 

interactions (epochs), hidden layers and artificial neurons in each hidden layer, were varied. 

Subsequently, to verify the reliability of the two models, 4 data (input-output) for each 

suspension were experimentally produced choosing the inputs within the range of those used to 

produce the model (validation data set) and these data were compared with the values predicted 

by the two models. 

10  The modeling was carried out by Dr. M. Romagnoli (Univerista' di Modena e Reggio Emilia, Italy) 
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4. Depositions of nickel composite coatings 

Pure nickel films have been widely employed for their corrosion resistance [14, 31-33], 

this property can be combined with the good properties of alumina producing Ni-A1203  

composite films presenting enhanced hardness [12, 52, 57, 61, 62, 75, 78, 79, 81-94] and wear 

resistance [12, 54, 75, 81, 87, 90, 91, 93, 94, 96] and maintaining the corrosion resistance of 

nickel [83, 97-100]. In this research the deposition of these composite coatings by 

electrochemical co-deposition has been studied starting from the optimization of the surface 

preparation before deposition and the determination of the best conditions to deposit pure 

nickel films. Particular interest has been dedicated to the influence of the concentration of the 

particles in the bath, the current density and the particle sizes on the amount of A1203  co-

deposited. Few experiments have been also carried out on the co-deposition of Ni-Al composite 

coatings to observe differences between the incorporation of conductive and non-conductive 

particles. The results achieved using the characterization techniques presented in chapter 3 are 

presented and discussed here after the materials and methods sections. 

4.1 Materials 

It is well known that nickel can be electrodeposited from different baths (see section 

2.1.4), as reported in the literature [14, 32, 33]. Among the different baths investigated, the 

nickel sulphate bath or Watts bath was chosen for this research. The chemicals used to prepare 

the Watts bath were: nickel sulphate hexahydrate NiSO4.6H2O (>99.0%) (Fluka, Gillingham, 

UK), nickel chloride hexahydrate NiC12.6H2O (98.0%) (Riedel-deHaen, Gillingham, UK), 

boric acid H3B03  and sodium dodecyl sulphate (SDS) CH3(CH2)11SO4Na (99%) (Sigma 

Aldrich, Gillingham, UK). In order to produce Ni-A1203  composite coatings by electrochemical 

co-deposition two kinds of powders were suspended in the electrolyte: sub-micron-a-A1203  

powder (A-16 SG) supplied by Bassermann Minerals GmbH (Mannheim, Germany) 

(henceforth referred to as "sub-micron-A1203") and nano-y-A1203  powder (544833) with a 

surface area between 35 and 43 m2.g-1  purchased from Sigma Aldrich (Gillingham, UK) 

(henceforth referred to as "nano-A1203"). To electro co-deposit Ni-Al composite coatings an Al 

powder with particle size < 25 µm (99%) supplied by Goodfellow (Huntingdon, UK) was 

added to the nickel sulphate bath. 

The electrodes used for the deposition were a nickel anode, a stainless steel cathode and, 

when the three electrode cell was utilized, a silver/silver chloride (Ag/AgCI) reference 

electrode (Thermo Electron Corporation, Fife, Scotland). The anodes were cut from a nickel 

sheet (thickness 0.15 mm) with purity 99.9% supplied by BDH Laboratory supplies (Poole, 

UK). The cathodes were cut in pieces of 1 cm x 1 cm x 0.2 mm or in pieces of 1 cm x 1 cm x 2 

mm with a guillotine from an austenitic stainless steel AISI 316L (Fe/Crl 8/Ni 1 0/Mo3) foil, 
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both supplied by Advent Research Materials Ltd. (Oxford, UK). The acetone employed to clean 

the substrates before the deposition was purchased from BHD Laboratory Supplies (Poole, 

UK). Moreover 800 grit SiC paper, 1 gm and 3 gm diamond paste spray, supplied by Struers 

(Solihull, UK) were employed to mechanical treat the substrates and nitric acid (HNO3) 65%, 

hydrochloric acid (HC1) 37% and sulphuric acid (H2SO4) 30% obtained from Sigma Aldrich 

(Gillingham, UK) were employed to chemically treat the substrates before the depositions. 

4.2 Instruments and methods 

An electronic balance HR-120-EC from A&D Instruments Ltd. (Abingdon, UK) with a 

readability of 0.0001 g was used to prepare the nickel solutions and to add A1203  and Al 

powders to the plating bath. A Fisher Scientific (Loughborough, UK) magnetic stirrer (60-1200 

rpm)/hot plate (30-550°C) was employed. The magnetic stirrer kept the particles suspended 

during the electro co-deposition and increased the movement of the bath around the cathode to 

reduce the adhesion of hydrogen bubbles on the cathode surface. The heating slab was used to 

maintain the temperature (monitored by a thermometer) of the plating bath constant during 

some depositions by surrounding the cell with another recipient containing distilled water. The 

pH of the solutions/suspensions were measured using a Jenway 3510 pH meter (Jenway, Essex 

UK) and an ultrasonic bath USC300D VWR International (Leuven, Belgium) was used for 

preparing the plating solutions and the suspensions and for cleaning the substrate surfaces. 

POWER 
SUPPLY 

j MULTI 
METER 

anode cathode 

— solution 	view of the cell 
rotated of 90degrees 

magnetic stirrer/ 
	— hot plate 

Figure 4.1 Schematic representation of the two electrode cell set up. 

In this part of the study the films were deposited applying electrochemical methods: 

electrochemical deposition or electroplating and electrochemical co-deposition using a two 

electrode cell connected to a power supply (experimental set up schematically represented in 

Figure 4.1) or a three electrode cell connected to a potentiostat/galvanostat. In the two electrode 
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cell system the electrochemical cell consisted of a 100 ml beaker containing 50 ml of plating 

solution and two square shaped (1.0 cm x 1.0 cm) electrodes (anode and cathode). While in the 

three electrode cell system the electrochemical cell was a 250 ml beaker containing 175 ml of 

plating solution and three electrodes: two square shaped (1.0 cm x 1.0 cm) electrodes (working 

electrode and counter electrode (also called secondary or auxiliary electrode)) and a reference 

electrode: Ag/AgC1, with a standard potential of +0.2224V vs SHE. 

In the two electrode cell set-up (Figure 4.1) the instrument was a TTi EL561 power 

supply (Thurlby Thandar Instrument, Huntingdon, UK) connected to a TTi 1906 computing 

multimeter (Thurlby Thandar Instrument, Huntingdon, UK). The TTi EL561 power supply 

works at constant voltage and constant current with automatic crossover, which permits a 

continuous transition from constant current to constant voltage in response to the solution 

processes. It is possible to work in constant current mode if the current applied is less then the 

limiting current. Whereas, if the current applied is higher than the limiting current, the 

instrument automatically switch to the constant potential mode. Moreover, it must be noted that 

the potential transmitted to each electrode by the power supply is not defined and the only 

controlled parameters are the difference of potential between the two electrodes and the current 

density when the electrode area is known. 

Figure 4.2 Images of the experimental set up employed for the deposition of nickel and nickel 

composite coatings. 

In the three electrode cell set-up (see Figure 4.2) the instrument was an Auto AC DSP 

device from ACM Instruments (Cumbria, UK) working in constant current (galvanostatic) or 

constant voltage (potentiostatic) mode. This instrument is connected to a computer equipped 

with the DC analysis V 3.53.02 (© ACM Instruments 1997) software. When the device works 

in potentiostatic mode, it controls and keeps the potential of the working electrode at a constant 

value vs the reference electrode and monitors the variation of current during the experiment. 

The device can achieve it thanks to an electric circuit that maintains constant the potential 

across the cell by changing the resistance of the electric circuit and altering correspondingly the 
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current provided to the system, following Ohm's law. When the galvanostatic mode is applied 

the current flowing through the electrolytic cell is maintained constant and the corresponding 

voltage is measured vs the reference electrode. 

Before the depositions the electrode surfaces were carefully treated using mechanical 

and/or chemical treatments (see section 4.3). The electrodes were inserted in the cell by holding 

them with two conductive crocodile clips fixed to two copper bars. The two copper bars were 

kept still and in a precise position by a holder in order to maintain the electrodes at a constant 

distance during the experiments and one aligned with the other. Before the experiments the 

electrodes were thoroughly immersed in the solution avoiding the contact between the clips and 

the bath to prevent contamination. Their alignment and their distance were accurately checked 

and measured. 

4.3 Surface preparation 

It is well known that in order to obtain a good adhesion between the substrate and the 

film the surface preparation is essential prior to coating. Sautter [72] reported that the surface 

preparation is particularly important when nickel is deposited on stainless steel as the adhesion 

of these two materials is very poor if special surface treatments are not carried out. There is no 

unique method for surface treatment as the method is influenced by the type of substrate, the 

contaminants present on its surface and sometimes by the type of film to be applied. The main 

surface contaminants for stainless steel are grease and the oxide protective layer [227]. 

In this part of the project various cleaning methods, mechanical and chemical treatments 

were applied to two stainless steel AISI 316L substrates with different thickness (0.2 and 2 

mm) to understand how these treatments influenced the substrate/coating adhesion. In all these 

experiments nickel was deposited from a nickel sulphate bath (the bath characteristics will be 

described in section 4.4) at room temperature applying a constant current density of -32 

mA•cm-2  for 30 min using the two electrode cell with 1.5 cm distance between the electrodes. 

4.3.1 Mechanical treatments 
The first set of experiments was carried out on both stainless steel AISI 316L substrates 

in as-received condition or treated with different abrasives. Three treatments were carried out 

on 0.2 mm thick stainless steel foils: 

1. The as-received substrate was ultrasonically cleaned in acetone for 5 min. 

2. The surface of the substrate was manually ground with 800 grit SiC paper for 30 s on 

each side and then it was cleaned with acetone and distilled water. 

3. The surface was manually ground with 800 grit SiC paper for 30 s on each side then the 

substrate was cleaned as in treatment 1. This treatment was similar to that carried out by 

Zhou et al. [121, 122]. 
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Four mechanical treatments were performed on the 2 mm thick stainless steel substrate since its 

thickness permitted easier handling: 

1. The as-received substrate was ultrasonically cleaned in acetone for 5 min. 

2. The surface was mechanically polished with 1 um diamond paste spray and then cleaned 

as in treatment 1. 

3. The surface was mechanically polished with 3 um diamond paste spray and then cleaned 

as in treatment 1. 

4. The surface of the substrate was manually ground with 800 grit SiC paper for 30 s on 

each side to obtain even and aligned scratches and then cleaned as in treatment 1. 

Ultrasonically cleaning in acetone for 5 min was mainly used to remove fats, oils and other 

organic materials from the stainless steel surface [227] and also to eventually remove from the 

substrate surface dust and particles originated only from the grounding or polishing treatments. 

The aspect of all these surfaces was analysed by optical microscopy and using 3D plots 

obtained by Zygo® analysis (see section 3.5). In addition, the surface roughness of each sample 

was measured by Zygo® instrument in at least six points obtaining bearing ratio plots, rms 

(root-mean-square) and Ra (roughness average) values (see section 3.5). 

A) Stainless Steel AISI 316L substrate 0.2 mm thick 
The stainless steel foils produced by cold rolling and annealing were analysed in as-

received condition and after grinding with 800 grit SiC paper, the results are described below. 

0 Surface as-received 

Figure 4.3 Optical microscopy picture of the surface of 0.2 mm thick stainless steel substrate in as-

received condition showing aligned scratches. 

Table 4.1 Roughness values for the 0.2 mm thick stainless steel substrate as-received. 

Point 1 2 3 4 5 6 Average 

Rms (um) 0.112 0.172 0.175 0.214 0.181 0.197 0.18 + 0.04 

Ra (gm) 0.073 0.099 0.109 0.139 0.100 0.108 0.10 + 0.02 
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Figure 4.4 Comparison between the bearing ratio plots of the stainless steel 0.2 mm thick substrate 

in as-received state. 

a)  

b)  

c)  

Figure 4.5 3D plots of a) point 1, b) point 4 and c) the rest of the surface of the 0.2 mm thick 

stainless steel substrate in as-received condition. Each point has an area of 1.46 mm x 1.10 mm and 

the height of the block is 80 p.m. 
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The surface of the as-received material presented aligned scratches, as shown in Figure 

4.3, due to the process employed for its production. It was analyzed in 6 points by Zygo® 

technique obtaining the data listed in Table 4.1 and the bearing ratio plots shown in Figure 4.4. 

The surface roughness in four of the analysed points (2, 3, 5 and 6) was similar, as shown by 

the bearing ratio plots in Figure 4.4 and the rms and Ra values in Table 4.1, and its aspect can 

be represented by the 3D plot in Figure 4.5 c). Moreover, analysing the bearing ratio plots 

(Figure 4.4) it can be seen that in point 1 the surface was smoother (see 3D plot in Figure 4.5 

a)) and in point 4 (see 3D plot in Figure 4.5 b)) the surface presented more peaks (0-20 %) and 

more pits (80-100 %) than in the major part of the sample (see 3D plot in Figure 4.5 c)). 

Therefore the roughness of the surface in as-received condition seemed not to be uniform. 

ii) Surface ground with 800 grit SiC paper 

Figure 4.6 Optical microscope picture of the 0.2 mm thick stainless steel surface ground with 800 

grit SiC paper showing aligned scratches. 

Figure 4.7 Comparison between the bearing ratio plots of the 0.2 mm thick stainless steel surface 

ground with 800 grit SiC paper. The surface roughness was uniform in the whole sample. 

95 



Ilaria Corni 

Table 4.2 Roughness values for 0.2 mm thick stainless steel substrate ground with 800 grit SiC 

paper. 

Point 1 2 3 4 5 6 Average 

Rms (µm) 0.211 0.213 0.210 0.242 0.218 0.222 0.22 1 0.01 

Ra (ilm) 0.146 0.146 0.148 0.179 0.156 0.160 0.16 1 0.01 

The surface ground with 800 grit SiC paper still presented aligned scratches, as shown in 

Figure 4.6. Six measurements were carried out on this surface by Zygo® technique obtaining 

the data reported in Table 4.2 and the bearing ratio plots in Figure 4.7. These results (Table 4.2 

and Figure 4.7) shows that the surface roughness was similar in the whole sample and it can be 

represented by the 3D plot in Figure 4.8. 

Figure 4.8 3D plot of a representative point of the 0.2 mm thick stainless steel surface ground with 

800 grit SiC paper. This area is 1.46 mm x 1.10 mm and the height of the block is 80 tim. 

iii) Comparison between as-received and ground surfaces 
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-2800 

-3000 

-3200 

• -3400 

„9• 6  -3600 

-3800 - 

-4000 

-4200 
-10 0 10 20 30 40 50 60 70 80 90 100 

tp % 

Figure 4.9 Comparison between the bearing ratio plots of the surface of the 0.2 mm thick stainless 

steel as-received and ground with 800 grit SiC paper showing that the sample ground was rougher 

than the one as-received. 
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Table 4.3 Roughness values for the 0.2 mm thick stainless steel AISI 316L substrate in as-received 

condition and after grinding with 800 get SiC paper. 

Sample as-received 800 grit SiC 

rms (gm) 0.18 ± 0.04 0.22 ± 0.01 

Ra (um) 0.10 ± 0.02 0.16 ± 0.01 

Comparing the rms and the Ra values of these two samples (listed in Table 4.3) it was 

clear that the sample ground with 800 grit SiC paper was rougher than the as-received sample 

(these values have been proven to be significantly different from each other using the t-test 

[228]). The same evaluation can be achieved comparing a bearing ratio plot chosen as 

representative of the major part of the surface as-received (points 2, 3, 5 and 6) with one plot of 

the surface ground with 800 grit SiC paper, chosen as representative of the entire surface 

(Figure 4.9). From this comparison, it was clear that the surface as-received was smoother than 

the surface ground and in particular the main difference was noted for tp% > 60 meaning that 

the scratches in the ground surface were deeper than in the as-received surface. 

iv) Nickel deposition on stainless steel 0.2 mm thick 
Nickel depositions were carried out on the stainless steel substrates treated in the three 

different ways described above in order to understand how the cleaning methods and the 

mechanical treatments influenced the substrate/coating adhesion. In the first method the 

substrate as-received was ultrasonically cleaned in acetone for 5 min. The nickel coating peeled 

off from the substrate as shown in Figure 4.10. 

Figure 4.10 Nickel coating deposited on the 0.2 mm thick as-received stainless steel AISI 316L 

substrate ultrasonically cleaned in acetone for 5 min. The deposit peeled off from the substrate. 

In the second method the substrate was manually ground with 800 grit SiC paper and 

cleaned with acetone and distilled water. The cross section of the interface substrate/coating is 

shown in Figure 4.11 and shows that the adherence between the two materials was not uniform 

97 



Ilaria Corni 

across the sample, in fact in some areas there was delamination and in other areas the interface 

was coherent, straight and well-defined. 

Figure 4.11 SEM image of the interface nickel/stainless steel. The nickel was deposited on stainless 

steel substrate ground with 800 grit SiC paper and cleaned with acetone and water. The adherence 

between the two materials was not uniform across the sample. 

In the third method the sample was manually ground with 800 grit SiC paper and then it 

was ultrasonically cleaned in acetone for 5 min. The cross sections of the interface 

substrate/coating, shown in Figure 4.12, illustrate that the interface was straight and well-

defined and that the adhesion was good and uniform in the whole sample. 

90an 

Figure 4.12 SEM image of the interface nickel/stainless steel on a substrate ground with 800 grit 

SiC paper and ultrasonically cleaned in acetone for 5 min. The interface is straight and well-

defined and the stainless steel/coating adhesion seemed good and uniform. 
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(a)  

(b)  

Figure 4.13 Schematic representations of two different surfaces with the same rms [216] 

Considering the surface roughness of the two substrates (Table 4.3) and the deposition 

results, it seemed that the roughness was responsible for the adhesion between the coating and 

the substrate. In fact the nickel coating peeled off from the as-received substrate with a rms of 

0.18 1 0.04 pm and a Ra of 0.10 ± 0.02 gm but it did not peel off from the rougher substrate 

(ground with 800 grit SiC paper), with a rms of 0.22 ± 0.01 pm and a Ra of 0.16 ± 0.01 µm. 

From these results it can be thought that the substrate/coating adhesion increases with the 

substrate roughness and that the increase of adhesion is due to a mechanical interlocking effect 

between the two materials, as also proposed in the literature [229-235]. In particular Liu and 

Gao [233] deposited Ni coatings by electroless plating on Mg and Mg alloys and evaluated the 

substrate/coating adhesion by scratch test. From these experiments, they concluded that the 

adhesion strength of the coatings deposited on the rougher substrate (Ra = 0.37 ± 0.06 µm) 

resulted to be higher than that deposited on the smoother substrate (Ra = 0.15 ± 0.03 pm) 

thanks to a mechanical interlocking effect between the two materials. Ye et al. [234] 

electrochemically deposited Zn coatings on steel substrates with surface roughness (Ra) 

between 0.177 and 0.997 pm and they determined the adhesion strength between the coating 

and the substrate by four-point bending test. They [234] concluded that the main phenomenon 

determining the adhesion between the substrate and the coating was a mechanical interlocking 

effect influenced by the surface roughness. The highest adhesion strength was measured for a 

surface roughness around 0.3 µm; a further increase of Ra did not modify the adhesion strength 

between the two materials. The roughness values reported in the literature [233, 234] as 

necessary to achieve a good substrate/coating adhesion were slightly higher than those listed in 

Table 4.3. The difference observed can be due to different behaviours of the systems 

considered but also to the different methods and parameters employed to analyse the surfaces. 

In particular it has to be underlined that rms values produce a closer approximation of the 

surface compared to Ra values, from the way they are calculated (see section 3.5). However, at 

the same time in some occasion rms values do not give sufficient information about the surface 

morphology and they are not able to distinguish between two different surfaces, as those shown 
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in Figure 4.13, while this can be achieved using the bearing ratio plots [216], extensively 

employed in this study. 

The interlocking mechanism between the stainless steel and the nickel is also supported 

by the start of the deposition inside the scratches left on the substrate surface by the grounding 

treatment, as shown in Figure 4.14. The surface of the as-received substrate (Figure 4.3) also 

presented aligned scratches, but they were probably not deep enough to hold the coating 

through a mechanical interlocking effect and this can probably explain the peeling off of the 

coating. 

Figure 4.14 SEM image of the separation between the substrate and the nickel coating deposited 

from a nickel sulphate bath showing that the deposition started inside the scratches. 

In addition, it can be also observed that the adhesion between stainless steel and nickel 

was significantly influenced by the cleaning procedure. In fact ultrasonically cleaning the 

substrate in acetone (see Figure 4.12), instead of simply cleaning it with acetone and distilled 

water (see Figure 4.11), produced a more uniform, sharp and well-defined interface on the 

whole sample. This was probably due to the higher effectiveness of the ultrasonic method for 

removing grease and oil from the substrate and even to remove particles (e.g. dust and residues 

from the grinding process) attached to the surface. 

B) Stainless Steel AISI 316L substrate 2 mm thick 
The same analysis carried out above on the 0.2 mm thick stainless steel substrates was 

repeated also on 2 mm thick stainless steel specimens. This stainless steel was produced by 

cold rolling followed by annealing and descaling. In this part of the study three different 

mechanical treatments were carried out: polishing with 1 gm diamond paste, polishing with 3 

gm diamond paste and grinding with 800 grit SiC paper. In addition, the as-received substrate 

was also investigated. This investigation is reported in Appendix 1. 

i) Comparison between the different mechanical treatments 
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Table 4.4 Roughness values obtained on 2 mm thick AISI 316L samples with different surface 

treatments and results of the Ni depositions. 

Surface 
treatments 

Measures 

rms (µm ) Ra m (p 	) Ni 
deposition 

As-received 0.32 ± 0.01 0.18 ± 0.01 Good 

1 pm diamond paste 0.07 ± 0.02 0.05 ± 0.01 Peeled off 

3 p.m diamond paste 0.07 ± 0.02 0.04 ± 0.02 Peeled off 

800 SiC paper 0.25 ± 0.01 0.17 ± 0.01 Good 

-2000 
	 tp% 

Figure 4.15 Comparison between the bearing ratio plots of the 2 mm thick stainless steel surfaces 

as-received, ground with 800 grit SiC paper, polished with lum or 3 um diamond paste. 

From the rms and Ra values of the surfaces treated with the three mechanical methods 

(polished with 1 pm diamond paste, polished with 3 pm diamond paste and ground with 800 

grit SiC paper) and of the as-received sample (see Table 4.4) it resulted that the as-received 

sample was rougher than the others, followed by the sample ground with 800 grit SiC paper 

and the samples polished with 3 pm and 1 pm diamond paste. The values measured on the 

surface as-received and ground have been proven to be significantly different from each other 

using the t-test [228], while those of the surfaces treated with diamond pastes resulted 

considerably similar using the t-test. The same conclusion can be also drawn comparing the 

bearing ratio plots shown in Figure 4.15 that shows that the samples polished with 1 and 3 pm 

diamond paste were extremely similar and smoother than the samples ground and as-received. 

The surfaces of these last two samples were comparable in the peaks (0-30 tp%) but 

considerably different in the deepness (60-100 tp%), with the as-received sample presenting 
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deeper valleys. These results were in perfect agreement with what was expected considering the 

roughness of the abrasives employed. However, it has to be noted that the as-received surface 

showed an opposite behaviour to that shown by the 0.2 mm thick stainless steel, being the 

rougher surface (see section 4.3.1 A). 

ii) Nickel deposition on stainless steel 2 mm thick 

 

a)  

 

Con t i 

Substrate 

r 
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b)  

Figure 4.16 SEM micrographs of the interface stainless steel/nickel showing a) homogeneous and 

uniform interface coating/substrate and b) that the substrate surface roughness was maintained in 

the coating (arrow). The stainless steel as-received was ultrasonically cleaned in acetone for 5 min. 

Nickel was deposited on the four different treated stainless steel substrates immediately 

after ultrasonically cleaning in acetone for 5 min, since this seemed to be the best cleaning 

treatment following the results described in section 4.3.1 A. From these results, it was observed 

that the coatings peeled off from the stainless steel substrates polished with 1µm and 3 pn 

diamond paste (see Table 4.4), respectively, and therefore these two mechanical treatments 

were not further investigated. The interface stainless steel/nickel of the coatings deposited on 

the substrates in as-received condition was homogeneous, uniform and without defects and 

gaps in the whole sample (Figure 4.16 a)). Moreover it was observed that the surface roughness 

was maintained in the coating that consequently resulted quite irregular, as shown by the arrow 
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in Figure 4.16 b). The same behaviours were also observed when the substrate surface was 

ground with 800 grit SiC paper before the deposition. 

The surface roughness and the deposition results in Table 4.4 indicated that the surface 

roughness was responsible for the substrate/coating adhesion thanks to an interlocking 

mechanism, as frequently reported in the literature [229-235] and as also observed for the 

thinner stainless steel substrate and discussed in section 4.3.1 A. Considering all the data 

obtained on the two substrates (Tables 4.3 and 4.4), it seemed that the surface roughness (rms) 

for the nickel-stainless steel AISI 316L system should be larger than 0.18 p.m in order to avoid 

the coatings peeling off from the substrate. 

iii) Scratch test 

Figure 4.17 Residual depths of three scratch tracks carried out on a nickel coating deposited on the 

as-received substrate using a Rockwell diamond indenter with radius of 100 pm. 

Figure 4.18 Residual depths of three scratch tracks carried out on nickel coating deposited on the 

substrate ground with 800 grit SiC paper using a Rockwell diamond indenter with 100 gm radius. 
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Figure 4.19 Residual depths of three scratch tracks carried out on a nickel coating deposited on the 

as-received substrate using a Rockwell diamond indenter with radius of 10 gm. 

Figure 4.20 Residual depths of three scratch tracks carried out on a nickel coating deposited on the 

substrate ground with 800 grit SiC paper using a Rockwell diamond indenter with radius of 10 um 

In order to evaluate the substrate/coating adhesion, a scratch test was carried out on 

nickel coatings deposited in the same conditions (nickel sulphate bath, room temperature, -32 

mA-cm-2, 30 min, 1.5 cm) on 2 mm thick stainless steel substrates in as-received state and 

ground with 800 grit SiC paper. Both substrates were ultrasonically cleaned in acetone for 5 

min before the deposition. These two samples were chosen among the seven samples analysed 

because they were the two that gave better results in term of adhesion from the cross section 

analysis and also because the 2 mm thick stainless steel substrate was easier to handle 

compared to the thinner stainless steel. 

The first set of scratches were carried out using a Rockwell indenter with 100 tm radius 

and applying a progressive normal load from 0.1 to 20 N with a loading rate of 19.9 N•miti l  
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and a scratch speed of 1 mm min' obtaining a total scratch length of 1 mm. The residual depths 

(depth after the scratch has been carried out) of the scratches are shown in Figures 4.17 and 

4.18 for the surface as-received and ground, respectively. Comparing the residual depths of the 

three scratches obtained on the same sample it was clear that the coatings presented 

homogeneous properties. The same conclusion could be also attained when the smaller indenter 

(radius of 10 l.tm) was employed to produce scratches on nickel films deposited on both 

surfaces applying the same conditions (results shown in Figures 4.19 and 4.20); even if in this 

second case a slightly higher variability could be observed. From the comparison of the 

residual depths of the scratches obtained using indenters with different sizes, 10 pm or 100 µm 

radius (see Figures 4.17-4.20), it was clear that the smaller indenter penetrated more into the 

film than the bigger indenter due to the higher load per area applied. However, even when the 

10 IAM indenter was employed, the substrate was not reached during the test and no acoustic 

signal variation was detected demonstrating that the coating did not cracked or debond [236]. 

a) as-received - 100 gm 

b) ground - 100 p.m 

Figure 4.21 Optical micrographs of the scratch tracks carried out on nickel coatings deposited on 

a) and c) the as-received substrate and b) and d) the substrate ground with 800 grit SiC paper 

using a Rockwell diamond indenter with a) and b) radius of 100 !um or c) and d) radius of 10 p.m. 

From the analysis of all the tracks of the scratches produced with the two indenters (Fig. 

4.21), it is possible to evaluate the adhesion between the substrate and the coating [233, 236]. 
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The scratch tracks left in all conditions applied were smooth and no noticeable cracks were 

observed inside or outside the tracks, similar to the findings of Mu et al. [236] for nickel films 

deposited by electroless plating on steel substrates. This behaviour is probably due to the 

deformability of the nickel or to the low load applied. It could be concluded that the coatings 

remained fully adherent to the substrate and fully coherent to themselves independent from the 

substrate surface preparation before the deposition. 

4.3.2 Chemical treatments 
It has been mentioned in the literature [59, 98, 124, 227, 237] that stainless steel 

substrates can be chemically etched before the deposition to improve the substrate/coating 

adhesion by removing oxides from their surface (through their conversion into soluble 

compounds). The oxide protective layer formed on the stainless steel surface is between 1 and 4 

nm thick and it has been the object of numerous researches [238-240] from which it emerged 

that it is greatly modified by the environment [238], e.g. in acid environment the oxide passive 

film tends to be enriched in Cr compared to the base alloy due to the dissolution of Fe in this 

environment [239, 240]. 

Table 4.5 Roughness values of as-received and ground with SOO grit SiC paper samples cut from 

the same stainless steel sheet. 

rms (1.tm) 

Samples 
as-received 

Samples ground with 
800 grit SiC paper 

0.32 ± 0.01 0.25 ± 0.01 

0.31± 0.01 0.292 ± 0.009 

0.33 ± 0.01 0.31±0.02 

0.38 ± 0.02 0.32 ± 0.01 

The influence of chemical treatments on the surface roughness and on the nickel/stainless 

steel interface has been studied to determine the best surface treatment needed to achieve 

uniform and sharp interfaces. Three solutions have been employed in this study: 10% H2SO4 

for 30 s [98], 18% HC1 for 5 min [59, 124] and 25% HNO3  for 10 s [237]. These treatments 

were carried out only on the 2 mm thick stainless steel samples because on this substrate it was 

possible to achieve better uniformity of the grounding treatment thanks to its thickness. 

Moreover, following the results achieved and described in section 4.3.1, just the substrate in as-

received condition and the substrate manually ground with 800 grit SiC paper were chosen to 

carry out the chemical etching study among the four conditions initially investigated (as-

received, ground with 800 grit SiC paper, polished with 1 pm and 3 pun diamond paste). 

Straight before the deposition, each substrate was chemically etched, rinsed with distilled water 

and ultrasonically cleaned in acetone for 5 min, as described in section 4.3.1. These treatments 
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have been carried out carefully immediately before the deposition in order to minimise surface 

aging after etching. The only difference between the sample described here and those described 

in section 4.3.1 is the chemical etching treatment. 

Table 4.6 Roughness values of as-received and ground with 800 grit SiC paper samples before and 

after chemical etching with 10% H2SO4  for 30 s. 

Surface 
treatment 

Before etching After etching with a solution 
10% of H2SO4  for 30 s 

rms  (im) Ra (gm) rms (urn) Ra (gm) 

As-received 0.31 1 0.01 0.17 ± 0.01 0.31 ± 0.01 0.171 ± 0.009 

ground 0.31 ± 0.02 0.23 ± 0.02 0.31 ± 0.02 0.23 ± 0.01 

Table 4.7 Roughness values of as-received and ground with 800 grit SiC paper samples before and 

after chemical etching with 18% HCl for 5 min. 

Surface 
treatment 

Before etching After etching with a solution 
18% of HC1 for 5 min 

rms (gm) Ra (gm) rms (gm) 	' Ra (gm) 

as-received 0.33 ± 0.01 0.19 1 0.01 0.33 ± 0.01 0.195 ± 0.008 

ground 0.292 1 0.009 0.22 ± 0.01 0.288 ± 0.008 0.214 ± 0.007 

Table 4.8 Roughness values of as-received and ground with 800 grit SiC paper samples before and 

after chemical etching with 25% HNO3  for 10 s. 

Surface 
treatment 

Before etching After etching with a solution 
25% of HNO3  for 10 s 

rms (µm) Ra (µm) rms (gm) Ra (gm) 

As-received 0.38 ± 0.02 0.199 ± 0.007 0.39 ± 0.01 0.207 1 0.009 

ground 0.32 ± 0.01 0.243 ± 0.008 0.32 ± 0.02 0.24 ± 0.01 

The surface roughness parameters (Ra, rms and bearing ratio plots) of each sample were 

measured by means of Zygo® in 9 points of the substrate surface and the average of these 

values was considered representative for that particular surface, but not for all the surfaces 

treated in the same way. In fact, it was noticed that the roughness of the samples as-received 

and ground with 800 grit SiC paper might slightly vary from one sample to another even if they 

were cut from the same stainless steel sheet (Table 4.5). In order to understand how chemical 

etching influences the surface roughness, the average roughness of the six samples (as-received 

and ground with 800 grit SiC paper treated with the three different acids) was measured before 

and after each chemical treatment on the same sample, so that any variation in roughness could 

be attributed exclusively to the chemical treatment. The 9 bearing ratio plots acquired for the 

same sample were plotted in the same graph to assess the uniformity of the sample surface and 

a bearing ratio plot, chosen as representative of the entire surface, was used for comparison of 

the surface roughness before and after the chemical treatment. The values for rms and Ra and 
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the bearing ratio plots obtained for the six samples are listed and discussed in Appendix 2. 

From the study reported in Appendix 2 and the brief summary of the surface roughness of the 

stainless steel surfaces before and after chemical etching with H2SO4  (Table 4.6), HNO3  (Table 

4.7) and HC1 (Table 4.8) it seemed that etching did not modify the stainless steel surface 

roughness (rms and Ra) with the resolution used in this analysis (x 5, 1 point every 2 1.1m). 

A parallel study of the interface stainless steel/nickel was carried out on all the six 

samples to understand how the chemical etching (with H2SO4, HNO3  and HC1) combined with 

the mechanical treatment (as-received and ground with 800 grit SiC paper) influenced the 

adhesion between the two materials. From this analysis it resulted that all the stainless 

steel/nickel interfaces were sharp, well defined and without defects. They were also uniform 

and the roughness of the substrate surface was maintained in the coating, as described in 

section 4.3.1. 

4.3.3 Tape test 

1 cm 

a) 

Figure 4.22 Images of nickel coatings deposited on stainless steel ground with 800 grit SiC paper 

after tape test a) 0% detachment and b) < 5% detachment as shown by the arrow. 

The purpose of a film is generally to protect or decorate the substrate and therefore a 

good substrate/coating adhesion is essential. Considering that the substrate material and its 

surface preparation strongly affect the substrate/coating adhesion, a method to evaluate the 

adhesion of films on surfaces treated with different methods is fundamental. In sections 4.3.1 

and 4.3.2 a complete analysis of the substrate roughness after different mechanical and 

chemical treatments and a microscopic analysis of the nickel/stainless steel interfaces were 

carried out to determine the best surface treatment. In this section the adhesion of nickel 

coatings to 2 mm thick stainless steel substrates as-received or ground with 800 grit SiC paper 

2 mm thick stainless steel substrates with and without chemical etching (10% H2SO4  for 30 s, 

25% HNO3  for 10 s, 18% HC1 for 5 min) was qualitatively assessed using the tape test standard 

method described in section 3.14. Three samples for each condition were tested and compared 

with the illustrations reported in Table 3.2 and the results are described below. 
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All the adhesion tests carried out produced similar results, as those shown in Figure 4.22. 

Most of the coatings demonstrated a good adhesion with 0% of coating detached (Figure 4.22 

a)) whereas few coatings slightly peeled off (< 5% detachment) in the area of the sample close 

to the nail varnish (Figure 4.22 b)). From this study it resulted that the nickel adhesion to the 

substrate as-received or ground with 800 grit SiC paper was reasonably good with and without 

chemical etching. 

4.3.4 Summary 
From the surface roughness values (rms and Ra) and the deposition results described in 

section 4.3.1 and 4.3.2, it was concluded that the substrate surface roughness was responsible 

for the substrate/coating adhesion thanks to an interlocking mechanism between the two 

materials, as also invoked in the literature for similar coatings [233, 234]. It was also found that 

ultrasonically cleaning the substrate in acetone for 5 min before the deposition was a key step 

to obtain uniform and sharp interfaces, again in agreement with the literature [227]. Chemically 

etching the substrates with 10% H2SO4  for 30 s or 25% HNO3  for 10 s or 18% HC1 for 5 min 

seemed not to modify the stainless steel surface roughness and produced homogeneous and 

well defined substrate/coating interfaces. Considering that there were no differences between 

these results and those achieved without chemical etching and no influences on the adhesion 

determined by tape test; the chemical etching was no longer applied. 

Summarising, it seemed that the best surface preparation consisted of grinding the 

substrate with 800 grit SiC paper and ultrasonically cleaning it in acetone for 5 min right before 

the electrochemical deposition. Therefore, in all the experiments described in this chapter this 

was the surface preparation method employed. The ground substrate was chosen over the as-

received substrate, which also produced good coating adhesion, to ensure that all the starting 

surfaces presented similar and controlled characteristics. 

4.4 Electrochemical deposition of nickel coatings 

Table 4.9 Ranges in which the parameters were varied for nickel deposition using both the 2 and 3 

electrode cell set-up. 

Composition of the plating solution Nickel sulphate bath Nickel sulphate bath + 
0.2 g/1 of SDS 

pH 4.0 ± 0.5 

Difference of potential applied 1.0 ± 0.1 V + 3.0 ± 0.1 V 

Distance between the two electrodes 1.5 cm 

Current density applied -10, -20 and -32 mA•cm"2  

Deposition time Between 1 and 96 min 

Stirring rate 0 rpm 200 rpm 

Temperature Room temperature 50°C 
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Electrochemical deposition is generally a complicated process depending on many 

variables strictly correlated one to the other and therefore it is difficult to understand the 

individual influence of each variable on the process itself. The ranges in which these variables 

have been varied to deposit Ni in this study are listed in Table 4.9. The first aim of this research 

was to determine the conditions to deposit a good-quality nickel coating, considering the 

preparation of the substrate surface described in section 4.3, the bath composition and the other 

parameters influencing the process (temperature, difference of potential or current density 

applied, deposition time and stirring rate). 

4.4.1 Composition of the plating solution 
The solution employed to deposit nickel coatings was for all the experiments a Watts 

bath with the composition reported in Table 4.10. This composition is within the range given 

for the nickel sulphate bath in Table 2.1 (section 2.1.4 A)) [32, 33]. Before use the solution was 

ultrasonically mixed for 60 min to completely dissolve all the chemicals. Some of the 

experiments were carried out by adding 0.2 g/1 of sodium dodecyl sulphate (SDS) to the bath 

achieving the composition described by Liu and Chen [47, 48], as it will be discussed in section 

4.4.5. The pH of the plating solution was measured before and after the depositions and it was 

4.0 ± 0.5. It was observed that the pH did not change during the process due to the buffering 

action of the boric acid (see section 2.1.4 B)) [32, 33]. 

Table 4.10 Composition of the bath used for nickel deposition. 

Bath composition 

270 g/1 of NiSO4.6 H2O 0.973 M 

45 g/1 of NiC12•6 H2O 0.189 M 

40 g/1 of 1-131303  0.65 M 

4.4.2 Potentiostatic experiments using a two-electrode set up 
In order to electrochemically deposit a coating it is necessary to apply a potential 

difference between two electrodes in an electrochemical cell, so that the ions in the solution can 

migrate toward the opposite charged electrode and, if the electrode potential is appropriate, 

they can be reduced or oxidized. 

From the Pourbaix or E/pH Diagram [241] reported in Figure 4.23 it is possible to 

evaluate the stability of nickel in aqueous solution as a function of pH and potential [242]. 

Knowing that the pH of the bath employed was 4.0 ± 0.5, it is clear from the E/pH diagram that 

the two species stable at potentials < +1.0 V vs SHE (< +0.78 V vs Ag/AgC1) are Ni and Ni2+. 

The conversion between Ni2+  and Ni is expressed by the following reaction: 

Ni2+00  + 2e —) Ni(,) 	 E°= -0.250 V vs SHE 	[4.1] 
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that correspond to line 9 in Figure 4.23 and the reduction potential from a solution with [Ni2+] = 

1.16 M (as reported in Table 4.10) can be calculated using Nernst equation (as described in 

section 2.1.2), considering the concentration of the metal [Ni] = 1: 

0.0591 0.0591 	[Ni 2+  
E = E° + 	[Ox]  log 	= 0.250 + 	log 	 = 0.248 V vs SHE 	[4.2] 

[Red]n 	 2 	[Ni][ 

The potential E is -0.248 V vs SHE (-0.470 V vs Ag/AgC1), but during these potentiostatic 

experiments it was not possible to measure the working electrode potential since a two 

electrode cell was employed. 

Figure 4.23 Potential (vs SHE)—pH or Pourbaix diagram for the nickel-water system at 25°C [241]. 

The other process taking place at the cathode is the hydrogen reduction: 

2H4  + 2e H2 	 E°= 0 V vs SHE 	[4.3] 

and represented by line "a" in Figure 4.23 [241]. Below line "a" hydrogen gas H2 is stable and 

above this line the hydrogen ion H+  is stable. The hydrogen reduction is strictly related to its 

concentration in the solution (pH) and the reduction potential can be calculated using Nernst 

equation (as described in section 2.1.2) considering the bath pH — 4 and the [H+] = 104  M: 

E = E°  + 0.0591log  
[ 	0059 1 . = 0.000 + 	log[ 10-4  —0.236V vs SHE 	[4.4] 
[11] 	1 
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In these conditions the theoretical reduction potentials of nickel (E = -0.248 V vs SHE) and 

hydrogen (E = -0.236 V vs SHE) are very close and therefore the reductions of these two 

species have similar probability to happen. However, the existence of a considerable 

overpotential needed to produce hydrogen allows Ni to be deposited from a nickel sulphate 

solution at higher efficiency than hydrogen [331 The hydrogen reduction produces hydrogen 

bubbles that adhere to the cathode surface, grow and then move towards the top of the bath 

(hydrogen evolution) leaving pinholes in the coating, as shown in Fig. 4.24-4.26. In addition 

the hydrogen reduction might render the nickel coating weaker (see section 2.1.4 C)) and it also 

affects the efficiency of the deposition process, as part of the energy applied is lost to produce 

hydrogen. In order to decrease the hydrogen ion reduction at the cathode surface the difference 

of potential can be modified, or to decrease the hydrogen adhesion to the substrate surface 

sodium dodecyl sulphate (SDS) can be added to the plating solution, or the movement around 

the cathode can be increased by stirring (as described in section 2.1.4 C)). The effect of SDS 

and the movement of the liquid around the cathode on the hydrogen pitting will be examined in 

section 4.4.5. 

Figure 4.24 Image of a nickel coating deposited applying AV= 2.0 ± 0.1 V for 60 min showing some 

holes due to H2 pitting. 

In the literature nickel deposition has been mainly performed galvanostatically (i.e. 

constant current) (see section 2.1.4) and therefore a trial-and-error process was applied here to 

identify the difference of potential to be employed. In order to do it, the influence of the applied 

difference of potential (AV) on Ni deposition was studied varying AV between 1.0 ± 0.1 V and 

3.0 ± 0.1 V using the two electrode cell described in section 4.2. For these experiments the 

distance between the two electrodes (nickel anode and stainless steel cathode) was kept 

constant at 1.5 cm and all the other parameters (room temperature, nickel solution) were 

unvaried. A difference of potential of 1.0 1 0.1 V did not produce any deposition, whereas AV 

= 3.0 ± 0.1 V liberated numerous bubbles on both electrodes and the deposited Ni film was 

broken. Therefore it was thought that the AV needed to achieve nickel deposition from this 

solution was between 1.0 ± 0.1 and 3.0 ± 0.1 V. 
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a)  

b)  

Figure 4.25 Light interferometry images (Zygo®) of a Ni film deposited applying 2.0 ± 0.1 V for 60 

min showing a) the deepness of the cavities left by H2 evolution, b) the same image upside-down 

and c) the structure of two pinholes with a sharp boundary on one side and a smooth on the other 

side. The area represented in a) and b) is 1.46 mm x 1.10 mm. 
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c) 

Figure 4.26 SEM images of pinholes due to hydrogen evolution in Ni films deposited applying 2.0 ± 

0.1 V for 60 min. a) and b) images from the top, c) cross section of a pinhole in the centre of the 

film showing a sharp edge on one side and a smooth edge on the opposite. 
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a) 

b) 

Figure 4.27 a) Light interferometry image (Zygo®) and b) SEM micrograph of a Ni film deposited 

applying 2.0 ± 0.1 V for 60 min showing that some coatings were smooth and without cavities. 

Some of the coatings deposited applying a difference of potential of 2.0 ± 0.1 V 

presented cavities as a result of H2 evolution, as shown in Figures 4.24-4.26, whereas other 

coatings were smooth and without cavities (Fig. 4.27). Figure 4.25 b) represents the coating 

surface (Fig. 4.25 a)) upside down (looking at it from the stainless steel surface). This image 

clearly exhibits the numerous pinholes in the coating, their deepness and their structure. The 

structure of the pinholes was expected to be symmetrical and cylindrical (as the one shown in 

Fig. 4.26 b)) because the bubbles have a round shape and they adhere to the surface not 

permitting the deposition. The pinhole pictured in Figure 4.26 b) was round and with very 

sharp edges and in its centre it was possible to observe the stainless steel substrate. These 

perfectly round shape pinholes were observed just in the part of the film close to the interface 

air/solution; whereas in the rest of the coating it seemed that the boundary of the pinholes was 

sharp on one side and smooth in the opposite one (see Fig. 4.25 a) and b), and in more detail 

Fig. 4.25 c)). This structure of the pinholes may be explained by the fact that hydrogen bubbles 

were produced on the substrate surface and slowly grew during the deposition. Then, when they 

reached a certain volume, they started to move towards the top of the bath leaving a pinhole in 
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the coating with a sharp side (towards the lower part of the cell) and a smooth side (towards the 

top of the solution). The same structure was also confirmed by the SEM micrographs in Figures 

4.26 a) and c). In particular the pinhole cross-section observed in Figure 4.26 c) was 

remarkably similar to the surface profile shown in Figure 4.25 c). 

Applying a difference of potential of 2.0 ± 0.1 V for 30 min the coating deposited from 

the Watts bath was nickel, as shown by the XRD analysis reported in Figure 4.28. The XRD 

spectrum presented five main reflection lines characteristic of the nickel crystalline structure 

(see spectrum B in Figure 4.28), in agreement with those reported in the literature [36, 42, 43, 

75, 90, 113, 116, 117, 236, 243-249], and two extra signals attributed to the stainless steel 

substrate (see spectrum A in Figure 4.28) [248]. The highest reflection intensity for the nickel 

coating deposited in these condition is the (111) crystallographic orientation. 

0 	10 	20 	30 	40 	50 	60 	70 	80 	90 	100 

2 Theta [degree] 

Figure 4.28 XRD spectra of A) the stainless steel substrate and B) a Ni coating deposited applying 

2.0 ± 0.1 V for 30 min showing that the coating is made of crystalline nickel. 

In order to study the effect of the potential difference on the reduction of hydrogen ions, 

AV was lowered by 0.1 V for a set of experiments until reaching a potential of 1.5 ± 0.1 V. 

Applying AV = 1.9 ± 0.1 V some of the coatings still presented pinholes similar to those 

described above and others were smooth and uniform. The coatings deposited with AV = 1.8 ± 

0.1 V were similar to those obtained before but they seemed to present fewer holes. Hence it 

appeared that lowering the difference of potential was a solution to decrease the hydrogen 

evolution. For this reason the potential difference was lowered again to 1.7 ± 0.1 V, some of 

the films deposited were uniform but others still presented pinholes. When 1.6 t 0.1 V was 

employed, it seemed that better coatings were deposited: some of them were quite uniform 

while other presented few pores and they were rough. Since some of the films deposited at AV 

= 1.6 ± 0.1 V still presented pinholes, AV was further decreased to 1.5 ± 0.1 V, some coatings 

deposited were uniform and smooth whereas others were rough and with cavities. 
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From these results, it seemed that lowering the potential difference between the 

electrodes the hydrogen reduction decreased. This deduction was further based on the analysis 

of the anodes after depositions carried out at different voltages. The surfaces of three nickel 

anodes are shown in Figure 4.29: the anode on the left is a nickel anode before the deposition; 

the central one after depositions carried out at 1.6 ± 0.1 V and the one on the right after 

depositions at 2.0 ± 0.1 V. The surfaces of the anodes before and after the depositions were 

considerably different and this may be due to the anode dissolution during the process (as 

described in section 2.1.4 D)). In addition, the surface of the anode after depositions carried out 

at AV = 1.6 ± 0.1 V resulted smoother than that obtained applying AV = 2.0 ± 0.1 V. This 

result may be explained considering that applying a lower difference of potential the nickel 

anode dissolved uniformly producing a thinner and smoother anode; whereas when a higher 

difference of potential 2.0 ± 0.1 V was applied the overpotential facilitated the nucleation of 02 

bubbles (water electrolysis) that excavated the surface in a heterogeneous manner producing a 

rough surface. 

Figure 4.29 Three nickel anodes: before deposition (on the left), after deposition at 1.6 ± 0.1 V 

(centre) and at 2.0 ± 0.1 V (on the right). Their surfaces are considerably different probably due to 
different processes taking place at the anode surface in different conditions. 

Comparing coatings deposited under the same conditions, it became apparent that the 

potentiostatic deposition of Ni using a two electrode cell was not reproducible, as shown in 

Figures 4.24-4.27. This observation may probably be explained considering that the sensitivity 

of the power supply (two electrode cell) was not enough to carry out the electrochemical 

deposition of nickel (see section 2.1.2), because of the strong dependence of the process on the 

cathode potential. A consequence of the low reproducibility of this technique was the difficulty 

encountered to understand the effects that each parameter (e.g. potential applied and surface 

preparation) had on the deposition process. For this reason further experiments were carried out 

applying a constant current density (see section 4.4.3), as suggested in the literature [32, 33]. 

Advantages of the galvanostatic deposition against the potentiostatic are that the galvanostatic 

procedure can be easily scaled-up for industrial applications, since it is possible to achieve 

reproducible conditions with a simple power supply (two electrode set-up), and that uniform 
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depositions can be obtained independently from the electrode geometry/cell configuration, that 

instead has a fundamental importance when potentiostatic conditions are applied. 

4.4.3 Galvanostatic experiments 

Figure 4.30 SEM micrograph of a nickel coating deposited applying -32 mA•cm_2  for 30 min. 

The constant current density experiments were carried out using both instruments (2 and 

3 electrode cells) and keeping the electrodes (stainless steel and nickel) at 1.5 cm distance. In 

order to calculate the current needed to produce the appropriate current density the area of the 

cathode immersed in the solution was measured. This area has to be constant during the 

experiment and therefore, after the accurate preparation of the cathode surface (as described in 

section 4.3) and before the deposition, a layer of nail varnish was carefully applied all around 

the part of the substrate that was at the interface air/solution, leaving a part of the stainless steel 

free to ensure the contact between the clip and the substrate. When the nail varnish was dried 

the area of the electrode enclosed by the nail varnish was measured and the current i to be 

applied calculated using eq. 2.6 in section 2.1.3 where j is the current density and A the area of 

the cathode. 

For the experiments carried out with the two electrode set-up a current density of -32 

mA•cm_2  was selected because, according to the literature [33], it seemed that with slower 

deposition the substrate/coating adhesion was better and considering that, from Table 2.1 in 

section 2.1.4, this current seemed to be the lowest current density utilizable for the deposition 

of nickel from the bath employed. In these conditions the deposition rate was —11 nm•s'. A 

micrograph of a coating deposited applying a constant current density of -32 mA•cm_
2  is shown 

in Figure 4.30. It seemed that the films deposited in these conditions presented relatively less 

pinholes and were more reproducible than those deposited potentiostatically (see Figures 4.24-

4.27) further confirming the superiority of this method compared to the potentiostatic from a 

reproducibility and quality point of view. For these reasons and for the possibility of easily 

scale-up galvanostatic processes this method will be carried forward in this project. 
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When the three electrode cell was employed, it was possible to study the electrochemical 

properties (i.e. redox potential of the species in solution) of the solution by cyclic voltammetry 

[250]. The cyclic voltammetry is a potentiodynamic electrochemical measurement in which a 

potential is applied to a working electrode and the correspondent current is measured. The 

potential is measured between the working electrode and the reference electrode while the 

current is measured between the working electrode and the counter electrode. The potential 

applied is varied with a constant rate in a range of potential, e.g. Va to Vb, and when Vb is 

reached the scan direction is reversed and the range Vb to Va is scanned. After the scan is 

completed a current-potential plot is produced obtaining the cyclic voltammogram, which gives 

an estimation of the processes taking place in the range studied. In the forward scan current 

peaks are shown in correspondence of the potential at which species can be reduced. In fact the 

current increases until the reduction potential is reached (current maximum) and then the 

current decreases due to the diminution of the specie concentration at the electrode surface. 

When the potential scan is reversed, there will be potentials at which the species that have been 

reduced in the first part can be re-oxidised producing current of reverse polarity. The oxidation 

peaks normally present shapes similar to the reduction peaks. 

Figure 4.31 Cyclic voltammetry carried out in a nickel sulphate bath between 0.0 V and -1.5 V with 

a sweep rate of 5 mV•s1  and electrode area of 1.19 cm2. The black line is the sweep between 0.0 V 

and -1.5 V (reduction) and the green line the opposite (oxidation) (-1.5 V to 0.0 V). 

The cyclic voltammetry of the nickel sulphate bath was carried out between 0.0 V and 

-1.5 V with a sweep rate of 5 mV-s-1 (= 300 mV•min-1) using the stainless steel ground with 800 

grit SiC paper as a working electrode, a nickel counter electrode and an Ag/AgC1 reference 

electrode; the cyclic voltammetry is shown in Figure 4.31. During the reduction sweep (0.0 V 

to -1.5 V, black line in Figure 4.31) the Ni counter electrode dissolved and the stainless steel 

was nickel covered and during the oxidation sweep (-1.5 V to 0.0 V, green line in Figure 4.31) 
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the Ni film deposited on the stainless steel dissolved away and a nickel film was deposited on 

the Ni counter electrode. Increasing the electrode potential (0.0 V to -1.5 V), it seemed that the 

nickel deposition started at about -0.850 V vs Ag/AgC1 (=-0.62 V vs SHE) (Figure 4.31) and 

that the reaction rates became faster and the current density (i < 0) increased, without reaching 

the limiting current density of the process (see section 2.1.3). This result is in agreement with 

those reported in the literature and shown in Figures 4.32 [251] and 4.33 [78]. 

Figure 4.32 Cyclic voltammetry for a rotating disc (25 rps) graphite electrode in a solution at 293 

K containing 5 mM of NiSO4  and 30 mM of (NH4)2SO4  with a sweep rate of 1.5 mV•s' as reported 

by Njau and Janssen [251]. 

0 
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-100 	  
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Figure 4.33 Cyclic voltammetry for a nickel sulphamate solution (dashed line) and a suspension of 

2 vol.% of 300 nm A1203  particles in the nickel sulphamate solution (solid line) with a sweep rate of 

10 mV•s"' as reported by Shao and Vereecken [78]. 

120 



1000 2000 3000 4000 5000 
-900 

• -950 

a> 

oase4)  
-1000 

-1050 

-1100 
deposition time [s] 

deposition time [s] 

-1000 
0 500 1000 1500 2000 2500 

▪ -1050 

-1100 
/14114,0•,..07,,,,,,,ompowiwompwpowoov.rowsillsofw"0".*"*".  

-1150 - 

-1200 

500 1500 1000 

deposition time [s] 

-1100 

-1150 

-1200 

-1250 

-1300 

I laria Corni 

a) 

b) 

c) 
Figure 4.34 Voltage measured vs Ag/AgCI during the deposition of Ni coatings applying a constant 

current density of a) -10 mA•cm-2  for 96 min, b) -20 mA•cm-2  for 48 min and c) -32 mA•cm-2  for 30 

min stirring the solution at 200 rpm. 

In this research nickel was deposited using the 3 electrode set-up applying current 

densities of -10, -20 and -32 mA•cm-2. From the cyclic voltammetry reported in Figure 4.31 it 

resulted that the depositions were not diffusion controlled since the current densities employed 

were lower than the diffusion-limited current density (section 2.1.3). The current density was 
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varied to observe its influence on the deposited nickel films (as it will be described in section 

4.4.6) and also as a comparison with the Ni-A1203  composite coatings described in section 4.5. 

With the variation of the current density applied (-10, -20 and -32 mA•cm-2) the deposition time 

was varied from 30 to 96 min to maintain a constant total charge transfer equal to 57.6 C•cm-2. 

In these conditions it was expected that all the films had thicknesses of around 20 i_tm assuming 

that the current efficiency of the process was not a function of the current density [38, 78]. 

The variation of the potential during the galvanostatic deposition was monitored and the 

results are shown in Figure 4.34. When the same current density was applied slightly different 

voltage responses were measured (see Fig. 4.34) probably because of experimental errors in 

measuring the electrode area. The average voltage was -980 mV for a current density of -10 

mA•cm_2  (Figure 4.34 a)), -1100 mV for -20 mA•cm-2  (Figure 4.34 b)) and -1200 mV for -32 

mA•cm_2  (Figure 4.34 c)). These potential values were slightly higher than those expected from 

the cyclic voltammetry in Figure 4.31; the small differences can be due to experimental errors 

on measuring the electrode areas of the samples analysed, as also demonstrated by the 

variations in voltages reported in Figure 4.34. Similar trends and voltage values to those shown 

in Figure 4.34 c) were also obtained when the depositions were carried out applying -32 

mA•cm"2  on stainless steel substrates as-received, 0.2 g/1 of SDS were added to the plating bath 

or the bath was not stirred during the deposition process. The decrease in voltage observed in 

the first part of the deposition (see all the curves reported in Figure 4.34) is due to the higher 

overpotential needed to deposit Ni on stainless steel compared to that needed to deposit Ni on 

Ni. 

4.4.4 Temperature effect 

Figure 4.35 SEM micrograph of a nickel coating deposited at room temperature. 

In section 2.1.4 A) it has been suggested that the bath temperature influences the 

structure of nickel coatings, the cathode efficiency and the mechanical properties of the Ni 

films [32]. In order to understand the temperature effect, coatings deposited at room 
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temperature (see Fig. 4.35) were compared with those deposited from the bath kept at 50°C (see 

Fig. 4.36), but no remarkable differences were observed. Moreover, when a bath temperature of 

50°C was employed, the solution evaporated during the deposition process and the results were 

not reproducible after few experiments. Consequently frequent changes of the solution were 

needed involving higher costs for the pure chemicals and for the disposal of the toxic solution. 

For this reason all the following experiments were carried out at room temperature for easier 

handling of the system, as also proposed by other authors [2, 33, 34, 47-55]. 

Figure 4.36 SEM micrograph of a nickel coating deposited at 50°C. 

4.4.5 Variables affecting the hydrogen pitting 
Most of the coatings deposited from the nickel sulphate bath potentiostatically and some 

of the coatings deposited galvanostatically presented hydrogen pitting, as described and shown 

in section 4.4.2. Two methods have been suggested in the literature [32, 33] to decrease the 

hydrogen pitting during nickel deposition: the addition of a wetting agent to the solution or the 

agitation of the bath to decrease the adhesion of the hydrogen bubbles to the substrate surface. 

In the literature (Tables 2.8-2.10 in section 2.2), it has been largely employed a 

concentration less than 0.5 g/1 of SDS in the plating bath to reduce the hydrogen pitting. In this 

research, some depositions have been carried out from a plating bath containing 0.2 g/1 of SDS 

(bath composition used by Liu and Chen [47, 48]) under a current density of -32 mA•cm-2  

obtaining the result shown in Figure 4.37 a); this film was considerably rougher than the 

corresponding coating deposited in the same conditions but without SDS (Figure 4.37 b)). It 

was therefore concluded that the addition of SDS to the plating bath would not improve the 

coating quality. 

The second method described in the literature to decrease hydrogen pitting is stirring; 

therefore the solution was stirred at 200 rpm during the deposition (the same stirring rate 

employed to co-deposit composite coatings). It was observed that coatings deposited from a 

solution containing 0.2 g/1 of SDS while stirring presented numerous deep holes, as shown in 
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Figure 4.38 and that the coating roughness increased compared to that of coatings deposited 

from the same bath without stirring (Figure 4.37 a)). When SDS was not added to the bath and 

the depositions were carried out at a constant current density of -32 mA•cm-2  stirring or keeping 

the solution still, the Ni coatings were smooth (Figure 4.37 b)), even if sometimes pitting was 

observed. Considering these results and that the stirring is necessary to deposit composite 

coatings, SDS was not used anymore. 

1 cm 

a) 	 h) 

Figure 4.37 Coatings deposited from a nickel sulphate bath a) with 0.2 g/1 of SDS b) without SDS 
and keeping the solution still. 

Figure 4.38 Coating deposited from a nickel sulphate bath with 0.2 g/1 of SDS stirring at 200 rpm. 

4.4.6 Microstructure and crystallinity of the coatings 
From all studies carried out and reported in this section, it seemed that the best Ni 

coatings were deposited from a Watts bath at room temperature stirring at 200 rpm using the 

three electrode cell with stainless steel substrates prepared as described in section 4.3 and 

applying current densities of -10 mA•cm-2  for 96 min, -20 mA•cm-2  for 48 min or -32 mA•cm-2  

for 30 min. The surface morphology of the nickel coatings deposited in these conditions was 

analysed by SEM (see Figures 4.39-4.41) and described below. The typical pyramidal structure 

reported in the literature for the nickel coating morphology [33, 44, 46, 62, 92, 97, 100] is more 
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evident and regular in films deposited applying -10 mA•cm"2  (Figure 4.39) than in those 

deposited applying -20 mA•cm-2  (Figure 4.40) and -32 mA•cm-2  (Figure 4.41), that seemed to 

have smoother structures. In all the three nickel films it seemed that the relatively large 

pyramidal surface structures were surrounded by smaller structures, as also observed by 

Thiemig et al. [62, 92]. The different morphologies of these coatings can be explained 

considering the variation of the current densities that can modify the presence of inhibitors at 

the cathode/solution interface. 

a)  

b)  
Figure 4.39 SEM micrographs showing the microstructure of nickel coating deposited applying a 

current density of -10 mA•cm-2  at a) low magnification x1500 and b) high magnification x4500. 

A variation of the nickel preferred orientation with the current density was expected 

considering the studies reported by Amblard et al. [41, 252], who observed that the texture of 

thick (-10 µm) nickel deposits did not depend on the substrate orientation but just on the 

electrolyte composition, the cathodic potential or current density, the temperature and the pH. 
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They [41] explained this observation in terms of inhibition. The presence of selective 

inhibitors, which change under different conditions, promotes the growth of particular crystal 

structures and inhibits the growth of others. In a bath free from inhibiting species the (200) 

would be the preferred crystal texture, but in the nickel plating baths there are other species, 

such as hydrogen and nickel hydroxide, that play a main role in the crystal growth modifying 

the crystal structure, in favour of the (220) and the (111) crystalline phases. In this study, the 

influence of the current density on the nickel preferred crystalline orientation was investigated 

using XRD analysis. The diffraction patterns of the three nickel coatings are shown in Figure 

4.42; they all show four main reflection lines attributed to the nickel coating, in agreement with 

those reported in the literature [36, 42, 43, 75, 90, 113, 116, 117, 236, 243-249], and four 

signals due to the stainless steel substrate (spectrum A in Figure 4.42), in agreement with the 

spectrum reported by Lira-Cantu et al. [248]. 

a) 

b 
Figure 4.40 SEM micrographs showing the microstructure of nickel coating deposited applying a 

current density of -20 mA•cm-2  a) low magnification x1500 and b) high magnification x 4500. 

126 



Ilaria Corni 

a)  

b)  
Figure 4.41 SEM micrographs showing the microstructure of nickel coating deposited applying a 

current density of -32 mA•cm-2  a) low magnification x1500 and b) high magnification x 4500. 

All the three nickel films presented (111) preferred orientation, as also reported by 

numerous other researchers [36, 37, 40, 42-44, 85, 117, 244, 245, 247, 248, 253], whereas other 

groups [36, 92, 246] observed that the main peak was the (200), probably for the higher current 

density applied during the deposition [85, 92, 246], the higher bath temperature [92, 246], or 

for the presence of other chemicals in the plating bath [36]. It is also interesting to note that the 

coatings deposited potentiostatically from the same plating bath and at room temperature 

(Figure 4.28) showed the same crystalline structure and the predominance of the (111) 

crystallographic peak. In order to determine how the current density influenced the preferred 

crystalline orientation of the deposited nickel films, the intensities of the (111), (200), (220) 

and (311) reflections have been normalised to the (111) reflection, that was the preferred 

orientation of the three nickel coatings, obtaining the data reported in Table 4.11. Increasing the 

current density from -10 to -20 mA.cm-2  strongly increased the (200) peak and slightly 
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increased the (220) and (311) orientation signals. A further increase of the current density to -

32 mA•cm-2  did not significantly modify the (200) and (311) crystallographic orientation peaks 

but considerably increased the (220) peak (see Figure 4.42 and Table 4.11). 

6000 - 

5000 - 

Ni (111) 	 Ni (311) 

Ni  
Ni (200) 	

i (220) 
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Figure 4.42 XRD spectra of A) the stainless steel substrate and of coatings deposited from a nickel 

sulphate bath applying a current density of B) -10 mA•cm-2  for 96 min, C) -20 mA-cm-2  for 48 min 

and D) -32 mA•cm-2  for 30 min showing that the coatings are made of crystalline nickel. 

Table 4.11 Ratio between the intensity of the XRD peaks and the main peak (111) for nickel films 

deposited applying different current densities. 

I(reflection)/1(111) 
Current density 

(111) (200) (220) (311) 

-10 mA•cm2  1 0.50 0.14 0.13 

-20 mA•cm-2  1 0.83 0.19 0.19 

-32 mA•cm-2  1 0.80 0.51 0.20 

The structure of the deposited films depends on the rate of formation of new nuclei and 

the growth of the old ones, e.g. if the conditions employed favoured the formation of new 

nuclei a fine-grain deposit is formed, whereas if the growth of the existing nuclei is preferred a 

large grain deposit is produced. The presence of inhibitors in the plating bath strongly 

influences the grain growth [45]. Nanocrystalline materials with grain size smaller than 100 nm 

typically present improved hardness, wear and corrosion resistance compared to materials with 

bigger grains. The grain size can be determined from the XRD peaks by using the Sherrer 
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)3 • cos 0 

where X, is the wavelength of the x-ray beam (1.54 A), P. is the line broadening (full-width-half-

max in radians) and 0 is the Bragg angle. All the diffraction lines have a measurable broadening 

due to instrumental broadening, even when the crystallites are >100 nm, therefore to calculate 13 

produced just by the crystallites with size <100 nm the following equation is employed: 

132  = Bm2  - Bs2 	 [4.6] 

where Bm is the line broadening of the material with unknown crystallite size and Bs is that of 

a standard with crystallites > 100 nm (instrument broadening) and with a reflection line close to 

the one of the unknown [36, 39, 245, 254, 255]. In order to apply the Sherrer equation it is 

fundamental to assume that there are no residual strains between the crystallites, since strains 

can also contribute to line broadening [254]. The negligible contribution of internal stresses to 

the XRD line-broadening in electrodeposited nickel coatings was reported by Cziraki et al. 

[39], who measured the Ni grain size by TEM analysis and applying Sherrer equation obtaining 

results in good agreement. Good agreement between the grain size measured by TEM and XRD 

was also reported by Li et al. [117] and Moti et al. [36] and the use of the Sherrer equation to 

measure the grain size has been widely employed by numerous researchers working on Ni 

plating [36, 37, 39, 44, 85, 90, 92, 115, 117, 243, 245, 256]. 

In this study a silica standard with particle size —1 mm was employed and the reflection 

lines at 20 28.46° and 56.15° were used to calculate Bs after stripping the Ka2  signal, as also 

described by Park et al. [255]. The FWHM of the two lines of the standard was 0.12°. The line 

broadening Bm of the (111) Ni reflection line [36, 37, 90] was determined after stripping the 

Ka2  signal and these data were used to calculate 13 and the crystallite sizes of Ni films deposited 

at different current densities using eq. 4.6 and 4.5. The error (standard deviation) affecting the 

line broadening was calculated by repeating five times the XRD analysis of a Ni sample and 

measuring the FWHM of the (111) Ni reflection line after stripping the Ka2  signal and 

assuming that the strains in the film were negligible and that the grain size was homogeneous. 

The error resulted to be ± 0.01° (corresponding to ±1 nm) and it was applied to all the 

measurements carried out. From the data obtained it was clear that the Ni grain size decreased 

with increasing current density: 40 ± 1 nm (-10 mA•cm-2) to 33 ± 1 nm (-20 mA•cm-2) and 31 ± 

1 nm (-32 mA•cm-2). The fact that all the nickel films deposited in this research are 

nanocrystalline demonstrates that the deposition parameters employed (plating bath, pH, 

temperature, stirring) induce a considerable nucleation and reduce the grain growth. The grain 

size obtained are slightly higher than those reported by Aruna et al. [85] (25-26 nm), who did 

not use the line broadening correction (eq. 4.6); similar results would have been obtained in this 

research without applying the correction. 
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The decrease of grain size with increasing current density was also reported by other 

groups [40, 44] for nickel coatings deposited from nickel sulphate baths applying current 

densities less than -75 mA•cm"2  and it was explained considering that higher current densities 

reduce the concentration of metal ions near the cathode with a consequent increase of the 

overpotential that produces higher nucleation rates generating more and smaller grains [33, 

257]. The opposite tendency (increase of grain size increasing the current density) has been 

observed for films deposited from other baths [38, 39, 118] and explained considering a 

decrease in the Ni-ion concentration [39] or the co-deposition of hydrogen at the cathode 

interface [38]. These differences can be also attributed to different kinetics in different plating 

bath [41]. 

It has also to be underlined that the large pyramidal surface structures observed in Fig. 

4.39-4.41 are much larger (order of 1 pm) than the actual crystallites, which have been 

measured to be around 31-40 nm from the XRD-line broadening. It can be therefore thought 

that each surface pyramidal structure is a colony, which is a group of fine grains surrounded by 

relatively deep crevice, as explained by Weil et al. [45] and Banovic et al. [46]. Differences 

between the surface structure and the crystallites were also reported by Ebrahimi and Ahmed 

[38] and Thiemig et al. [92]. Ebrahimi and Ahmed [38] observed that the surface roughness of 

the deposited films was related to the grain size but much larger than that; in particular they 

observed that the surface structure of a film deposited applying -50 mA•cm-2  was micrometer 

size and the grain size was 60 nm. Thiemig et al. [92] reported that the deposited films 

presented pyramids with size of few microns whereas the grain size measured from the XRD-

line broadening was just 200 nm, an order of magnitude smaller. 

4.5 Electro co-deposition of nickel-alumina composite coatings 

This section of the project is meant to demonstrate that it is possible to deposit Ni-A1203  

composite coatings by electro co-deposition, as also reported in the literature [1, 2, 52-55, 57, 

61, 62, 70, 72-79, 81, 82, 84, 85, 89-95, 97, 98, 100, 101, 107-112], and to achieve a better 

understanding of the effects that the process variables (concentration of A1203  particles in the 

plating bath, applied current density and particle size) have on the amount of A1203  co-

deposited in the composite films. The effect of just the concentration [62, 82], just the current 

density [1, 2, 57, 76-78, 92] and the combined effects of concentration and current density [57, 

72, 74, 84, 98, 110], current density and particle size [85] and concentration and particle size 

[77, 78] have been studied in the literature (see section 2.2.4.1). A lack of the study of the 

combined effects of all these three parameters in the same range (concentration, current density 

and particle size) is evident and it was carried out here using a matrix of experiments as the one 

shown in Table 4.12. The A1203  powder used in this part of the investigation has been 

described in section 4.1. 
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Table 4.12 Set of conditions varied to understand how particle size, concentration and current 

density influence the amount of A1203  co-deposited in the Ni films. 

A1203  concentration in 

the suspension 

Current density 

-10 m A 	M-2  -20 mA• cm-2  -32 mA • cm-2  

0 g/1 

50 g/1 

100 g/1 

150 g/1 

a) 1 cm 	 b) 

Figure 4.43 Electrochemical cell containing the nickel solution with 150 g/l of nano-A1203  particles, 

a) without stirring and showing the powder deposited on the bottom of the cell and b) stirring and 

showing the uniformity of the suspension. 

The deposition of Ni-A1203  films was carried out applying the same conditions used to 

deposit pure nickel coatings using the three-electrode cell set up, as described in section 4.4. 

The same plating bath was employed for all the experiments since it was known from the 

literature [1, 62] that also the plating bath influences the co-deposition behaviour. The 

electrolyte had the composition reported in Table 4.10. The pH of the suspensions with 

different amounts of sub-micron or nano-A1203  powders was 4.0 ± 0.5; the pH was not 

influenced by the deposition process and by the amounts of A1203  probably due to the buffering 

effect of the boric acid, as also observed in section 4.4.1. The stainless steel substrates were 

ground with 800 grit SiC paper and ultrasonically cleaned in acetone for 5 min prior to the 

deposition (as described in section 4.3). To produce coatings with similar thickness (-20 gm) 

applying different current densities, the total charge was fixed at 57.6 C• cm-2  during the 

deposition by modifying the deposition time (-10 mA•cm-2  for 5760 s, -20 mA•cm_2  for 2880 s 

and -32 mA•cm-2  for 1800 s) and assuming that the current efficiency of the process was not a 

function of the current density [78]. 

Different amounts of A1203  were added to the nickel bath (see Figure 4.43 a)) and the 

suspension obtained was sonicated for 30 min to disperse the particles and to break up possible 
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solid agglomerates. The suspension was stirred for 15 min before starting the deposition to 

enhance uniformity and it was also constantly stirred at 200 rpm during the deposition in order 

to homogeneously suspend the A1203  particles, as shown in Figure 4.43 b). The same stirring 

bar (3.7 cm long and 0.8 cm wide) was employed for all the experiments in order to assure 

consistency of the hydrodynamics. The working and counter electrodes were always kept at 1.5 

cm distance and they were always suspended in the same part of the bath (just outside the 

vortex produced by stirring) since the hydrodynamics is a fundamental variable of the process 

and strongly influences the results obtained [16]. 

4.5.1 Characterization of the alumina powders 

2 theta [degree] 

Figure 4.44 XRD analysis of the sub-micron powder employed showing that it is a-A1203. 

Figure 4.45 SEM micrograph of sub-micron-A1203  particles showing their shape and size. 

For the deposition of nickel-alumina composite coatings two different A1203  powders 

were employed: sub-micron and nano-A1203  powder. These two powders were chosen in order 
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to understand how the particle size influenced the amount of second phase co-deposited with 

the nickel coating. The XRD analysis of the sub-micron-A1203  powder shows that it is a-A1203  

(Figure 4.44) [258] and the SEM micrograph in Figure 4.45 shows that the particles are not 

round but slightly flat and oblong and with particle size less than 1 gm. The SEM sample was 

prepared as described in section 3.1. The particle size distribution was measured in water using 

a Low Angle Laser Light Scattering technique (as described in section 3.9), where the 

diffraction angle is inversely proportional to the particle size [259]. The results obtained are 

shown in Figure 4.46 and Table 4.13. The majority of the A1203  particles were between 0.2 and 

2.2 gm with a D50 (average of the particle size) of 0.5 gm. The particle size obtained from this 

analysis is in agreement with the values revealed by the SEM analysis (Figure 4.46). 

le 

.1 
Ifiiiirm! ,,, „  

1 	10 

Particle size (we). 

Figure 4.46 Size distribution for the sub-micron-A1203  particles suspended in water. 

Table 4.13 Size distribution of the sub-micron-A1203  particles in water. 

High Under 
Size 	% 

High Under 
Size 	% 

High Under 
Size 	% 

High Under 
Size 	% 

High Under 
Size 	% 

High Under 
Size 	% 

80.0 100 24.9 99.9 7.75 97.0 2.41 90.1 0.75 69.6 0.23 12.5 D[4,3] 
71.9 100 22.4 99.8 6.97 96.6 2.17 89.1 0.68 65.4 0.21 9.2 1.24 gm 
64.7 100 20.1 99.6 6.27 96.1 1.95 87.9 0.61 60.5 0.19 6.4 D[3,2] 
58.2 100 18.1 99.4 5.64 95.7 1.75 86.8 0.55 55.1 0.17 4.0 0.42 gm 
52.3 100 16.3 99.2 5.07 95.2 1.58 85.5 0.49 49.3 0.15 2.3 D[v,0.9] 
47.1 100 14.6 98.9 4.56 94.6 1.42 84.0 0.44 43.3 0.14 1.3 2.391,tm 
42.3 100 13.2 98.6 4.10 94.0 1.28 82.5 0.40 37.4 0.12 0.9 D[v,0.1] 
38.1 100 11.8 98.3 3.69 93.3 1.15 80.7 0.36 31.6 0.11 0.7 0.22pm 
34.2 100 10.7 98.0 3.32 92.6 1.03 78.7 0.32 26.2 0.10 0.5 D[v,0.5] 
30.8 100 9.58 97.7 2.98 91.9 0.93 76.2 0.29 21.1 0.5 gm 
27.7 100 8.62 97.3 2.68 91.0 0.83 73.2 0.26 16.5 

The XRD analysis of the nano-A1203  particles revealed that this powder was a mixture 

between o*-A1203, -Al2O35 	and 7-A1203  (Figure 4.47). The TEM micrograph of the particles 

showed that they were perfectly round and with sizes varying between 10 and 100 nm; the 

majority of the nanoparticles seemed to be between 10 and 50 nm (Figure 4.48). 
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Figure 4.47 XRD analysis of the nano-A1203  powder showing the presence of 6, 6* and y-A1203. 

Figure 4.48 TEM micrograph of nano-A1203  particles showing their shape and size. 

4.5.2 Galvanostatic experiments 
Ni-A1203  composite films were deposited under the same conditions used to deposit pure 

Ni films (see section 4.4) in order to have a direct comparison and to identify the effect of the 

A1203  particles on the Ni deposition process and on the film properties. The composite films 

were deposited applying three different current densities: -10, -20 and -32 mA•cm-2. The 

variation of the potential during the deposition of both composites was monitored and the 

trends potential vs deposition time obtained were similar and in the same ranges of those 

reported for deposition of pure Ni and shown in Figure 4.34. It has to be underlined that for the 

deposition of pure nickel and nickel composite films the variation of the voltage under the same 

deposition conditions was considerably large (Figure 4.34) and therefore it was difficult to 

identify any effect of the suspended A1203  particles on the Ni electrochemistry. 
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4.5.3 Microstructure of Ni-A1203  composite coatings 

b) 

c) 

Figure 4.49 SEM micrographs of Ni and Ni-A1203  composite films deposited applying -10 mA•cm-2  

from a) pure nickel plating bath, and the same bath containing b) 50g11 of sub-micron-A1203  and c) 

50g/1 of nano-A1203. The pure nickel coating presented pyramidal structure that was still partially 

visible when the nano-A1203  particles were employed, as indicated by the arrows. 
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It has been widely reported in the literature that the microstructure of electrodeposited Ni 

changes by introducing a second phase [62, 84, 85, 90-92, 97, 100, 116, 117, 246, 247] and by 

modifying the deposition current density, as also observed in Figures 4.39-4.41 and discussed 

in section 4.4.6. 

Figure 4.50 SEM micrograph of a Ni-A1203  composite film deposited applying -10 mA•cm-2  from a 

solution containing 50 g/I of sub-micron-A1203. 

Figure 4.51 SEM micrographs of a Ni-A1203  composite film deposited applying -10 mA•cm-2  from a 

solution containing 50 g/1 of nano-A1203. 

In order to establish the effect of sub-micron and nano-A1203  particles on the 

microstructure of Ni composite films, samples deposited applying -10 mA•cm-2  from solutions 

containing 50 g/1 of sub-micron or nano-A1203  powder were examined and compared with pure 

nickel films deposited in the same conditions (see Figure 4.49). This current density was 

chosen since the nickel coatings deposited in these conditions presented a pyramidal structure, 

as shown in Figure 4.49 a), more evident than that presented by coatings deposited at higher 

current densities (see section 4.4.6). It is clear from the micrographs in Figure 4.49 that the 

inclusion of both nano and sub-micron-A1203  particles, lighter parts in the darker nickel matrix, 

136 



Ilaria Corni 

modifies the Ni microstructure. In particular, it seemed that the sub-micron-A1203  particles had 

a stronger influence on the Ni microstructure suppressing the pyramidal structure (Figure 4.49 

b)), that conversely was still partially visible in Ni-nano-A1203  composites (Figure 4.49 c)). 

Similar results were also reported by Szczygiel et al. [97] and Banovic et al. [84] for Ni-sub-

micron-A1203  composites and by Ciubotariu et al. [100] for Ni-nano-A1203  composites and also 

for different types of particle inclusions [116, 118]. Moreover, since the A1203  particles are not 

conductive the Ni could not directly grow on them but just around them and therefore some 

particles were still clearly visible on the coating surface (Fig. 4.49 b) and c) and Fig. 4.50 and 

4.51). This is in agreement with observations reported by other researchers [84, 97, 100]. 

In order to examine the particle distribution in the composite films, cross sectional 

analysis was performed for each of the 18 different conditions employed. From this study it 

emerged that in each film the particle distribution was similar along the same side of the 

substrate and therefore a single micrograph could be considered representative of the whole 

side. In order to provide a general idea of the particle distribution in the composite films two 

micrographs, one for each side of each sample (cathode) (as schematize in Fig. 4.52), are 

reported in Fig. 4.53-4.55 for the 9 different Ni-sub-micron-A1203  composites and in Fig. 4.56-

4.58 for the Ni-nano-A1203  composites. The effects of the different deposition conditions on the 

amount of A1203  co-deposited in the composites will be discussed in section 4.5.5. 

Side with 
uniform particle 
distribution 	Cathode-  Anode 

other side 

Stirring bar 

Figure 4.52 Schematic representation of the electrodes configuration during deposition, and 

distinction between the two sides of the cathode analysed below. 

Comparing the two sides of each sample, both with sub-micron and nano-A1203  particles 

(see Figures 4.53-4.58), it emerged that the concentration and the distribution of A1203  were 

remarkably different. On the side of the coating facing the nickel anode during the deposition 

(see Figures 4.53-4.58 on the left) the A1203  particles seemed less homogeneously distributed 

compared with the opposite side of the substrate (see Figures 4.53-4.58 on the right) where 

higher concentrations and more uniform A1203  distributions were obtained. 
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Figure 4.53 SEM back scattered cross section micrographs of Ni-A1203  composite films deposited 

applying -10 mA•cm-2  from solution containing 50 g/1 (a and b), 100 g/l (c and d), 150 g/1 (e and f) of 

sub-micron-A1203. The micrographs on the left are of the side facing the anode and those on the 

right of the opposite side. 
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Figure 4.54 SEM back scattered cross section micrographs of Ni-A1203  composite films deposited 

applying -20 mA•cm-2  from solution containing 50 g/1 (a and b), 100 g/1 (c and d), 150 ga (e and f) of 

sub-micron-A1203. The micrographs on the left are of the side facing the anode and those on the 

right of the opposite side. 
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e) 	 f) 

Figure 4.55 SEM back scattered cross section micrographs of Ni-A1203  composite films deposited 

applying -32 mA•cm-2  from solution containing 50 g/1 (a and b), 100 WI (c and d), 150 g/l (e and f) of 

sub-micron-A1203. The micrographs on the left are of the side facing the anode and those on the 

right of the opposite side. 

The different amounts of embedded A1203  between the two sides of the cathode can be 

attributed to different suspension hydrodynamics. In the conditions employed for electro co-

deposition the electric field is considerably small and therefore the electrophoretic effect on the 

suspended particles is not balancing the hydrodynamics, which strongly influences the co-

deposition process and renders not comparable results obtained using systems with different 

hydrodynamics (e.g. rotating electrodes and parallel electrodes) [16]. It has been demonstrated 

by Dong et al. [112] studying Ni-A1203  co-deposition on a regular octagonal prism cathode that 

the A1203  concentration between the eight sides of the cathode varied between 2-3 vol.% due to 

the different probability of collision particle-cathode on each face of the prism. For all the 

depositions carried out in this research the position of the electrodes in the bath, the stirring bar 

and the stirring rate were left unvaried in order to have equivalent hydrodynamics. The stirring 

bar rotated clockwise during the deposition and therefore also the fluid was moving in the same 

direction hitting mainly the side of the cathode not facing the anode, as represented in Fig. 4.52. 

Consequently, it is likely that this side of the sample was hit by more particles approaching 

constantly the electrode that were therefore uniformly embedded in the growing metal film. 

This is a main explanation of the fact that different particle concentrations and distributions 

were observed on the two sides of the cathode. Dong et al. [112] reported that the side of the 

cathode not facing the anode was the one with lower A1203  concentration; this contradictory 

result can be due to the different cathode-stirring bar positions in the two set-ups and on the 

different sizes of the cathodes (2 mm thick in this research and a regular octagonal prism in 

[112]) producing different relative distances/positions. 
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Figure 4.56 FIB cross section micrographs of Ni-A1203  composite films deposited applying -10 

mA•cm-2  from solution containing a) and b) 50 g/1, c) and d) 100 g/l, e) and f) 150 g/l of nano-A1203. 

The micrographs on the left are of the side facing the anode and those on the right of the opposite 

side. 

The fact that the sub-micron-A1203  particles were deposited in groups in one side of the 

film (see Fig. 4.53-4.55 on the left) cannot be due to the particle agglomeration in the 

suspension, since they were uniformly dispersed on the other side of the film (see Fig. 4.53-

4.55 on the right), but it was probably due to the deposition mechanism. It can be thought that 

once few particles were embedded in a part of the film the film roughness increased producing 

a higher possibility for new particles to be "trapped" and consequently embedded in that 

portion of the film so that the particles were embedded in groups. A similar hypothesis was 
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formulated by Erler et al. [98], to explain the fact that the A1203  particles were not incorporated 

in the first 2-3 [tm of the film. It has to be underlined that the embedment in groups was mainly 

observed in the side of the cathode facing the anode that, in agreement with the stirring 

conditions, was the side of the cathode approached by less particles due to the position in the 

bath. 

Figure 4.57 FIB cross section micrographs of Ni-A1203  composite films deposited applying -20 

mA•cm-2  from solution containing a) and b) 50 	c) and d) 100 g/1, e) and 1) 150 g/1 of nano-A1203. 

The micrographs on the left are of the side facing the anode and those on the right of the opposite 

side. 
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Figure 4.58 FIB cross section micrographs of Ni-A1203  composite films deposited applying -32 

mA•cm-2  from solution containing a) and b) 50 g/1, c) and d) 100 g/1, e) and f) 150 g/1 of nano-A1203. 

The micrographs on the left are of the side facing the anode and those on the right of the opposite 

side. 

The distribution of the nano-A1203  particles was more difficult to asses due to their 

smaller sizes and the difficulties encountered in analysing these films. From the FIB-SIMS 

analyses reported in Figures 4.56-4.58 it seemed that the nano-A1203  particles were slightly 

agglomerated in both sides of the coating; the agglomeration size seemed to change with the 

conditions employed and with the side of the cathode. However, at higher magnifications (see 

Figure 4.59) it seemed that the particles were not agglomerated but deposited in groups as also 
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observed for the Ni-sub-micron-A1203  composites. Figure 4.60 shows a high resolution FIB 

image of a Ni-nano-A1203  composite in which the A1203  particles seemed well-dispersed and 

not agglomerated. 

Figure 4.59 a) FIB micrographs and b) SIMS Al mapping of the same area of a Ni-A1203  composite 

films deposited applying -10 mA•cm-2  from a solution containing 150 g/1 of nano-A1203  . 

Figure 4.60 High resolution FIB micrograph of a Ni-A1203  composite films deposited applying -20 

mA•cm-2  from a solution containing 150 g/1 of nano-A1203. 

From the comparison of the coating thickness deposited on the two sides of the stainless 

steel (Figures 4.53-4.58) it can be observed that generally the coating on the side of the 

substrate facing the anode was slightly thicker than the one deposited on the opposite side 

probably for different deposition rates, similar results were also reported by Dong et al. [112] 

and by Wakabayashi et al. [43]. Dong et al. [112] observed a difference in thickness between 

the two opposite sides up to 50% with and without the alumina particles. They explained this 

difference considering the variation of the cathode-anode distance between the different faces 

of the prism and the consequent different current density. In this research the distance between 

the two sides of the cathode was just 2 mm (substrate thickness) and therefore the differences in 
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thickness was always much lower (maximum of 20%). 

The variation of the coating thickness on flat substrates has to be taken into consideration 

when the process is scaled-up and when complex shape electrodes are employed. It is known 

that the metal deposition takes preferentially place on external corners and protrusions 

compared to depressions and internal edges. Therefore, to scale up the deposition of Ni and Ni-

A1203  composite films achieving uniform coating thickness it is necessary to design an 

electrochemical cell with appropriate electrode geometry, e.g. multiple spaced anodes or 

anodes with special shapes mimicking the substrate geometry [260]. 

4.5.4 Three-dimensional-reconstruction of a composite coating using FIB-

SIMS 

Figure 4.61 FIB-SIMS images showing a) first and b) second ramp milled around the section to be 

lifted out, c) and d) the two sides of the section when the detachment from the sample was 

completed a part from the connection bridge. 

A 3D-reconstruction of a composite coating deposited applying -32 mA • cm-2  from a bath 

containing 50 g/1 of sub-micron-A1203  particles was carried out using the FIB-SIMS as 

described below. A sample without any further preparation was subjected to a four step 
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process similar to the one described by Lekstrom and Shollock [261] to prepare TEM sections. 

The first step consisted of depositing in-situ on the region of interest a 1-2 um thick 10 x 20 um 

platinum layer (Figure 4.61 a)) needed to protect the material surface and also to identify the 

section to be lifted out from the sample. The section was chosen to be a volume of 10 um x 20 

um x 25-30 um (depth). In the second step (sample cut-out), the two long sides and one of the 

short sides of the volume to be lifted out were milled with a beam current of 3-7 nA keeping 

the gallium ion beam perpendicular to the sample surface and rotating the stage of 180° angle 

(Figure 4.61 b)). Subsequently, the stage was tilted at 45° angle to mill the material underneath 

the volume to be lifted-out and to completely separate the volume and the specimen (Figure 

4.61 c) and d)). At this point, the section was attached to the rest of the sample only on one side 

that was thinned leaving just a connection bridge (Figure 4.61 c) and d)). It is interesting to 

point out that in Figure 4.61 b) the interface between the stainless steel and nickel coating is 

clearly visible as the two materials presented slightly different colours. 

Figure 4.62 FIB-SIMS images showing a) the needle in contact with the section and a Pt bridge 

between them, b) the section completely free and detached from the rest of the sample. 

a) 	 b) 

Figure 4.63 FIB-SIMS images showing a) the section attached with Pt to the needle and to the Cu 

stem b) the section attached to the Cu stem. 
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In the third step (sample lift-out) of the process, a needle was brought into contact with 

the section to be lifted-out and the two objects were welded together via a Pt bridge, as shown 

in Figure 4.62 a). At this point, the section was attached to the needle by the Pt bridge and to 

the sample by the bridge connection (Figure 4.62 a)), that was then sputtered away to 

completely free the section (Figure 4.62 b)). Figure 4.62 a) shows clearly the triangular prism 

hole produced on the surface of the specimen by the process carried out. In the last step of the 

process the free section was brought into contact with a Cu stem and welded to it through two 

Pt bridges (Figure 4.63 a)) (the second bridge was deposited to add additional strength to the 

connection) and finally the Pt bridge between the needle and the section was removed to obtain 

the section connected just to the Cu stem (Figure 4.63 b)). 

c) 	 d) I 	I 	I 	I 	I 	I 	I 	I  
Figure 4.64 a) Secondary electron and b) secondary ion images of the same surface. In a) few 
apparent voids are visible and pointed out by arrows; they are not visible in the ion image reported 

in b). c) Al and d) 0 SIMS mapping of the same side of the lift out section. 

The surface of the section was then cleaned by sputtering away the top surface and some 

of the Pt bridges left, as shown in Figure 4.64. Figure 4.64 a) is a secondary electron image of 

the section with few black parts looking like holes in the material (see arrows). However the 

ion image (Figure 4.64 b)) of the same surface demonstrated that these areas were not voids. 
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On the same surface the SIMS mapping of the Al atoms (Figure 4.64 c)) and of the 0 atoms 

(Figure 4.64 d)) were also performed to confirm that the signals of these two materials were in 

the same positions, as expected. Comparing the SIMS mapping (Figures 4.64 c) and d)) with 

the secondary electron image (Figure 4.64 a)) it is evident that the A1203  sometimes appeared 

white and sometimes black in secondary electron images taken on the sample tilted of 45°. 

Therefore the SIMS mapping of the Al atoms seemed better than the electron images to identify 

the alumina when the sample was tilted at 45° angle. 

Fifteen slices were then milled away from the lift-out section with a current beam of 1 nA 

and from each one three images were taken: the top part of the specimen (platinum layer) to 

determine the thickness of the slice spattered away by difference with the initial one, a 

secondary electron image and a SIMS Al mapping of the surface tilted of 45°, all these images 

are reported in Appendix 3. 

Figure 4.65 3D-reconstruction of a Ni-sub-micron-A1203  film with the dark areas being the A1203. 

The SIMS mapping of the Al atoms were then employed to produce a 3D-reconstruction 

of the film using Matlab. A similar study was reported by Wilson et al. [262] to produce a 3D-

reconstruction of a solid-oxide fuel-cell anode. The data employed for the 3D-reconstruction 

were taken just from the top left area of each slice since it has been observed that the SIMS 

signals of the right hand side areas of the deeper slices were weak due to the screening effect of 

the part of sample not sputtered away (see Appendix 3). The 3D-reconstruction shown in 

148 



Ilaria Corni 

Figure 4.65 demonstrates that in the volume of the composite film analysed the A1203  was 

homogeneously distributed. In section 4.5.3 it was stated that the A1203  distribution in the 

coating cross section was similar along the same side of the substrate; therefore it could be 

concluded that the electro co-deposition method is able to produce composite coatings with 

uniform particle distribution in the same side of the cathode. 

4.5.5 Effect of deposition parameters on the amount of A1203  co-deposited 

in nickel films 
It has been extensively reported in the literature [1, 2, 57, 62, 69, 70, 72, 74, 78, 82, 84, 

85, 92, 95, 98, 110, 112] that the amount of A1203  co-deposited in the composite films can be 

influenced by the particle concentration in the electrolyte, the current density, the particle size, 

the stirring rate and the cell configuration. The influence of the particle size (<1 .im and —50 

nm), their concentration in the bath (0, 50, 100 and 150 g/1 of A1203) and the applied current 

density (-10, -20 and -32 mA•cm 2) on the amount of A1203  co-deposited was evaluated by 

quantitative image analysis (described in Figure 3.9 and section 3.11), that calculates the area 

% of A1203  in the film. Assuming that the material is isotropic (demonstrated in section 4.5.4) 

the area and the volume can be considered the same; the same approximation (area = volume) 

and quantitative analysis were also employed by other researchers [70, 84, 91, 112]. The cross 

section images of all the samples are shown in Figures 4.53-4.58 and the results are discussed 

below. The analysis of the cross sections of Ni-A1203  composite films described in section 4.5.3 

revealed a difference in A1203  concentration between the two sides of the cathode. Therefore, 

in order to obtain representative values four images for each side were taken for the Ni-sub-

micron-A1203  films and two images for each side for the Ni-nano-A1203  films; the images were 

taken as described in section 3.11. The values for all the images were then averaged and the 

errors calculated with the standard deviation. The difference between the two sides was 

calculated to be an average of 5% for the Ni-sub-micron-A1203  composites, while for the 

nickel-nano-A1203  films the difference was around 1.5%. In the data analysed here both sides of 

the samples have been considered. 

i) Effect of the alumina concentration in the bath 
From the data shown in Figure 4.66 a) and b), it emerged that the amount of A1203  co-

deposited increased with increasing A1203  concentration in the bath for all the current densities 

applied and both kinds of A1203  particles; this increase was not proportional to the amount of 

alumina suspended in the bath. This behaviour was expected considering that higher bath 

concentrations increased the particle availability at the interface cathode/suspension that could 

therefore be embedded in the growing nickel layer. Similar behaviours were also reported in 

the literature for the Ni-A1203  system [72, 78, 82, 84, 98, 110, 112]. The amount of sub-micron-

A1203  embedded in the coatings from solution containing 150 g/1 of A1203  and applying a 
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current density of -10 mA • cm-2  (27 ± 3 vol.%) was similar to the results reported by Banovic et 

al. [84] applying similar condition from a sulphamate bath (32 vol.%). The vol.% of nano-

A1203  deposited from a solution containing 150 g/1 of A1203  and applying a current density of -

20 mA•cm-2  (19 ± 2 vol.%) was much higher than that reported by Sautter [72] applying the 

same conditions from a sulphate bath (5 vol.%), probably for the different stirring rate 

employed in the two research. 

b) 	 

Figure 4.66 Effect of the A1203  concentration in the electrolyte on the vol.% of a) sub-micron-A1203  

and b) nano-A1203  embedded into the films for different current densities. 

ii) Effect of the current density 

The data in Figure 4.67 a) for the sub-micron-A1203  particles show that the amount of 

second phase co-deposited decreased increasing the current density from -10 to -32 mA•cm-2  
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when the suspension concentration was unvaried, as also observed in the literature [76, 78, 84, 

98, 110]. This trend can be explained considering that when lower current densities are applied 

the nickel deposition is slower and therefore more A1203  particles have time to reach the 

interface coating-solution and be embedded in the film [84]. 

b) 	  
Figure 4.67 Effect of the current density on the vol.°/0 of a) sub-micron-A1203  and b) nano-A1203  

embedded into the films for different A1203  concentrations in the electrolyte. 

While, for the nano-A1203  particles (Figure 4.67 b)) it seemed that the amount of A1203  

co-deposited increased by increasing the current density from -10 to -20 mA•cm-2  and 

decreased by further increasing the current density to -32 mA-cm-2  for all the concentrations of 

A1203  examined. Similar trends were reported in the literature for the Ni-A1203  system [1, 2, 

57, 74, 92]. The maximum incorporation of nano-A1203  particles applying a current density of - 
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20 mA-cm-2  (Figure 4.67 b)) was also reported by Nwoko and Shreir [57], that used a nickel 

sulphate bath containing A1203  particles with size between 5 and 50 nm. 

These two different behaviours are explained below considering that the co-deposition of 

the second phase in the metallic film depends on the growing rate of the metal (deposition 

current density), the flux of particles and their residence time at the metal/solution interface 

(stirring rate, particle size and concentration in suspension) [76, 77], assuming that the particle 

transport to the interface is controlled by convective diffusion. If the metal growth rate is slow 

in comparison to the residence time, the particles approaching the cathode have sufficient time 

to diffuse away before being incorporated into the film; while, if the metal deposition rate is 

fast compared to the particle residence time, all the particles reaching the surface will be 

embedded in the composite film. Therefore, in order to have maximum incorporation the metal 

deposition rate has to be sufficiently high to entrap in the film all the approaching particles, as 

shown schematically in Figure 4.68 a), but not too high so that the particles would not have 

enough time to reach the electrode surface (Figure 4.68 b)) [76]. 

bulk 	0 
• solution • 0 	 0 0  

0 
	0 	 0 

	0 

0 
0 

growing 
film 

0 0 

CI 00  0 ° 0 4.  0 
0 0 0 0 

(a) low growth rate 
small i 

0 

0 
0 	0 

(b) high growth rate 
largo i 

Figure 4.68 Schematic illustration of different particle incorporation in electro co-deposition. a) At 

slow metal growth rate more particles can reach the surface and be embedded. b) At high metal 

growth rate less particles can be embedded in the growing film (redrawn from ref. 1761). 

When the same suspension is employed the particle flux to the electrode surface and the 

residence time at the cathode are constant since the concentration, the stirring rate and the 

particle size are maintained the same. The higher concentration of sub-micron-A1203  co-

deposited applying a current density of -10 mA-cm-2  (Figure 4.67 a)) can be explained 

considering the slow growth of the metal that gave sufficient time to more A1203  particles to 

reach the interface and be embedded in the film. Under these conditions, more particles 

reaching the electrode were embedded in the film and their amount depended on the flux of 

particles at the electrode and therefore on the solution concentration and on the stirring rate. It 

is interesting to underline that when the current density applied was -10 mA• cm-2  the amount of 

A1203  co-deposited was not greatly influenced by the particle concentration in suspension, 

probably because even when lower concentrations (50 and 100 g/1) were employed a high flux 

of particles was constantly approaching the electrode and the residence time was long enough 
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to be embedded. When higher current densities (-20 and -32 mA• cm-2) were applied the amount 

of particles co-deposited decreased because even if the flux of particles at the cathode was 

unvaried the metal film grew faster; the concentration of A1203  in the bath was a determining 

factor in the amount of A1203  co-deposited since it strongly influenced the flux of particles at 

the cathode. These two differences are schematically represented in Figure 4.68. 

A different behaviour was observed for the co-deposition of the nano-A1203  particles 

(Figure 4.67 b)) that showed a maximum A1203  incorporation when a current density of -20 

mA•cm-2  was applied. This trend was explained considering that applying a current density of -

32 mA•cm"2  the metal growth rate was too fast and less particles had enough time to reach the 

interface coating-solution and be co-deposited, as shown in Figure 4.68 b). While, when a 

current density of -10 mA•cm-2  was applied the metal film was growing too slowly and the 

nano-A1203  particles had therefore time to be moved away before being incorporated. 

iii) Effect of the particle size 
The amount of A1203  co-deposited in the films (see Figures 4.66-4.67) was strongly 

influenced by the particle size for all the suspension concentrations and current densities 

applied. The amount of sub-micron-A1203  co-deposited varied between 11 and 27 vol.% while 

in the same conditions the quantity of nano-A1203  varied just between 12 and 19 vol.%. The 

higher vol.% of co-deposited sub-micron-A1203  particles compared to nanoparticles is probably 

due to their greatly different volumes (assuming radiuses of 25 nm and 400 nm the differences 

in volume would be 163). Consequently, in coatings with the same A1203  concentration the 

particle number density was considerably higher when nano-A1203  particles were employed 

instead of sub-micron-A1203  particles. Similar results were also reported by Shao et al. [77, 78] 

for 300 and 50 nm size particles. The fact that the range in which the concentration of co-

deposited nano-A1203  varied was less influenced by the conditions employed compared to that 

of sub-micron-A1203  (see Figures 4.66-4.67) can be explained considering that there were more 

nano-A1203  particles available at the interface ready to be embedded in the growing film and 

therefore both the particle concentration in the bath and the metal deposition rate only slightly 

influenced the co-deposition process. 

4.5.6 Crystallinity of Ni-A1203  composite coatings 
In the literature it has been extensively described that the crystallinity of the 

electrodeposited nickel changes by introducing a second phase, such as CeO2, WC, TiO2, SiC, 

Si3N4  or A1203  particles [62, 84, 85, 90-92, 97, 100, 116, 117, 244, 246, 247] and by modifying 

the deposition current density, as also observed in Figure 4.42 and discussed in section 4.4.6. A 

variation of the nickel preferred orientation with the addition of A1203  was expected 

considering that the nickel crystallization strongly depends on the bath composition, as 

discussed in section 4.4.6, and that the variation of inhibiting species can influence the Ni 
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crystal growth, e.g. the addition of particles can produce a random orientation of the Ni 

crystallites [90, 116, 244]. In order to determine the influence of sub-micron and nano-A1203  

particles on the preferred crystalline orientation and the grain size of the composite films, XRD 

analysis has been carried out on samples deposited at different current densities from the three 

baths containing different amounts of A1203  particles. These spectra have been compared to 

those of pure nickel obtaining the results listed in Table 4.14; just the XRD spectra of Ni-sub-

micron-A1203  composite coatings deposited at -10 mA•cm-2  are reported, as an example, in 

Figure 4.69 (the spectra have been carried out between 20 5° and 100° but just the 40-100° 

portion is shown since the main Ni crystallographic peaks are in this area). 

Table 4.14 Intensity of Ni crystallographic peaks normalised to the (111) peak for films deposited 

using different current densities and from baths containing different amounts of A1203. 

Current 
density 

mA•cm-2 

Concentration of A1203  

g/1 

I(reflection)/1(111) 

(111) (200) (220) (311) 

-10 

0 1 0.5 0.14 0.13 

Sub-micron 

50 1 0.65 0.09 0.11 

100 1 0.61 0.11 0.12 

150 1 0.63 0.08 0.10 

Nano 

50 1 1.14 0.06 0.08 

100 1 0.57 0.04 0.09 

150 1 0.09 0.04 0.25 

-20 

0 1 0.83 0.19 0.19 

Sub-micron 

50 1 0.41 0.16 0.13 

100 1 0.45 0.20 0.14 

150 1 0.43 0.16 0.13 

Nano 

50 1 0.56 0.15 0.12 

100 1 0.49 0.17 0.15 

150 1 0.47 0.18 0.14 

-32 

0 1 0.80 0.51 0.20 

Sub-micron 

50 1 0.43 0.44 0.14 

100 1 0.48 0.49 0.16 

150 1 0.42 0.44 0.13 

Nano 

50 1 0.43 0.34 0.15 

100 1 0.39 0.34 0.14 

150 1 0.33 0.36 0.13 

The preferred crystallographic orientation for all the pure nickel and composite films, 

except from the one deposited applying -10 mA.cm-2  from a bath containing 50 g/1 of nano- 
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A1203  particles, was the (111). In order to determine how the amount of co-deposited A1203, the 

kind of A1203  (sub-micron or nano size) and the applied current density influenced the 

preferred orientation of the nickel films, the intensities (height of the peaks) of the (111), (200), 

(220) and (311) nickel reflections have been normalised to the (111) reflection obtaining the 

data reported in Table 4.14. 

2 Theta [degree] 

Figure 4.69 XRD spectra of coatings deposited applying a current density of -10 mA•cm-2  from A) a 

nickel bath and a nickel bath containing B) 50, C) 100 and D) 150 	of sub-micron-A1203  

particles. 

The addition of sub-micron-A1203  particles to the nickel bath when a current density of 

-10 mA•cm-2  was applied (see Figure 4.69 and Table 4.14) enhanced the (200) crystallographic 

orientation compared to pure Ni and slightly decreased the (220) and (311) intensities. The 

composite texture did not change with the concentration of A1203  in the bath since it seemed 

that the amounts co-deposited were very similar in all the conditions employed, as shown in 

Fig. 4.67 a). The addition of 50 g/1 of nano-A1203  particles in the bath at the same current 

density (Table 4.14) increases the degree of texture in the (200) Ni crystallographic direction, 

and this was the preferred orientation for coatings deposited in these conditions. However, 

further additions of nano-A1203  particles in the electrolyte increased the concentration of A1203  

co-deposited (Fig. 4.67 b)) and weakened the (200) peak that was almost indistinguishable 

when the solution contained 150 g/1 of nano-A1203. In this latter coating there was an increase 

of the (311) Ni orientation signal. The variation of the Ni crystalline orientation with the 

amount of nano-A1203  in the electrolyte was also reported by Erler et al. [98] for Ni-nano-

A1203  films deposited on stainless steel from a nickel sulphate bath with 0.3 g/1 of SDS and a 

temperature of 55 ± 2°C. They [98] observed that applying a current density of -10 mA• cm-2  

pure nickel presented (220) preferred orientation and that by adding 0.5 g/1 of nano-A1203  
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particles the texture did not change, whereas when 5 g/I of nano-A1203  particles were added 

into the bath the Ni texture varied to (200), (220) and (311) and when higher content (50 g/1) 

were employed the (220) orientation peak disappeared leaving just the (200) and (311). Erler et 

al. [98] did not explain the intensity variation and reported that when higher current densities 

were applied (-20 and -40 mA•cm-2) the (200) was the Ni preferred orientation independent 

from the particle content in the bath. The variation of the Ni crystalline orientation with the 

amount of nano-A1203  in the electrolyte is probably due to an underlying mechanism that 

controls the texture; this mechanism has not yet been resolved and further work is needed to 

understand this behaviour. 

When current density of -20 or -32 mA•cm-2  were applied the addition of sub-micron or 

nano-A1203  particles (Table 4.14) halved the intensity of the (200) peak and slightly decreased 

the intensity of the (311) orientation peak compared to pure nickel. It was also observed for 

both current densities that increasing nanoparticle content seemed to slightly decrease the 

intensity of the (200) peak (see Fig. 4.67 b) and Table 4.14). The intensity of the (220) peak 

was left almost unvaried by the addition of nano and sub-micron-A1203  particles applying a 

current density of -20 mA- cm-2, while when a current density of -32 mA-cm-2  was applied the 

peak intensity decreased compared to pure Ni, but did not vary much with the addition of 

different amounts of A1203  particles. 

Table 4.15 Grain sizes of Ni deposited applying different current densities from baths containing 

different amounts of nano or sub-micron-A1203  particles calculated using Sherrer equation. 

Current 
density 

(mA•cm-2) 

Amount 
of A1203 

(g/1) 

Grain size (nm) 
Sub-micron- 

A1203 Nano-A1203  

-10 

0 40± 1 

50 40 1 1 45 ± 1 

100 40 ± 1 42 ± 1 

150 36 ± 1 45 ± 1 

-20 

0 33 ± 1 

50 35 ± 1 36 ± 1 

100 32 ± 1 33 ± 1 

150 33 ± 1 33 ± 1 

-32 

0 31 ± 1 

50 29 ± 1 29 ± 1 

100 35 ± 1 30 ± 1 

150 30 ± 1 29± 1 

The variation of the nickel grain size with the inclusions of sub-micron and nano-A1203  

particles in the films was calculated applying Sherrer equation (eq. 4.5 in section 4.4.6) to the 

156 



Ilaria Corni 

(111) Ni XRD-line broadening [36, 37, 90] of the Ni-A1203  composite XRD spectra. The XRD-

line broadening was calculated after stripping the Ka2  signal and after correcting the instrument 

broadening using equation 4.6 and the silica standard, as described in section 4.4.6. The 

calculated grain sizes are listed in Table 4.15 with the respective errors, calculated as described 

in section 4.4.6; they varied from 29 ± 1 to 45 ± 1 nm. These values are slightly higher than 

those reported by Aruna et al. [85] (16-26 nm) and Srivastava et al. [90] (23 nm), who did not 

use the line line-broadening correction (equation 4.6); similar results would have been obtained 

in this research without applying the line broadening correction. 

It seems that the Ni grain size decreased slightly increasing the current density from -10 

to -32 mA-cm-2  when both sub-micron and nano-A1203  particles were added to the electrolyte, 

as also observed for pure Ni films and described in section 4.4.6. The co-deposition of A1203  

particles seemed to play a marginal effect on the crystallite sizes, as also reported by Moller 

and Hahn [115] for Ni-Zr02  and Li et al. [117] for Ni-TiO2  composite coatings deposited from 

sulphate baths. Other researchers reported a slight decrease of the Ni grain size with inclusion 

of A1203  [53, 55, 85, 90, 92], SiC [90, 118, 243], Si3N4  [90] and Zr02  [249] particles in the 

films and explained it considering that the particle inclusions increase the nucleation sites and 

perturb the metal growth producing smaller grains [53, 55, 118, 249]. 

4.5.7 Micro-hardness 
The micro-hardness of the Ni and Ni-A1203  composite films with sub-micron and nano-

A1203  particles is shown in Figure 4.70. These data have been measured applying the lowest 

possible load available in the instrument (0.245 N) (section 3.13) to obtain indentation depths 

(1/7 of the indentation diagonal) less than 1/10 of the coating thickness in order to measure just 

the coating properties and not any substrate contribution [263-265]. 

The deposited Ni films presented a micro-hardness between 275 and 335 HV (Figure 

4.70) independent of the current density applied. The data in Figure 4.70 clearly show that the 

hardness of the composite increased compared to that of pure nickel with the addition of A1203  

particles, in agreement with literature findings [52, 54, 61, 62, 75, 78, 81, 82, 84, 85, 89-94]. 

The hardness values measured in this research are in the same range of the values reported by 

Chen et al. [81] (320 HV for pure nickel and 470 HV for composites containing 8.5 vol.% of 

0.8 1.tin A1203  particles co-deposited from a Watt bath), and Srivastava et al. [90] (370 HV for 

Ni-A1203  composites containing 1 am A1203  particles deposited from a sulphamate bath). The 

higher hardness of the Ni-A1203  composite films compared to pure Ni films has been explained 

in the literature considering a combination of the metal hardness (influenced by the metal 

microstructure) and the concentration of hard particles in the composite [62, 75, 81, 91, 92]. In 

particular, it has been reported that the reinforcements influence the composite hardness 

through their hard nature, a strengthening effect (the particles obstruct the motion of the 

dislocations) [91, 243] and by modifying the metal microstructure (crystalline orientation and 
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size) (as reported in section 4.5.6); the latter is also influenced by the current density employed 

during the deposition (section 4.4.6). 
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Figure 4.70 Micro-hardness of pure Ni, a) Ni-sub-micron-A1203  and b) Ni-nano-A1203  composite 

films for different concentrations of A1203  in the electrolyte and different current densities. 

Considering that the two sides of the composite samples contained slightly different 

A1203  concentrations (-5% for Ni-sub-micron-A1203  and —1.5% for Ni-nano-A1203  films) (see 

section 4.5.3 and 4.5.5), the hardness of few composites was measured on both sides of the 

same sample to determine eventual differences. All the differences resulted within the 

experimental error and no influence of different particle concentration was detected probably 

for the large variation observed in samples deposited in the same conditions (Figure 4.70). 

The hardness of composites containing sub-micron (see Figure 4.70 a)) and nano-A1203  

particles (Figure 4.70 b)) increased with increasing A1203  concentration, a part from few 

exceptions. For example, Figure 4.70 a) shows that the composite hardness did not vary 
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significantly when the sub-micron-A1203  particle content varied from 16.1 to 21.6 vol.% 

changing the current density from -32 mA cm -2  (150 g/l) to -20 mA•cm.2  (50 g/1) and Figure 

4.70 b) shows that coatings with similar nano-A1203  content (14.3-14.4 vol.%) presented 

different hardness, with the one deposited applying -20 mA. cm-2  (50 g/l) being harder than the 

film deposited at -32 mA•cm"2  (100 g/l). These behaviours may be explained considering the 

different contribution of the metal to the overall hardness, due to different grain size and 

crystalline orientation (see Table 4.14 and 4.15). Overall, it is difficult to understand the 

reasons behind the hardness variation under different conditions, since the Ni microstructure 

(crystalline orientation and grain size) and the A1203  content in the films are both contributing 

to the final value and also for the hardness variation observed when films were deposited in the 

same conditions (see Figure 4.70). Comparing the hardness of the two composite films (see 

Figure 4.70), it seems that the same amount of nanoparticles would increase slightly more the 

hardness of the composite compared to the sub-micron particles, as also observed by Shao et al. 

[78] and explained considering the higher particle number density that stops more effectively 

the movement of the dislocations. 

4.5.8 Corrosion resistance 
Nickel coatings have been widely employed for their high corrosion resistance in 

different environments (atmosphere, alkalis, melted hydroxides, diluted mineral acids) thanks 

to their ability to grow an oxide protective layer on their surface. However, Ni coatings are not 

resistant to corrosion in presence of chloride ions, because these ions delay the formation of the 

oxide protective layer making the local corrosion possible on the Ni surface [266]. In this study 

the corrosion resistance of Ni-A1203  composite films in chloride solution has been tested to 

determine how the A1203  addition modifies the Ni corrosion properties; inconsistent results 

have been reported in the literature [97, 98, 100, 101]. It is also known from the literature [267, 

268] that stainless steel is subject to pitting corrosion in chloride environment. In this research 

the effect of the A1203  particles on both the general dissolution and tendency to localised 

corrosion was studied by assessing the corrosion behaviour of Ni, Ni-A1203  and stainless steel 

in 0.1 M H2SO4  and 0.1 M NaC1 solutions using potentiodynamic polarisation curves (see 

section 3.15), as also described by other authors [35, 101, 266, 269-272]. The results are shown 

in Figures 4.71 and 4.73. 

The corrosion experiments, as it will be for the tape test experiments described in section 

4.5.9, have been carried out only on few samples, chosen as representative of all the conditions 

studied in this chapter. The samples chosen are pure Ni deposited at a current density of -20 

mA•cm2  and Ni-A1203  deposited applying the same current density from solution containing 

150 g/1 of nano or sub-micron-A1203  particles. The nickel sample was chosen for comparison 

with the two composites that presented analogous A1203  content (20-25 vol.%), the same grain 

size (33 ± 1 nm) (see Table 4.15) and considerably similar crystalline structures (see Table 
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4.14). The similar A1203  concentration is important to determine the effect of different particle 

size on the composite properties. 
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Figure 4.71 Potentiodynamic curves of a) stainless steel, b) pure Ni films, c) Ni-sub-micron-A1203  

and d) Ni-nano-A1203  films in 0.1 M NaCI solution. 
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In the linear potentiodynamic polarisation curves [242] carried out in 0.1 M NaC1, the 

corrosion resistance is related to the sharp increase in current corresponding to the pitting 

corrosion. The potential at which this occurs is termed the "pitting potential" and its value can 

be used to compare the corrosion resistance of different materials. In this study the "pitting 

potential" has been chosen as the potential required to produce a current density of 1 mA• cm 2. 

It is important to underline that the results obtained by this kind of experiment are partly related 

to the surface properties of the sample analysed and therefore a variation between the data is 

expected and it is important to run a series of tests; three samples were therefore tested for each 

type of coating and the averaged values considered. 

The average pitting potential of the as received stainless steel AISI 316 L substrate was + 

405 mV (SCE) (see Figure 4.71 a)), for pure Ni films was + 287 mV (SCE) (see Figure 4.71 

b)), for Ni-sub-micron-A1203  composite coatings was + 323 mV (SCE) (see Figure 4.71 c)) and 

for Ni-nano-A1203  composite coatings + 208 mV (SCE) (see Figure 4.71 d)). From these results 

it was clear that the stainless steel substrate was more corrosion resistant in chloride 

environment compared to the three different deposited films. Between the deposited coatings, 

the Ni-sub-micron-A1203  composite films presented better corrosion resistance in 0.1 M NaC1 

solution than pure Ni films and it was observed that the corrosion resistance decreased further 

if the sub-micron-A1203  was substituted with nano-A1203, as also observed by Lampke et al. 

[267] for Ni-TiO2  composite films. 

The corrosion resistance is strongly influenced by the microstructure of the films, e.g. 

grain size, surface morphology and texture [101, 266, 270, 271]; the three samples analysed 

presented the same grain size (see Table 4.15), but slightly different textures (see Table 4.14) 

and different surface morphology (strongly affected by the introduction of A1203  as described 

in section 4.5.3). The higher corrosion resistance of Ni-sub-micron-A1203  coatings compared to 

pure Ni coatings can be explained considering the lower metallic area exposed to the chloride 

solution in the composite [266, 271], and that the sub-micron-A1203  particles hinder the Ni 

dissolution and therefore the pit growth. This second explanation is further supported by the 

comparison between the pitting morphology of pure nickel (Figure 4.72 a)), which showed 

smooth rounded pits, and Ni-sub-micron-A1203  composites (Figure 4.72 b)), which were rough-

edged indicating that the sub-micron-A1203  particles disrupted the dissolution pathway. When 

nano-A1203  particles were embedded in the Ni coating the corrosion resistance decreased 

compared to pure Ni probably because the contact area between the metal matrix and the 

chloride environment was not sufficiently reduced and the corrosion current was not uniformly 

distributed on the sample surface producing local corrosion, as proposed by Lampke et al. 

[266]. The edges of the pits in Ni-nano-A1203  composites (Figure 4.72 c)) were less smooth 

than those of pure Ni and less ragged than those in Ni-sub-micron-A1203  composites probably 

because the nano-A1203  particles were not big enough to prevent the pit expansion. 
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a) 

b 

c) 

Figure 4.72 SEM micrographs of pitting corrosion on a) pure Ni films, b) Ni-sub-micron-A1203  and 

c) Ni-nano-A1203  films after the corrosion test carried out in 0.1 M NaCI solution. 
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The potentiodynamic polarisation curves carried out on stainless steel, pure nickel 

coatings and Ni-A1203  composite films in 0.1 M H2SO4  have been plotted as E vs Log (i) in 

Figure 4.73, commonly known as Tafel plot [242]. The advantage of this plot is that the 

potential at which the current density changes from negative to positive is clearly visible. 

Moreover, the corrosion current density (Icorr) and the corrosion potential (Ecorr) can be 

calculated from the intercept of the Tafel slopes to compare the corrosion rate and the corrosion 

potential of different materials. In this case the two lines have been drawn following the linear 

part of the curve. The part of the Tafel plot for potential E more positive than Ecorr describes 

the corrosion processes taking place at the working electrode (positive current density). In 

particular, the current increase is due to the metal dissolution (active region) and the following 

current decrease (passive region) is due to the formation of a passive layer on the metal that 

protects it from further corrosion. 

Figure 4.73 Polarisation curves of stainless steel, pure Ni films, Ni-sub-micron-A1,03  and Ni-nano-

A1203  films in 0.1 M H2SO4  solution. 

Table 4.16 Electrochemical parameters obtained from the polarisation curves of stainless steel, 

pure Ni films, Ni-sub-micron-A1203  and Ni-nano-A1203  films in 0.1 M H2SO4  solution. 

Sample Icon-  (p.A -cm-2) Ecorr (V) 

Stainless steel 3.373 -0.150 

Ni 34.32 -0.213 

Ni-sub-micron-A1203  33.10 -0.311 

Ni-nano-A1203  26.84 -0.298 

Comparing the polarisation data (Figure 4.73) of the four materials in acid environment, 

it was clear that the corrosion rate of pure Ni and Ni-A1203  composite films containing both 
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sub-micron or nano-A1203  particles was higher than that of the stainless steel, and therefore the 

deposited coatings were less corrosion resistant than stainless steel in 0.1 M H2SO4  solution. 

The same conclusion could be also reached comparing the corrosion current densities (lcorr) 

and the corrosion potentials (Ecorr) (Table 4.16) of the four different materials (the deposited 

coatings presented more negative Ecorr and higher Icon compared to the stainless steel). Icorr 

of the deposited films were all very similar, indicating similar corrosion rates in acid 

environment. Between the three films, pure Ni seemed to be the more corrosion resistant with 

higher Ecorr and lower energy needed to produce the oxide protective layer (this implies that if 

the coating breaks the construction of a passive film would be more difficult to obtain for the 

composites than for pure nickel). The two bumps observed in the Tafel plots of pure Ni and Ni-

A1203  composites in the passive region are characteristic of the construction of a Ni passive 

film in two steps. The decrease of the corrosion resistance with the addition of particles can be 

explained considering that the solution can easily infiltrate at the interface metal/particle, as 

proposed in the literature [98, 271]. 

4.5.9 Tape test 

Figure 4.74 Images of nickel composite coatings deposited on stainless steel ground with 800 grit 
SiC paper after tape test a) 0% detachment and b) <5% detachment, as indicated by the arrow. 

Coatings are normally deposited to protect or decorate the substrate and consequently a 

good adhesion between the substrate and the film is fundamental. The preparation of the 

substrate surface before Ni deposition was studied and optimized in section 4.3 and the same 

conditions were employed for all the following depositions. The substrate/coating adhesion has 

been qualitatively evaluated using the tape test standard method described in section 3.14 and 

already applied on pure Ni films in section 4.3.3. This method was carried out on three 

different samples: pure nickel deposited applying -20 mA•cm-2  and Ni-A1203  composite films 

deposited applying the same current density from solution containing 150 g/1 of nano or sub-

micron-A1203  particles, for the reasons already explained in section 4.5.8. These three coatings 
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were chosen to evaluate the influence of the different alumina powder on the adhesion of the 

coating to the substrate. Three samples for each composition were tested and compared with 

the illustrations reported in Table 3.2. The results are described below. 

Most of the coatings analysed presented good adhesion with 0% of coating detachment 

(Figure 4.74 a)) apart from one film that slightly peeled off (< 5% detachment) in the area of 

the film close to the nail varnish (Figure 4.74 b)); similar behaviour was also observed when 

pure Ni films were analysed (see section 4.3.3). From this study it was concluded that the 

presence of alumina in the composites did not influence the substrate/coating adhesion and that 

good adhesion was achievable with this method. 

4.6 Electro co-deposition of nickel-aluminium composite coatings 

The deposition of Ni-Al composite coatings has been also carried out in this research, 

mainly to establish the differences in the incorporation behaviour of conductive (Al) and non-

conductive (A1203) particles into nickel films. 

4.6.1 Characterizations of the aluminium powder 

Figure 4.75 XRD analysis of the Al powder. 

The Al powder employed to deposit Ni-Al composite coatings consisted of particles that 

were < 25 um (according to the manufacturer). The XRD analysis (Figure 4.75) of this powder 

proved that it was Al (PDF 4-0787) and the SEM analysis reported in Figure 4.76 showed that 

the particles were slightly oblong with different shapes and sizes varying between 2 and 30 um. 
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Figure 4.76 SEM image of Al particles used for the co-deposition of Ni-AI composite coatings 

showing their shape and size. 

4.6.2 Microstructure of Ni-Al composite coatings 
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c) 
Figure 4.77 a) low magnification, b) high magnification and c) back scattered (lighter phase is Ni 

and the darker one is Al) SEM images of a Ni-Al composite coatings deposited applying a current 

of -32 mA•cm-2  from a nickel sulphate bath containing 100 g/l of Al particles. The arrows in b) 

show Al particles partially embedded in the Ni film. 

Ni-Al composite coatings were successfully deposited applying a current density of -32 

mA•cm-2  for 30 min from a nickel plating bath containing 100 g/1 of Al particles. The top 

morphology of a Ni-Al composite is shown in Figure 4.77. The slightly oblong Al particles are 

clearly visible on the surface of the film (Fig. 4.77 a) and b)) and some of them are partially 

embedded in the Ni layer (see arrows in Fig. 4.77 b)). The back scattered low magnification 

image in Figure 4.77 c) demonstrates that the Al particles were uniformly distributed into the 

composite film. 

Figure 4.78 SEM back scattered images of a Ni-Al coating deposited applying a current density of -

32 mA•cm-2  from a nickel sulphate bath containing 100 g/l of Al particles. 
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The main difference between the incorporation of conductive (Al) or non conductive 

(A1203) particles into the Ni matrix by electro co-deposition is the different growth of the metal 

around the particles. In fact, it has been mentioned in section 4.5.3 that the A1203  particles were 

still clearly visible on the top of the coating (Figures 4.49 b) and c), 4.50 and 4.51) since the Ni 

could not directly grow on them but just around them. Conversely, when Al particles were 

embedded in the composite the Ni deposition could take place also on them as if the particles 

were part of the electrode [49, 64] (white dots indicated by the arrows in Figure 4.78). Similar 

results were also reported by Naploszek-Bilnik et al. [59] and reproduced for comparison in 

Figure 4.79. 

Figure 4.79 Surface morphology of a Ni-Al film deposited applying a current density of 450 

mA•cm-2  from a nickel sulphamate bath containing 120 g/1 of Al powder showing white Ni growth 

on an Al particle (reproduced from ref. 1591). 

4.7 Electro co-deposition mechanism 

The electro co-deposition mechanism is still not completely understood but some models 

have been suggested in the last few decades and were summarised in section 2.2.3 [15, 16, 58]. 

The common base of all the proposed models is that the particles reach the cathode by 

electrophoresis or by bath agitation and then they are mechanically entrapped or incorporated 

into the growing metal film. It has also been proposed in the literature that, in order to have 

incorporation of the particles into the film, the particle adsorption on the cathode surface and 

the reduction of the metal ions adsorbed on the particle surface are fundamental [15, 16, 58, 65, 

69, 71]; these latter mechanisms are difficult to prove and support experimentally. 

The experiments described in sections 4.5 and 4.6 demonstrated that both Al and A1203  

particles were successfully incorporated into the Ni film. Considering that the electric field 

involved during the electro co-deposition (< 1 V.cm-1) is much smaller than that employed in 

EPD (10-100 V- cm-1) (see section 2.3) it can be suggested that bath agitation is the main factor 
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to keep the particles suspended and to transport the particles from the bulk of the solution to the 

cathode surface, as also proposed by Bazzard and Boden [65]. This hypothesis is supported by 

the different particle distributions observed between the two sides of the cathode, largely 

discussed in section 4.5.3, and also by the higher particle distribution observed around the pits 

left by the hydrogen bubbles and shown in Figure 4.80 for Ni-sub-micron-A1203  and in Figure 

4.81 for Ni-Al composites. The cross section image in Figure 4.80 a) and the top surface in 

Figure 4.80 b) clearly show that in the part of the film around the hole left by the hydrogen 

bubble the concentration of co-deposited A1203  was higher than in the rest of the film. This 

behaviour can be explained considering that the A1203  particles brought to the cathode surface 

by bath agitation were stopped by the growing hydrogen bubble and trapped between the 

substrate and the bubble. In this portion of interface there was accumulation of A1203  particles 

resulting in a higher concentration of A1203  than in other parts of the interface. Similar 

behaviour was also observed for Ni-Al composite systems, as reported in Figure 4.81. From 

these findings it is clear that the bath agitation plays a fundamental role in electro co-

deposition. 

Figure 4.77 b) clearly shows that some Al particles were partially embedded in the Ni 

layer (see arrows) and not completely covered by Ni (see Figure 4.77). The same behaviour 

was also observed for A1203  particles (Figures 4.49-4.51), but since these particles were much 

smaller than the Al particles (< 1 pm vs < 25 urn) this structure was less evident. Furthermore, 

it is shown in Figure 4.78 that the nickel deposition could start on the Al particles already 

embedded in the film (white dots indicated by the arrows), in agreement with the model 

proposed by Buelens and Celis [15, 16, 64] and described in section 2.3.3, even though more 

studies are needed to prove the reliability of this model. Since the reduction of the adsorbed 

ions is only possible on the conductive Al particles and not on A1203  particles this phenomenon 

cannot describe the main mechanism of the co-deposition process. 
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b) 

Figure 4.80 Back scattered SEM micrographs of a) the cross section of a hydrogen pit in a Ni-sub- 

micron-A1203  coating deposited from a solution containing 100 	of sub-micron-A1203  applying - 

20 mA•cm-2, b) the A1203  distribution around a hydrogen pit in a Ni-sub-micron-A1203  coating 

deposited from a solution containing 50 g/1 of sub-micron-A1203  applying -10 mA•cm-2  

Summarising, in order to have electro co-deposition the second phase needs to reach the 

electrode surface and then the amount of particles embedded depends on the metal deposition 

rate (current density) and on the number of collisions between the particles and the cathode 

surface. This second parameter is mainly influenced by the particle concentration in suspension 

and by bath agitation, as already discussed in section 4.5.5. 

Figure 4.81 SEM back scattered micrograph showing the Al distribution around a hydrogen pit in 

a Ni-Al coating deposited from a solution containing 100 g/1 of Al powder applying -32 mA•cm-2 . 

4.8 Summary 
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This chapter presented the work carried out for the deposition of nickel composite 

coatings on stainless steel substrate. The preparation of the substrate surface before deposition 

was fundamental to achieve good substrate/coating adhesion. The mechanical treatment 

increased the substrate surface roughness, which was considered to be the reason for an 

improved substrate/coating adhesion due to an interlocking mechanism between the two 

materials. Ultrasonically cleaning in acetone effectively removed grease, oil and eventual 

particles from the surface assuring the production of sharp, uniform and well defined interfaces. 

Nano-crystalline Ni coatings were successfully deposited galvanostatically from a nickel 

sulphate plating bath at room temperature. The optimised conditions employed for the nickel 

deposition were successfully applied to co-deposit both Al and A1203  particles in the films. The 

distribution and concentration of A1203  particles in the coatings depended on the solution 

hydrodynamics and on the conditions employed (particle concentration in the bath, particle size 

and current density). The amount of A1203  co-deposited in the films increased with the particle 

concentration in the bath and strongly depended on the metal growing rate, the flux of particles 

at the cathode, their residence time at the metal/solution interface and their size. The addition of 

A1203  influenced both the microstructure and the crystallinity of the nickel matrix and resulted 

in an increase in micro-hardness. The pure nickel and Ni-A1203  composite films resulted less 

corrosion resistance than stainless steel in both chloride and acid environment. In chloride 

environment the Ni-sub-micron-A1203  composite films presented better corrosion resistance 

than pure Ni and Ni-nano-A1203  films. 
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5. Electrophoretic deposition of PEEK-nano-A1203  composite 

coatings 

The aim of this part of the project is to investigate the deposition of polyetheretherketone 

(PEEK)-A1203  composite coatings on stainless steel AISI 316L substrates by electrophoretic 

deposition (EPD). Up to date the production of PEEK-A1203  composite coatings has not been 

investigated by either EPD or other techniques, but from studies on PEEK-A1203  composite 

bulk materials it is known that the composite has lower wear coefficient [24, 29], higher 

hardness, elastic modulus and tensile strength [26] than pure PEEK and that the addition of 

A1203  increases the thermal stability of PEEK rendering the composite a promising material for 

high-temperature applications [3, 25-28]. The results obtained applying the characterization 

techniques presented in chapter 3 are presented and discussed after the materials and methods 

sections. 

5.1 Materials 

The materials employed for this part of the work were nano-y-A1203  powder (544833) 

with particle size of —50 nm and surface area between 35 and 43 m2.g-I  purchased from Sigma 

Aldrich (Gillingham, UK) (henceforth referred to as "nano-A1203") and PEEK powder 

(Victrex® PEEK 150XF) purchased from Victrex® Manufacturing Ltd. (South Yorkshire, UK) 

with particle size <25 gm. The suspension media employed to prepare all the suspensions was 

ethanol with purity of 99.7-100% (VWR International Ltd., Lutterworth, UK). EPD was carried 

out on stainless steel AISI 316L (Fe/Cr18/Ni10/Mo3) foils with thickness of 0.2 or 2.0 mm 

obtained from Advent Research Materials Ltd. (Oxford, UK). These substrates were cut by a 

guillotine into 1.0 cm x 1.0 cm pieces. These pieces were used as electrodes, both cathode and 

anode, in the EPD cell. The electrodes were thoroughly ultrasonically cleaned in acetone (BHD 

Laboratory supplies, Poole, UK) for 5 min before EPD. 

5.2 Instruments and methods 

An electronic balance HR-120-EC from A&D Instruments Ltd. (Abingdon, UK) with a 

readability of 0.0001 g was used to weigh the components of the suspensions and the substrates 

before and after deposition. An ultrasonic bath USC300D VWR International (Leuven, 

Belgium) was employed to clean the substrate surfaces before EPD and to sonicate all the 

suspensions for 30 min in order to disperse the particles and break up any possible solid 

agglomerates. A Fisher Scientific (Loughborough, UK) magnetic stirrer (60-1200 rpm) was 

used to mix the suspension before each deposition and a Jenway 3510 pH meter (Jenway, Essex 

UK) to measure the suspension pH. 
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All the experiments for the electrophoretic deposition of PEEK, nano-A1203  and PEEK-

nano-A1203  coatings were carried out using the experimental set up shown in Figure 5.1. The 

EPD cell consisted of a 100 ml plastic jar containing 50 ml of suspension and two electrodes. 

The substrate was always a flat and square (1.0 cm x 1.0 cm) stainless steel piece, whereas the 

counter-electrode was flat and square shaped in the parallel configuration or a 2.0 cm radius 

cylinder made of stainless steel in the circular configuration (as shown in Figure 5.2). Before 

deposition the electrodes were ultrasonically cleaned in acetone for 5 min in order to eliminate 

grease from the surface. The electrodes were inserted in the cell by holding them with two 

conductive clips fixed to two copper bars. The two copper bars were kept still and in a precise 

position by a holder in order to maintain the electrodes at a constant distance and parallel to 

each other during the experiments. Before EPD, the electrodes were thoroughly immersed in 

the suspension avoiding any clip-suspension contact to prevent contamination. The electrode 

alignment and the distance between them were accurately checked and measured before each 

experiment. 

Electrodes 

EPD cell 

Power supply 

Multimeter 

Figure 5.1 Image of the experimental set up employed to perform electrophoretic deposition in 

parallel configuration. 

a) 	 7 b) 

Figure 5.2 Images of the cylindrical configuration employed in some of the EPD experiments, a) 

out of the cell and b) immersed in the suspension. 
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The experiments were carried out employing a TTi EL561 power supply (Thurlby 

Thandar Instrument, Huntingdon, UK) connected to a TTi 1906 computing multimeter 

(Thurlby Thandar Instrument, Huntingdon, UK). The power supply was connected to one of the 

copper bars of the cell directly through a cable and to the other one through the multimeter 

originating a series arrangement. The system was so connected in order to transmit a constant 

potential to the two electrodes and to know their respective charges to distinguish the cathode 

(negative electrode) from the anode (positive electrode). In addition the multimeter was 

connected to a computer to record the variation of current intensity during EPD. The accuracy 

of the multimeter is 0.08 % + 12d (where d is digits). For example, the error on a current of 

0.061 µA was (0.061 x 0.08% + 0.012) µA (=0.016 µA). 

All EPD experiments were conducted applying a constant difference of potential between 

the two electrodes, which were kept at a constant known fixed distance during the process, in 

order to produce a constant and known electric field. The distance between the electrodes is not 

a fundamental variable in EPD, but it is strictly correlated to the potential difference applied. In 

fact AV between the two electrodes is given by: 

AV = AVanode + AVcathode + AVsuspenslon 	 [5.1] 

where AVanode  and AVcathode  are the potential differences of the two interfaces metal/suspension 

and AVsnspension  is the potential difference of the bulk of the suspension. The contributions of 

AVanode and AVcathode can be considered constant because the interfaces do not change during the 

experiments. While AVsuspension  strongly depends on the resistance R of the suspension, which is 

expressed by: 

 

R= p • //A 	 [5.2] 

where p [SI cm] is the resistivity, 1 [cm] the length of the path (distance between the two 

electrodes) and A [cm2] the cross section of the suspension (cross section of the two electrodes 

in the suspension). In this system, p and A are constant and therefore AV depends just on the 

distance 1 between anode and cathode. 

In the present study 50 ml suspension were employed at room temperature for a total 

deposition time of 150 min, independently of the duration of each individual deposition, 

because the composition could have considerably changed due to the evaporation of the ethanol 

and to the loss of the deposited powder. After the deposition the samples were dried at room 

temperature in the laboratory or in a desiccator (just the nano-A1203  samples) for 24 h. 

As described in section 2.3.1, the coatings deposited by EPD usually require a suitable 

heat-treatment after the deposition to further densify the deposit and to increase its adhesion to 

the substrate. This treatment on PEEK and PEEK-nano-A1203  coatings was carried out using a 

heating rate of 10°C•min 1  in an electric ashing furnace from Carbolite (Chelmsford, England). 

The same furnace was also employed to determine the weight ratio of PEEK and nano-A1203  in 

coatings deposited applying different conditions. This study was carried out weighing around 

20 mg of powder obtained from four coatings deposited in the same conditions before and after 
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a heat-treatment at 700°C with a heating rate of 10°C•min-1, that completely burn out the PEEK 

powder and leaves just nano-A1203  in the platinum container. 

5.3 Deposition of PEEK coatings 

5.3.1 Characterisation of the PEEK powder 

i) SEM analysis 

Figure 5.3 SEM image showing the morphology and size of the PEEK particles. 

The morphology and size of the PEEK particles employed are shown in Figure 5.3. The 

particles present a size range between 5 and 45 um and different shapes, some are flatter and 

some more oblong than others. The powder was used in the as-received condition for this 

investigation. 

ii) Particle size distribution 
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Figure 5.4 Particle size distribution of the PEEK powder in ethanol. 
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Table 5.1 Data for the particle size distribution of the PEEK powder in ethanol. 

High Under 
Size 	% 

High Under 
Size 	% 

High Under 
Size 	% 

High Under 
Size 	% 

High Under 
Size 	% 

High Under 
Size 	% 

600 100 203 100 68.5 98.4 23.1 57.1 7.82 8.1 2.64 1.8 D[4,3] 
544 100 184 100 62.1 97.7 21.0 50.2 7.08 6.6 2.39 1.6 23.88 gm 
493 100 166 100 56.2 96.5 19.0 43.5 6.42 5.5 2.17 1.4 D[3,2] 
446 100 151 100 50.9 94.9 17.2 37.1 5.82 4.6 1.97 1.2 13.88 p.m 
404 100 137 99.9 46.2 92.8 15.6 31.3 5.27 3.9 1.78 1.1 D[v,0.9] 
366 100 124 99.9 41.8 89.9 14.1 26.2 4.77 3.4 1.61 0.9 41.92 pm 
332 100 112 99.8 37.9 86.3 12.8 21.7 4.33 3.0 1.46 0.8 D[v,0.1] 
301 100 102 99.7 34.3 81.8 11.6 17.9 3.92 2.7 1.32 0.6 8.70 gm 
273 100 92.1 99.6 31.1 76.5 10.5 14.7 3.55 2.5 1.20 0.4 D[v,0.5] 
247 100 83.4 99.3 28.2 70.6 9.52 12.0 3.22 2.2 20.92 µm 
224 100 75.6 99.0 25.5 64.0 8.63 9.8 2.92 2.0 

The PEEK particle size in ethanol suspension containing 3 wt.% of powder was 

determined using a Low Angle Laser Light Scattering technique (see section 3.9) based on the 

fact that the diffraction angle is inversely proportional to the particle size [259]. The results 

obtained are shown in Figure 5.4 and listed in Table 5.1. The majority of the PEEK particles 

were between 10 and 40 gm with a D50 (average particle size) of 20.92 gm; this range is in 

agreement with the SEM analysis reported in Fig. 5.3. Moreover, the particle size measurement 

in Figure 5.4 showed that some PEEK particles were < 150 gm; this result is in contrast with 

the SEM analysis and can be explained considering particle agglomerations in suspension. 

iii) XRD analysis 
The PEEK powder as received was semi crystalline, as shown in the XRD analysis 

reported in Figure 5.5; this result is in agreement with the XRD spectra shown for PEEK 

Victrex in previous investigations [26, 192, 201, 208]. 

Figure 5.5 XRD analysis showing the crystallinity of the PEEK powder as received. 

iv) TGA and DTA analysis 
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The thermal gravimetric analysis of the PEEK powder shown in Figure 5.6 provides 

information on the PEEK thermal stability as a function of the temperature. The TGA graph 

(Figure 5.6) obtained applying a heating rate of 10°C•mitil  shows that the PEEK powder is 

considerably stable at temperatures below 550°C. At this temperature the PEEK powder started 

to burn out and consequently the weight started to decrease. At 650°C the material was 

completely decomposed. 

Figure 5.6 Change in weight of the PEEK sample with the increase of temperature (TGA) at 

heating rate of 10°C•min 1. 

It could be observed that even if constant heating rate of 10°C•min" i  was applied the 

increase in temperature during the experiment was not linear (10°C•min-1), in fact an 

exothermic peak and a shoulder are visible in Figure 5.7 a) at around 600°C and they are 

probably due to two considerably exothermic reactions of decomposition of the polymer. The 

effect of these two exothermic reactions is also shown by the two exothermic peaks in Figure 

5.7 b). Moreover, in the DTA graph shown in Figure 5.7 c) it can be seen an endothermic peak 

between 320°C and 360°C that correspond to the melting of the PEEK powder. This 

temperature is in agreement with the value of 343°C reported in the literature [6-9, 187-190] 

and by the manufacturer [221]. 
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Figure 5.7 a) Temperature vs time, b) Heat flow vs time and c) Heat flow vs temperature graphs 

obtained from DTA of PEEK powder with at heating rate of 10°C•miril. 

v) DSC analysis 

Figure 5.8 DSC analysis of the pure PEEK powder. 
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Figure 5.8 shows the DSC analysis of pure PEEK powder. At around 100°C there was 

some noise that was not observed in samples with different amounts of PEEK (see section 

5.5.8) and at around 150°C there was a shoulder that could probably be the PEEK glass 

transition temperature, as also reported by Simonin and Liao [10] on Victrex® PEEK powder 

and by Bas et al. [273] on PEEK powder produced by a different manufacturer. The main peak 

shown by this analysis was the distinct melting endothermic peak at 349°C in the same range of 

temperature of the one obtained from the DTA analysis (Figure 5.7 c)). The starting material 

was semi-crystalline, as shown in Figure 5.5, and no crystallization exothermic peaks were 

observed during heating, as also reported by Simonin and Liao [10]. 

The heat of fusion of PEEK powder, calculated from the area of the melting peak, was 

58.88 J•g 1. It is known from the literature [274, 275], that the % of crystallinity of a polymer 

can be estimated from the DSC analysis knowing the enthalpy of melting of the sample and that 

of the 100% pure crystalline polymer and assuming a crystalline/amorphous behaviour of the 

polymer. Knowing that the heat of fusion of 100% pure crystalline PEEK is 130 J•g 1  [10, 26, 

205] it was possible to estimate the degree of crystallinity of the as received powder to be 45% 

[274, 275]. 

vi) Zeta potential analysis 

Figure 5.9 Zeta potential vs pH of a 3 wt.% PEEK suspension in ethanol. 

The variation of the zeta potential with the "operational" pH for a 3 wt.% PEEK 

suspension in ethanol was measured as described in section 3.10 and it is shown in Figure 5.9. 

Figure 5.9 shows that the PEEK particles in ethanol present a negative zeta potential between 

pH 2 and 12 with the higher zeta potential of -40 mV at around pH 8, which is the pH of the 

suspension in as prepared conditions. The isoelectric point was around pH 12 and the 

conductivity of the as prepared suspension was 9 ptS 
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Figure 5.10 Zeta potential of a PEEK suspension in ethanol as published by Wang et al. [187]. 

It has to be underlined that the zeta potential values obtained in this study were 

remarkably different from those reported in the literature by Wang et al. [187, 189] and shown 

in Figure 5.10. In fact for Wang et al. [187, 189] the isoelectric point is at pH 5 instead of pH 

12 and the zeta potential is positive at pH < 5 instead of being negative as emerged from this 

study (Figure 5.9). This difference can be probably due to the different instruments employed; 

in fact the Zeta Plus (Brookhaven Instrument Corporation) employed by Wang et al. [187, 189] 

utilizes a laser to measure the zeta potential and therefore the suspension analysed must be at 

least 20 times more dilute that the one analysed in this research (see section 3.10). 

However, even if the zeta potential trends in Figure 5.9 and Figure 5.10 are remarkably 

different, both sets of data present the higher negative zeta potential occurring at an operational 

pH of 8, which is the pH employed for the deposition of PEEK in this research and by Wang et 

al. [189]. Considering the difficulties in measuring the pH in ethanol (e.g. pH is a measure of 

the acidity in aqueous media and therefore it loses its validity for non aqueous media [20, 

184]), the possibility of using the suspension in as prepared condition is also an advantage not 

needing to change the pH adding hydrochloric acid, as described by Wang et al. [187] and 

Boccaccini et al. [188]. 

5.3.2 EPD parameters for PEEK deposition 
Initially ethanol was chosen as a suspension media to electrophoretically deposit PEEK 

coatings following the results reported in the literature by Wang et al. [187, 189] and 

Boccaccini et al. [188] and described in section 2.3.6.2. It seemed from the literature that the 

main effect contributing to the stability of polymeric suspensions in ethanol was the steric 

effect between the loose polymer chains extending out of the polymer particles. To achieve a 

well dispersed suspension the polymer chains should be in an extended configuration to 

produce steric repulsions when the chains interact [189]. 

Subsequently, from the measurements reported in Figure 5.9, it was clear that ethanol 

would have been a good suspension media considering that at pH around 8 the suspension 
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presented low conductivity and high zeta potential, both essential prerequisites for stable 

suspensions. The suspension at pH 8 was also employed for EPD by Ma et al. [189], whereas 

Wang et al. [187] and Boccaccini et al. [188] used the suspension at pH 5.5. 

Considering that the particles presented a high negative charge at pH 8 (Figure 5.9) the 

deposition was expected to occur on the positive electrode. In order to optimize the EPD of 

PEEK particles a test matrix for a range of variables (deposition time, suspension 

concentration, difference of potential, distance between the electrodes and electrode 

configuration) was designed (Table 5.2). The parameters in Table 5.2 were systematically 

varied in wide ranges and their influence on the deposit quality was comprehensively studied to 

optimize the EPD conditions, as discussed below. 

Table 5.2 Summary of the parameters investigated and the ranges in which they have been varied 

for EPD of PEEK particles. 

Parameters Range 

Suspension concentration 1, 3, 4, 5, 6 wt.% 

Deposition time 30 s to 10 min 

Difference of potential applied 6 to 56 V 

Distance between the electrodes 0.8 to 2.0 cm 

Electrode configurations 
Parallel electrodes and 

circular configuration 

i)Deposition time 
The first experiments were carried out for less than 3 min because it was observed that 

very shortly after the stirring was stopped (< 2 min) most PEEK particles in suspension started 

to settle (Figure 5.11). In order to counteract the sedimentation, some experiments were carried 

out while magnetic stirring the suspension but no deposition was observed even when a very 

slow stirring rate was employed. This behaviour was explained considering that stirring 

generates a flow in the liquid that can interact with the movement of the particles under the 

electric field influence. 

Therefore, in order to obtain relatively thick films in a short deposition time, it was 

necessary to apply high electric fields or to use highly concentrated suspensions. Some 

experiments were carried out using a 6 wt.% suspension and applying 40 V between two 

parallel electrodes at 2 cm distance, but in this case the films were deposited mainly on the 

edges of the substrate, as shown in Figure 5.12. These results demonstrated that the particles 

were highly charged in the suspension, in agreement with the zeta potential measurements 

shown in Figure 5.9, but it was also apparent that the electric field was higher on the substrate 

edges than in the centre, as also demonstrated by the studies reported by Kurnosov et al. [276]. 
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PEEK 
4—  sedimentation 

Figure 5.11 6 wt.% PEEK suspension in ethanol 2 min after the stirring was stopped showing 

abundant PEEK sedimentation on the bottom of the cell (arrow). 

Figure 5.12 PEEK coatings deposited from 6 wt.% suspension in ethanol applying 40 V for 90 s 

with the two electrodes at 2 cm distance. 
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Figure 5.13 a) PEEK coatings deposited from a 6 wt.% suspension applying 56.4 V for 30 s with 

the cylindrical electrode configuration and 1.7 cm distance between the electrodes, as schematically 

shown in b). The substrate was previously ground with 120 grit SiC paper. 

In order to homogenise the electric field, the cylindrical configuration of the EPD cell 

(see Figure 5.2 and Figure 5.13 h)) was employed, but even in these conditions a considerable 

edge effect was still observed. Moreover, when the sample was taken out from the suspension, 
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it was observed that a large agglomerate slid down and fell from the substrate; therefore it 

seemed that the coating was too heavy to be supported by the electrode. This was a further 

confirmation that the particles in the suspension were highly charged and that they were 

deposited by EPD. In order to increase the keying effect adhesion between the two materials, as 

described in section 4.3, the substrate surface was roughened with 120 grit SiC paper before 

deposition and the deposition time was reduced to 30 s. Also in these conditions the coating 

slid off the substrate as shown in Figure 5.13 a). All these coatings were fragile and parts of 

them easily flaked off. 

a) 	 b) 

Figure 5.14 PEEK coatings deposited from a 6 wt.% suspension in ethanol applying a) 15.0 V for 5 

min and b) 8.0 V for 7 min with the two parallel electrodes at the distance of 2 cm. 

Figure 5.15 Coatings deposited from a 1 wt.% PEEK suspension in ethanol with a distance 

between the electrodes of 0.8 cm and applying a difference of potential of 56.4 V. From left to right 

the deposition times were 1, 3, 5 and 7 min. 

Considering that uniform coatings are needed and that the edge effect has to be 

eliminated or at least decreased, the deposition rate was lowered by decreasing the electric field 

(variation of difference of potential, distance between the electrodes or both) and allowing 

longer deposition time. The deposited films seemed to be more uniform and the edge effect 

smaller, as shown in Figure 5.14 a) and b). 

Similar results were also obtained using a more dilute suspension (1 wt.%); in this case a 
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higher electric field (56.4 V, electrode distance of 0.8 cm) was needed to achieve deposition 

and it was observed that the longer the deposition time the thicker the films deposited, as 

expected from Hamaker's equation (equation 2.15 in section 2.3.4) and shown in Figure 5.15. 

In the two middle samples in Figure 5.15 it is observed that an area of the coating has not been 

covered; this phenomenon has been observed in few samples and can be explained by the 

surface tension allowing the liquid to travel up into the crocodile clip during the deposition and, 

when the sample is removed from the cell the liquid is released washing away part of the 

coating. This defect can be easily eliminated avoiding contact between the suspension and the 

clip during the deposition. 

ii) Suspension concentration 
The effect of suspension concentration was investigated varying this parameter from 1 to 

6 wt.%, as described by Wang et al. [187] and Boccaccini et al. [188]. It was observed visually 

that with increasing PEEK concentration, the rate of deposition and the thickness of the deposit 

increased keeping all the other parameters constant. This behaviour was explained by 

Hamaker's law (equation 2.15 in section 2.3.4), that states that the yield of the deposition is 

directly proportional to the concentration of the particles in suspension. In a more concentrate 

suspension the number of charged particles deposited per unit of time is higher. 

iii) Difference of potential and distance between the electrodes 
The difference of potential applied in combination with the distance between the 

electrodes (d) defines the magnitude of the electric field which plays a fundamental role in the 

EPD process. It was observed that increasing the electric field strength the thickness of the 

deposited coatings from the same suspension increased (compare Figures 5.12 (20 V. cm-I) and 

5.14 b) (4 V-cm-I)); this behaviour is explained considering the higher deposition rate due to 

higher electrophoretic mobility of the suspended particles [22]. This observation was in perfect 

agreement with Hamaker's law (equation 2.15 in section 2.3.4) that states that the deposit 

weight is directly proportional to the electric field applied. However, it was also observed that 

when higher electric fields were applied the coatings presented edge effects if more 

concentrated suspensions were employed, as discussed above (see the edge effect in Fig. 5.12). 

iv) Summary of deposition results 
From all the results achieved and discussed above it was determined that both suspension 

concentration and electric field have similar effects on the PEEK deposition kinetics and that 

different suitable combinations of these two parameters permit the deposition of uniform and 

reproducible PEEK coatings. Uniform coatings were obtained at 7 min deposition time from a 

1 wt.% PEEK suspension applying 56.4 V (d = 0.8 cm), a 4 wt.% PEEK suspension applying 

20 V (d = 1.5 cm) and a 6 wt.% PEEK suspension applying 8 V (d = 1.5 cm). These three 

184 



Ilaria Corni 

combinations of the parameters affecting the EPD were thus recognised as the best conditions 

to achieve uniform PEEK deposits. 

Moreover it can be stated that in order to avoid the edge effect a slow deposition rate is 

needed; this can be achieved varying the suspension concentration and the electric field, e.g. by 

keeping a low suspension concentration and increasing the electric field and vice versa. 

Applying slow deposition rates, the deposition time should be obviously longer in order to 

obtain relatively thick films. It was also observed that magnetically stirring the suspension 

before deposition did not significantly affect the uniformity of the coating when longer 

deposition times were employed because the PEEK particles were quite heavy and started to 

sediment not long after the stirring was stopped. All the coatings were deposited on the positive 

electrode (anode) meaning that the PEEK particles were negatively charged, confirming the 

zeta potential results (see Figure 5.9 in section 5.3.1). 

5.3.3 Current intensity 
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Figure 5.16 Current intensity vs time measured during EPD from a 6 wt.% PEEK suspension in 

ethanol for different electric fields with the two electrodes separated from 1.5 cm. 

The current intensity measured during all the experiments increased with increasing 

applied voltage, in agreement with Ohm's first law considering that the resistance of the 

solution remains constant during the process. Moreover, the current intensity slightly decreased 

during EPD at constant voltage because of the increase of the coating thickness, which 

produces an ohmic resistance causing the drop of the potential applied. These behaviours are 

represented in Figure 5.16 where the current intensity was measured during EPD from a 6 wt.% 

PEEK suspension. 

5.3.4 Microstructure of PEEK coatings 
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a) 
1 tl 

c) 

Figure 5.17 SEM images of a coating deposited from a 6 wt.% PEEK suspension in ethanol 

keeping the electrodes at 2 cm distance and applying a difference of potential of 8.0 V for 7 min at 

a) low, b) medium and c) high magnification, showing coating morphology and microstructure. 

Figure 5.17 shows SEM images at different magnifications of a PEEK coating obtained 

by EPD from a 6 wt.% PEEK suspension applying a difference of potential of 8.0 V for 7 min 

and keeping the electrodes ad 2 cm distance. It was observed that the coatings were uniform all 

over the substrate surface, but they exhibited numerous micro-cracks (Figure 5.17 b)). It is 

worth noting that the mean size of the deposited particles (see Figure 5.17 c)) was smaller than 

that of the starting material (Figure 5.3), probably because the bigger (heavier) particles 

precipitated during the deposition. 

5.3.5 Heat-treatment of PEEK coatings 
The as deposited PEEK coatings were fragile and easily flaked off the substrates, 

therefore a heat-treatment was needed to densify the coatings and to increase their adhesion to 

the substrate increasing also the film mechanical properties. Knowing that the melting 

temperature of PEEK is —343°C, as stated by the manufacturer [221] and confirmed by the 

DTA analysis reported in Figure 5.7 c); the heat-treatment step was carried out at this 

temperature (343°C) with a heating rate of l0°C•min-1  and 30 min holding time, similar 

conditions to those reported by Wang et al. [187] and Boccaccini et al. [188]. 

The colour of the PEEK coating is a rapid indication of the heating process undertaken 

by the material; in fact the PEEK is white before heat-treatment (see Figure 5.14) and brown 
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(light or dark) after melting (Figure 5.18). After the heat-treatment in these conditions, the 

coatings seemed quite uniform (see Figure 5.18 a)), even if in some coatings it was possible to 

observe part of the substrate left uncovered (see Figure 5.18 b)). This behaviour is easily 

explained considering that PEEK shrinks 42% during melting, as shown in Figure 5.19. The 

PEEK shrinkage was calculated using heating microscopy (see section 3.8) and applying 

equation 3.4 in section 3.8 to the area of the pellet at 25°C (Figure 5.19 a)) and at 343°C 

(Figure 5.19 b)). It could be therefore concluded that the conditions employed: 343°C for 30 

min with a heating rate of 10°C•rnirf 1  were optimal to heat-treat the PEEK coatings even 

though the substrate coverage was not satisfactory. 

a) b) 

Figure 5.18 Images of two PEEK coatings after heat-treatment at 343°C for 30 min with a heating 

rate of 10°C•min-1. The circle in b) shows part of the substrate left uncovered after heat-treatment. 

a) b) 

Figure 5.19 Images taken with a heating microscope of the same PEEK cubic pellet a) at 25°C and 

b) 345°C with a heating rate of 10°C•min' and showing the shrinkage of PEEK with temperature. 

Therefore, in order to increase coverage, thickness and uniformity of the deposited 

coatings, both the electrophoretic deposition and the heat-treatment were repeated on the same 

substrate twice. Figure 5.20 shows a PEEK coating deposited on a substrate that was previously 

coated and heat-treated. It can be seen that there was deposition of PEEK over the previous 

coating and that the second coating was not uniform. This result can be explained considering 

that where the previous coating was thinner or absent the electric field was higher producing a 
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thicker deposit, whereas where the previous coating was thick there was no deposition, as 

schematically represented in Figure 5.21. The second coating was also heat-treated under the 

same conditions producing a quite uniform film without cracks that covered the whole area of 

the substrate, as shown in Figures 5.22 and 5.23. 

Figure 5.20 Image of a coating deposited from 1 wt.% PEEK suspension applying 56.4 V for 7 min 

with 0.8 cm distance between the electrodes. The substrate employed was already coated in the 

same conditions and heat-treated at 343°C for 30 min with a heating rate of 10°C•min-I. 

--__ 	----- 

First coating 	 First and second coating 

Figure 5.21 Representation of the first PEEK coating and of both coatings schematically showing 

how a uniform coating can be achieved. 

b 

Figure 5.22 Images of the specimen coated twice and heat-treated at 343°C for 30 min with a 

heating rate of 10°C•min-1; a) flat substrate and b) substrate bent after heat-treatment. 

The microstructure analysis of the PEEK coating after the second heat-treatment step 

showed that the deposited PEEK powder was completely melted and that there were no cracks 

with the substrate being completely covered by the deposited film (Figure 5.23 a) and b)). 
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Figure 5.23 c), which is a cross section of the PEEK coated substrate, shows that the coating 

thickness was uniform and of around 25 um and that the film was well adherent to the substrate 

in the whole sample. From the cross section analysis it seemed that the coating was fully dense 

and without residual porosity. Moreover from the observation of the bent sample (Figure 5.22 

b)) it seemed that there was a qualitatively good stainless steel/PEEK coating adhesion. 

Therefore the heat-treatment conditions employed (343°C for 30 min with a heating rate of 

10°C•min') could be considered optimal. 

Figure 5.23 SEM images of the second PEEK coating heat-treated at 343°C for 30 min with a 

heating rate of 10°C•min-', a) top view at x 200, b) top view at x 500 and c) cross section. 

The adhesion between the stainless steel substrate and the PEEK film considerably 

increases after the heat-treatment. This phenomenon was explained considering that during the 

heat-treatment the polymer melts and permeates in the substrate surface and during cooling 

solidifies within the substrate surface cavities providing a mechanical interlocking effect 

between the two materials, as also observed by Wang et al. [187] for PEEK films deposited by 

EPD and by Palathai et al. [7] for the deposition of PEEK coatings by thermal spraying. A good 

adhesion between stainless steel and PEEK was also observed when PEEK pellets were melted 

in the same conditions employed for the PEEK coatings on a stainless steel stand. The surface 

of the stainless steel substrate employed can be represented by the 3D plot shown in Figure 

5.24 and presented an average rms of 0.18 ± 0.04 tun and Ra of 0.10 ± 0.02 um (for more 

details see section 4.3) as measured by Zygo®. 
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Figure 5.24 3D plot of the major area of the stainless steel AISI 316L surface obtained by white 

light interferometry (Zygo®). 

During the heat-treatment also the PEEK crystallinity changed, as shown by the 

comparison between the XRD spectra of the starting material and of the PEEK powder-treated 

at 343°C for 30 min with a heating rate of 10°C•min-1  reported in Figure 5.25. Similar XRD 

spectra were also reported in previous investigations [3, 27, 201, 208, 209, 277, 278]. The 

position of the peaks did not change during the heat-treatment, but their intensity become 

higher due to the increase of crystallinity of the material. In particular, it could be observed a 

thinning of all the peaks and a greater increase of the (200) peak compared to the others, as also 

reported by Arous et al. [277]. 

0 

10 	15 	20 	25 	30 	35 	40 
2 theta [degree] 

Figure 5.25 XRD analysis showing a comparison between the crystallinity of the PEEK powder as 

received and after heat-treatment at 343°C for 30 min with a heating rate of 10°C•min-1. 

Studies about the influence of the heat-treatment temperature on the PEEK crystallinity 

have been reported in the literature using both annealing and melting. From the annealing 

studies [6, 11, 277, 278], it emerged that the crystallinity of amorphous PEEK increased with 

increasing temperature between 160°C and 320°C and increasing holding time. From DSC 
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studies on molten PEEK, it has been reported that the crystallization temperature shifts to lower 

temperatures as the cooling rate increases (indicatively in the range of 5-30°C•miri') [26, 205] 

and is between 311°C and 260°C depending on the cooling conditions [3, 26, 27, 201, 205, 

209, 273]. In all the experiments carried out in this research (coatings and pellets), PEEK was 

heated up to the melting temperature (343°C), kept at this temperature for 30 min and cooled 

down at a constant and reproducible cooling rate of around 1°C•mirf l  (loss of heat of the closed 

ashing furnace). Being the crystallization temperature (160-320°C) lower than the melting 

temperature (343°C), during cooling the molten samples reached the crystallization temperature 

and this explains the increase of crystallinity of the PEEK powder after the heat-treatment 

(Figure 5.25). In addition, the slow cooling through the crystallization temperature further 

enhances the PEEK crystallinity; it has been reported by Kuo et al. [205] that the lower the 

cooling rate used the higher the crystalline fraction of the material due to the longer available 

crystallization time; whereas PEEK samples cooled extremely rapidly, e.g. quenched in 

ice/water, have been reported to remain amorphous [10, 278]. 

5.4 Deposition of alumina coatings 

5.4.1 Characterisation of the nano-A1203  

1) TEM analysis 
The distribution of the nano-A1203  particles in the suspension employed for EPD and 

their shape and size range are shown in Figure 4.48. From the TEM observations it was clear 

that the nano-A1203  particles were well-dispersed in the suspension, they were spherical and 

with size between 10 and 100 nm, whereas the size range given by the manufacturer was 40-47 

nm. 

ii) XRD analysis 
The XRD analysis of the nano-A1203  powder (Figure 4.47) shows that this powder is a 

mixture of *Al2O3S- 	(46-1215, orthorhombic), 6-A1203 (16-0394, tetragonal) and y-A1203  (48- 

0367). 

iii) Zeta potential analysis 
The variation of the zeta potential with the "operational" pH of a 3 wt.% nano-A1203  

suspension in ethanol was measured as described in section 3.10 and it is shown in Figure 5.26. 

Figure 5.26 shows that the zeta potential of nano-A1203  particles in ethanol is positive in all the 

pH range analysed (2-13). The higher zeta potential is + 60 mV at around pH 5.5 which is the 

pH of the suspension without any addition of acid or base. This suspension was remarkably 

stable against sedimentation for few days and its excellent dispersion can further confirm that 
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the nano-A1203  particles were highly charged in these conditions and had little tendency to 

coagulate. The considerable stability of the suspension can be also due to the nano-size of the 

particles employed. As already mentioned for the PEEK suspension (section 5.3.1), the 

opportunity to use the suspension in as-prepared condition is a great advantage since there is no 

need to adjust the pH avoiding possible experimental errors, due to the difficulties in measuring 

the pH in ethanol. The conductivity of the suspension as prepared was 111..tS•cm-1. 

Figure 5.26 Zeta potential vs pH of a 3 wt.% nano-A1203  suspension in ethanol. 

10 	12 	14 
Ore rct r• of it 

Figure 5.27 Zeta potential of A1203  (phase not stated) in ethanol as a function of the operational 
pH, as reported in ref. 1137]. 

It has to be mentioned that the zeta potential variation shown in Figure 5.26 was 

remarkably different from that reported in the literature [137, 178, 180, 182, 183] and shown in 

Figures 5.27-5.29. All these data show an isoelectric point that varies from pH 7.1 (Figure 5.27) 

[137], to pH 9 (Figure 5.28) [178] and 9.5 (Figure 5.29) [180], while, as shown in Figure 5.26, 

the isoelectric point of the suspension used in this study is probably at pH higher then 12. It is 
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important to note that the zeta potential measurements reported in Figures 5.27 and 5.28 were 

carried out on the same kind of alumina powder (AKP-50, Japan) and they are quite different 

probably for the use of different instruments, methods and different suspension concentration. 

In fact Wang et al. [184] reported that the isoeletric point can shift to higher operational pH 

values with increasing particle concentration in suspension. This second explanation is not 

certain since in the literature [137, 178] the suspension concentration was not reported. 
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Figure 5.28 Zeta potential of A1203  (phase not stated) in ethanol as a function of pH, as reported by 

Chen et al. [178]. 
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Figure 5.29 Zeta potential and electrical conductivity of y-A1203  suspension in ethanol as a function 

of pH, as reported in ref. 1180]. 

The existence of the isoelectric point for A1203  suspensions has been explained 

considering an acidity-dependent surface charge of the alumina particles in ethanol. In fact all 
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the oxides present high surface charge in suspension due to the surface hydroxyl groups (-OH) 

available on their surfaces, which: 

• lose a proton in presence of OH-  (basic pH) and become negatively charged, for example: 

A1OH + OH" —> A10-  + H2O 

or gain a proton in presence of I-1+  (acidic pH) and become positively charged, for 

example: AIOH + —• Al0H2+  

Considering the point of zero charge as the pH value at which the surface concentration of 

(A10-) and (A10H2+) are equal, the surface charge would be negative at pH > pH (pzc) and 

positive at pH < pH (pzc) [22, 137, 178, 182, 183, 220]. 

Moreover, it is fundamental to state that, even if the zeta potential trends in Figure 5.26 

and those reported in the literature (Figures 5.27-5.29) are fairly different, all of them present 

high positive values of zeta potential in the acidic region, which is the region of pH employed 

for the deposition of alumina in this research, as discussed next. 

5.4.2 EPD of alumina coatings 
The deposition of pure A1203  coatings on stainless steel by EPD was not the major aim of 

this project considering the numerous researches carried out on this topic in the last 20 years 

(see section 2.3.6.1) from both aqueous and organic suspensions. However, some nano-A1203  

depositions were carried out here for comparison with PEEK coatings and PEEK-nano-A1203  

composite coatings. 

For the nano-A1203  deposition, it was decided to use ethanol as a suspension media to 

maintain the conditions as similar as possible to those applied to deposit PEEK in section 5.3. 

This decision was based on the fact that the main goal of this part of the project was the 

deposition of PEEK-nano-A1203  composite coatings in one step; therefore the use of similar 

conditions to deposit PEEK and nano-A1203  separately should have provided information on 

the behaviour of these two materials in ethanol to better understand the production of the 

composite. The nano-A1203  powder was suspended in ethanol as described by Boccaccini et al. 

[169] with a concentration of 3 wt.% instead of 12 wt.% and it was sonicated for 30 min. There 

was no need to change the suspension pH because from the zeta potential measurements 

reported in Figure 5.26, it resulted that these particles presented the highest positive charge in 

ethanol in as-prepared conditions (pH around 5.5). Moreover, considering the high stability of 

the suspension, magnetic stirring before the deposition was not needed. 

The deposition of nano-A1203  coatings was carried out varying the difference of potential 

between 10 and 40 V between two stainless steel electrodes at 2.0 cm distance and modifying 

the deposition time to achieve relatively thick coatings. All depositions took place on the 

negative electrode (cathode) as expected considering the positive zeta potential of the particles 

(Figure 5.26). From all the conditions employed it seemed that those producing the more 

homogeneous coating were the following: a difference of potential of 40 V for 5 min with the 
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two parallel electrodes at the distance of 2 cm. The coatings were uniform immediately after 

the deposition, but they cracked upon drying as shown in Figure 5.30. The cracks were visible 

to the naked eye even when a slower drying process, achieved keeping the samples in a 

dessicator for 24 hours, was employed. It was also observed that the thicker the coating the 

more it flaked off. 

Figure 5.30 Image of an alumina coating deposited from a 3 wt.% nano-A1203  suspension applying 

40 V for 5 min between two parallel electrodes at the distance of 2 cm and dried in a dessicator for 

24 h. 

The cracking of A1203  films on steel plates upon drying was also reported in previous 

research [125, 169, 181] and explained considering the stress produced by the capillary 

pressure of the solvent (ethanol) diffusing towards the surface of the film to evaporate [125, 

181] or considering the different shrinkage between the coating and the substrate during the 

drying process [125, 169]. This difference in shrinkage produces tensile stresses that lead to the 

formation and propagation of cracks [125, 169]. It has been reported in the literature that to 

avoid cracking upon drying, the capillary pressure of the solvent has to be reduced; this can be 

achieved using a low surface tension solvent (e.g. ethanol) or slowing down the drying process 

by increasing the vapour pressure of the solvent in the drying chamber, or using freeze drying 

that removes all the capillary stresses subliming the solvent phase. Belaroui et al. [181] 

reported that even using almost saturated vapour pressures the microcracks in nano-A1203  

coatings were still visible and in order to decrease the amount of microcracks the film thickness 

should have been less than 1 p.m. 

5.4.3 Current intensity 
The current intensity was monitored during the experiments and some data are shown in 

Figure 5.31. Two main behaviours can be observed: the current intensity increased applying a 

stronger electric field, as expected by Ohm's first law, and the current intensity slightly 

decreased with the deposition time due to the increased ohmic resistance of the film that 

produces the drop of the potential applied. These behaviours were also observed during PEEK 

deposition, as shown in Figure 5.16 in section 5.3.3. 
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Figure 5.31 Current intensity vs time measured during EPD from a 3 wt.% nano-A1203  suspension 

in ethanol for different voltages with the two electrodes at 2 cm distance. 

5.4.4 Microstructure of alumina coatings 

c)11E1111110:;:.*4:437**, -7, 

Figure 5.32 a) SEM and b-c) FEG-SEM images of an A1203  coating deposited from a 3 wt.% nano-

A1203  suspension applying 40 V for 5 min with 2 cm electrode distance and dried in a dessicator 

for 24 h. a) and b) are low magnification images showing deep cracks, c) is a high magnification 

image showing the organisation of the nano-A1203  particles. 
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Figure 5.32 shows the microstructure of a nano-A1203  coating deposited using the 

optimized conditions (difference of potential of 40 V for 5 min and 2 cm distance between the 

two parallel electrodes) described in section 5.4.2. Figure 5.32 a) and b) clearly demonstrate 

that the coatings presented numerous, quite regular and deep cracks and that the coating 

adhesion to the substrate was quite poor, in particular in Figure 5.32 a) the stainless steel 

substrate was clearly visible in parts of the sample were the alumina film peeled off. Figure 

5.32 c) shows that the nano-A1203  particles were densely packed in the coating. 

5.5 Deposition of PEEK-A1203  composite coatings 

In general there are two different ways to deposit composite coatings using EPD: a two 

step process or a single step process. On the one hand, if the two materials do not suspend 

together in the same suspension or if they have opposite charges and consequently migrate 

towards opposite electrodes when an electric field is applied, the deposition has to be carried 

out in two steps. In this particular case a nano-A1203  coating would be deposited first and let 

dry and then a PEEK coating would be deposited on the same substrate. The subsequent heat-

treatment step should melt the PEEK layer and let it infiltrate into the nano-A1203  coating 

cracks producing a composite coating. Knowing the amount of nano-A1203  and the amount of 

PEEK deposited in a certain deposition time it should be possible to control the ratio of the two 

materials in the composite. 

On the other hand, if it is possible to suspend the two materials in the same suspension 

media and if applying an electric field the two materials will migrate towards the same 

substrate, a composite coating can be produced in a single step. Theoretically, in order to have 

deposition on the same electrode the two materials should have the same charge, as described 

by Wang et al. [160] for the co-deposition of diamond and borosilicate glass from an ethanolic 

suspension. In this case, it is possible to modify the composition of the coatings by varying the 

concentration of the two materials in suspension [17, 20, 160]. However, materials having 

opposite charges can be co-deposited by being one adsorbed on the surface of the other [22] or 

by forming composite particles in the suspension following electrostatic interactions between 

opposite surface charges, as described in section 2.3.6 [161-165]. From the zeta potential 

results of nano-A1203  and PEEK reported in sections 5.3.1 vi) and 5.4.1 iii), it is known that 

nano-A1203  particles are positively charged and that PEEK particles are negatively charged in 

ethanol. Therefore, when a difference of potential is applied, the PEEK and the nano-A1203  

particles should migrate in opposite directions unless electrostatic interactions take place 

between them in the suspension leading to PEEK-nano-A1203  composite particles. 

5.5.1 Zeta potential measurement of the combined suspensions 
The deposition of PEEK-nano-A1203  composite coating has been carried out from 

ethanolic suspensions containing 6 wt.% of powder with different ratios PEEK-nano-A1203. 
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Ethanol was chosen as the suspension medium because it was demonstrated in sections 5.3 and 

5.4 that both PEEK and nano-A1203  particles can be deposited from this organic medium. A 

concentration of 6 wt.% seemed to be the highest possible concentration usable for the EPD of 

PEEK [187-189] and for this reason it was chosen as the total concentration for the mixtures 

employed in this part of the study. 

Figure 5.33 Zeta potential vs pH of a 3 wt.% PEEK-3 wt.% nano-A1203  suspension in ethanol. 

Figure 5.34 Zeta potential vs pH of a 4 wt.% PEEK-2 wt.% nano-A1203  suspension in ethanol. 

The suspensions analysed contained 3 wt.% of PEEK and 3 wt.% of nano-A1203  (from 

now on referred to as 3P-3A), 4 wt.% of PEEK and 2 wt.% of nano-A1203  (from now on 

referred to as 4P-2A) and 5 wt.% of PEEK and 1 wt.% of nano-A1203  (from now on referred to 

as 5P-1A). The zeta potential of these three suspensions for operational pH values between 2 

and 13 were measured as described in section 3.10 and shown in Figures 5.33-5.35. The zeta 

potential data of the three suspensions (Figures 5.33-5.35) were positive between pH 2 and 11. 

The highest zeta potential resulted to be + 50 mV at around pH 6 for the 3P-3A suspension 

(Figure 5.33), + 40 mV at pH around 5.5 for the 4P-2A suspension (Figure 5.34) and + 27 mV 

at pH 5.5 for the 5P-1A suspension (Figure 5.35). The highest zeta potential values of these 
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three suspensions were achieved without any addition of acid or base, as also observed for the 

PEEK and the nano-A1203  suspensions and described in sections 5.3.1 and 5.4.1. This result 

represents a significant advantage avoiding the possibility of incurring in experimental errors 

which could possibly arise adding acid or base to the suspension due to the problem of 

accurately measuring the pH in ethanol, as also discussed above. The conductivity of the as 

prepared 3P-3A, 4P-2A and 5P-lA suspensions were all relatively low with values of 49, 62 

and 23 µS• cm', respectively. 

Figure 5.35 Zeta potential vs pH of a 5 wt.% PEEK-1 wt.% nano-A1203  suspension in ethanol. 

Comparing the zeta potential values of the five suspensions (see Figure 5.36), it is 

possible to observe that the behaviours of 3P-3A, 4P-2A and 5P-lA suspensions were quite 

similar to that of the nano-A1203  suspension and completely different from that of the PEEK 

suspension. The zeta potential values for the nano-A1203, 3P-3A and 4P-2A suspensions were 

almost overlapped for pH higher than 7, whereas for pH lower than 7 it was possible to observe 

that the higher the PEEK amount in the mixture the lower the zeta potential values. This 

behaviour can be explained by considering that for the same concentration of the two materials 

the number of nano-A1203  particles was much higher than that of PEEK particles (due to their 

respective sizes) and therefore the nano-A1203  contribution to the total zeta potential was 

overall higher. Another possible explanation is the occurrence of electrostatic interactions 

between the small positively charged nano-A1203  particles and the large negatively charged 

PEEK particles, whereby the nano-A1203  particles cover the surface of the PEEK particles 

mediating and shielding their charge, as also proposed in the literature for other biphasic 

suspensions, such as hydroxyapatite and polytetrafluoroethylene [162], Zr02  and MgO [163], 

TiO2  and CNTs (carbon nanotubes) [164], A1203  and Si02  [161] and hydroxyapatite and 

chitosan [165]. This explanation agrees with Sarkar and Nicholson [22], who have indicated 

that if a suspension contains two components with opposite charges the coarser component 

would adsorb the finer and the "composite" particle could behave as the fine material under the 

influence of an applied electric field. 
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Figure 5.36 Graph showing the Zeta potential vs pH for nano-A1203, PEEK, 3P-3A, 4P-2A and 5P-

lA suspensions in ethanol. 
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Figure 5.37 Model representing the interactions taking place between the oppositely charged 

PEEK particles and nano-A1203  particles in suspension. 

Considering the models reported in the literature [22, 161-165] and the relative 

dimensions of the PEEK and the nano-A1203  particles employed here, it can be assumed that 

the nano-A1203  particles would cover the surface of the large PEEK particles and the overall 

electrophoretic behaviour of the composite (PEEK-nano-A1203) particles would be similar to 

that of a large A1203  particle, as schematically shown in Figure 5.37. This model has been 

further confirmed by TEM observations (for the preparation of the samples see section 3.2) on 

the mixed suspension, as reported in Figures 5.38 b) and c), which show a PEEK particle 

surrounded by nano-A1203  particles. The dark grey PEEK particles have been shrivelled and 

shifted by microtome cutting producing voids (white area). However, nano-A1203  particles 

were still visible around PEEK particles and this is a further indication of the strong 

electrostatic interaction between them (Figures 5.38 b) and c)). Moreover, Figure 5.38 a) shows 

that in the suspension some nano-A1203  particles were well-dispersed and suspended without 

interacting with the PEEK particles. Therefore it is expected that during EPD two types of 

components will be deposited on the cathode: nano-A1203  and PEEK-nano-A1203  composite 

particles, both positively charged. 
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Warped PEEK 

c) 

Figure 5.38 TEM images of the 4P-2A suspension: a) and b) images from the suspension and c) 

image from the dried powder embedded in resin, showing a) the nano-M203  powder suspended 

alone, b) and c) the interactions PEEK-nano-A1203  particles. 
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For the other suspensions employed to electrophoretically deposit PEEK-nano-A1203  

composite coatings the zeta potential was not measured but similar behaviour to those observed 

for 3P-3A, 4P-2A and 5P-1A suspensions were anticipated. 

5.5.2 EPD parameters for deposition 
The depositions were carried out from 2P-4A (2 wt.% PEEK and 4 wt.% nano-A1203), 

3P-3A (3 wt.% PEEK and 3 wt.% nano-A1203), 3.5P-2.5A (3.5 wt.% PEEK and 2.5 wt.% nano-

A1203), 4P-2A (4 wt.% PEEK and 2 wt.% nano-A1203), 5P-1A (5 wt.% PEEK and 1 wt.% 

nano-A1203) and 5.5P-0.5A (5.5 wt.% PEEK and 0.5 wt.% nano-A1203) ethanolic suspensions 

sonicated for 30 min. Differences of potential of 20, 30 and 40 V were applied for different 

deposition times between two parallel stainless steel electrodes kept at 2.0 cm distance. It was 

observed that the suspensions started to sediment after 3-4 min, as also observed for pure PEEK 

suspensions (see Figure 5.11 in section 5.3.2), and therefore, in order to increase the amount of 

material suspended, they were all magnetically stirred for 7 min before carrying out EPD. The 

only exception were 5P-1A and 5.5P-0.5A suspensions that were stirred for at least 15 min 

before deposition to increase the homogeneity of the coatings due to the facility of sinking of 

the composite powder, due to the high content in PEEK of these two suspensions. 

Homogeneous deposits were produced using all these conditions from 3P-3A, 3.5P-2.5A, 4P-

2A and 5P-1A suspensions. 

Few experiments were carried out from the 2P-4A, 3.5P-2.5A and 5.5P-0.5A 

suspensions. The 2P-4A suspension was not deeply investigated because it was observed that 

the deposited coatings easily flaked off and were remarkably similar to the nano-A1203  coatings 

described in section 5.4 probably for the high amount of nano-A1203  in suspension. The 3.5P-

2.5A suspension, with composition intermediate between the 3P-3A and 4P-2A suspensions, 

was employed only for few experiments in order to observe if the coating composition was 

intermediate between those deposited from 3P-3A and 4P-2A suspensions, as it will be 

discussed later on in this section. The 5.5P-0.5A suspension was employed to deposit coatings 

with theoretically lower nano-A1203  content, but no deposition was achieved even applying 

higher electric fields and this behaviour was explained considering that the low amount of 

nano-A1203  in the suspension was probably not enough to positively charge the PEEK particles. 

5.5.3 Current intensity 
The current intensity was monitored during each deposition carried out applying 

difference of potential of 20, 30 and 40 V with a distance between the electrodes of 2 cm. The 

deposition time was increased in one minute for each experiment and EPD was stopped when 

the deposited film flaked off upon drying. The flaking off of the coatings was probably due to 

the achieved thickness since the coating composition did not vary with the deposition time, as it 

will be described in section 5.5.6. Figure 5.39 shows that the number of visible cracks on the 
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coating surface increased considerably with increasing deposition time, e.g. from 4 to 5 min. 

a) 	 b) 

Figure 5.39 Images of two coatings deposited from a 3P-3A suspension applying a difference of 

potential of 30 V for a) 4 min and b) 5 min. 

Figure 5.40 Current intensities as function of deposition time when differences of potential of 20, 

30 and 40 V were applied during EPD from 3P-3A suspensions. 

The current intensities obtained applying different potential differences from different 

suspensions were analysed and a representative behaviour is reported in Figures 5.40. It was 

clear that the higher the difference of potential applied the higher the current intensity. At the 

initial stage of EPD, this behaviour is in perfect agreement with Ohm's first law: 

AV = I • R 	 [5.3] 

where the resistance R, in this case, is a constant because the suspension is the same during the 

experiments. Therefore if the difference of potential applied (AV) increases the current 
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intensity (I) also increases. The same behaviour was also observed during the depositions of 

PEEK (see section 5.3.3) and nano-A1203  (see section 5.4.3) coatings. The differences in 

current intensity observed in Figure 5.40 when the same potential difference was applied for 

different deposition times were within the experimental error of the instrument (see section 5.2) 

and they were also partially due to the slightly different electrode areas el cm2) in the different 

experiments. Equation 5.3 is valid only at the initial stage of the deposition because once the 

deposition starts further factors influence AV, as discussed below. 

A steady decrease of current intensity during deposition was observed for all the 

conditions applied (Figure 5.40) and it can be explained considering that the applied potential is 

given by equation 5.1 [179]. During EPD a non conductive coating forms on the substrate (in 

this case, negative electrode) producing an increase in resistance and therefore a drop of the 

potential applied, which increases with the coating thickness and therefore with the deposition 

time. This drop of potential is responsible for the decreasing of the current intensity during 

EPD carried out at constant voltage, as also discussed in the literature [125, 179]. Similar but 

less marked behaviours were also observed during the deposition of PEEK (see section 5.3.3) 

and nano-A1203  (see section 5.4.3) coatings. 

5.5.4 Weight increase during EPD 
It is well known from the literature and confirmed by the previous results (described in 

section 5.3.2) that the coating weight increases with increasing deposition time and difference 

of potential applied. Figure 5.41 shows that the coatings became thicker the longer the 

deposition time. In order to determine the weight increase as function of deposition time and 

electric field, the samples were weighed before and after EPD and the coating areas were 

measured. The same experiment was repeated four times for each condition and the average of 

the four measurements with the associated error (standard deviation) (7%) are reported in 

Figures 5.42 and 5.43 for the 3P-3A and the 4P-2A suspensions, respectively. 

Figure 5.41 Images of samples deposited from a 4P-2A suspension applying a difference of 

potential of 40 V for 1 (on the left), 3 (in the centre) and 5 min (on the right). 

As expected, the coating weight increased with deposition time for all differences of 

potentials investigated (see Fig. 5.42 and 5.43); this increase was not linear but logarithmic. 
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The weight increase was higher at the beginning of EPD (faster deposition rate) and then 

gradually decreased (slower deposition rate) theoretically reaching zero after a certain period of 

time. The decrease of deposition rate is directly related to the decrease of current intensity 

observed in Figure 5.40, which is due to a drop of the difference of potential and therefore of 

the electric field [179]. 

Figure 5.42 Weight increase of PEEK-nano-A1203  coatings deposited from a 3P-3A suspension 

applying 20, 30 and 40 V for different deposition times. 

Figure 5.43 Weight increase of PEEK-nano-A1203  coatings deposited from a 4P-2A suspension 

applying 20, 30 and 40 V for different deposition times. 

Moreover, it was also observed for both suspensions (Figures 5.44 and 5.45) that the 

deposited weight increased almost linearly with the potential difference applied for the same 
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deposition time, in agreement with the Hamaker's law (equation 2.15 in section 2.3.4), which 

states that the amount of material deposited during EPD is proportional to the applied electric 

field. i.e. higher electric fields generate higher particle velocity and faster deposition rates. 
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Figure 5.44 Weight increase of PEEK-nano-A1203  coatings deposited by EPD from a 3P-3A 

suspension as a function of the potential difference and the deposition time. 

Figure 5.45 Weight increase of PEEK-nano-A1203  coatings deposited by EPD from a 4P-2A 

suspension as a function of the potential difference and the deposition time. 

The increase in weight with the potential applied and the deposition time was also in 

agreement with the behaviour observed when the deposition was carried out increasing the 

deposition time minute by minute keeping the voltage difference and the distance between the 

electrodes constant (see Figures 5.42 and 5.43 ). In fact, it was observed that applying a 

difference of potential of 20 V from a 3P-3A suspension the deposition could be carried out for 

9 min before the coating started to crack and flake off, whereas when the differences of 
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potential were 30 and 40 V the longest deposition times were 5 and 4 min, respectively. Instead 

when the depositions were carried out from the 4P-2A suspension applying differences of 

potential of 20, 30 and 40 V the longer deposition times were 11, 9 and 7 min, respectively. 

Similar behaviours (logarithmic increase of the film weight with the time and the difference of 

potential applied) were also expected for the other suspension concentrations employed. 

Comparing these results it is clear that when the suspension contained higher 

concentrations of PEEK (4P-2A compared to 3P-3A) longer deposition times could be 

employed before the coatings started to crack and flake off demonstrating that the PEEK had a 

"gluing" effect in these coatings. It has been observed so far that: 

1. Pure nano-A1203  coatings presented extremely poor adhesion to the substrate and cracks 

were visible to the naked eye (see Figure 5.30). 

2. Pure PEEK coatings were difficult to deposit because of the low suspension stability and 

often presented edge effects (see section 5.3.2). 

Whereas PEEK-nano-A1203  composite coatings did not crack as much as the pure nano-A1203  

coatings, probably thanks to the presence of PEEK that may accommodate strains associated 

with drying, and they were uniform and without edge effects; these two advantages render this 

new composite material a very convenient combination for the production of coatings by EPD. 

Prediction of the coating weight 
Table 5.3 Equations that represent the kinetic of EPD from 3P-3A suspensions a) Logarithmic 

trends fitting the weight increase vs time at constant voltage and b) the same equation also as a 

function of the voltage. 

V Weight increase vs time and V R2  

a) W = 0.003 ln(t) + 0.0014 
20V 0.9927 

b) W = (0.00015 ln(t) +0.00007)*V 

a) W = 0.0038 ln(t) + 0.0024 
30V 0.9883 

b) W = (0.00013 ln(t) +0.00008)*V 

a) W= 0.0051 ln(t) + 0.0032 
40V 0.9995 

b) W = (0.00013 ln(t) +0.00008)*V 

By fitting the first four points (time 1 to 4 min) of each one of the six logarithmic curves 

in Figures 5.42 and 5.43 it was possible to obtain the weight increase (W) as a function of 

deposition time (t) (see equations a) in Tables 5.3 and 5.4) and as a function of deposition time 

(t) and potential applied (V) (see equations b) in Tables 5.3 and 5.4). Equations b) were 

obtained by dividing equations a) by the potential applied in order to obtain an equation of 

general validity. All six equations presented high correlation coefficient R2  (Tables 5.3 and 

5.4). The coefficients appearing in equations b) for the 3P-3A (Table 5.3) and for the 4P-2A 

(Table 5.4) systems were considerably similar (the small differences observed can be due to the 
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experimental errors affecting the weight measurements) and therefore two general equations 

can be proposed as representative for each suspension (W in gram, tin min and V in volt): 

3P-3A system: 	W = (0.00013 In(t) + 0.00008)*V 	 [5.4] 

4P-2A system: 	W = (0.00010 ln(t) + 0.00011)*V 	 [5.5] 

The coefficients in eq. 5.4 and 5.5 depend on the system properties and therefore on the 

different PEEK-nano-A1203  ratios in the two suspensions. This dependence of the deposition 

yield from the applied voltage and the deposition time can be employed to predict the amount 

of material deposited under different conditions from a known suspension. 

Table 5.4 Equations representing the kinetic of EPD from 4P-2A suspensions a) Logarithmic 

trends fitting the weight increase vs time at constant voltage and b) the same equation also as a 

function of the voltage. 

V Weight increase vs time and V R2  

a) W = 0.0024 In(t) + 0.0022 
20V 0.9818 

b) W = (0.00012 ln(t) + 0.00011)*V 

a) W = 0.0029 ln(t) + 0.0032 
30V 0.9968 

b) W = (0.00010 ln(t) + 0.00011)*V 

a) W = 0.0035 ln(t) + 0.004 
40V 0.9425 

b) W = (0.00009 ln(t) + 0.00010)*V 

5.5.5 Application of an Artificial Neural Network for optimising EPD 

parameters 
As reported in section 2.3.5, despite the numerous improvements of EPD and the large 

range of applications of the technique, the basic understanding of the mechanisms controlling 

the process, in particular the deposition step, is still poor and there is an insistent need for 

further theoretical and modelling work to gain full and quantitative understanding of the EPD 

mechanism and of the effect that EPD parameters (e.g. suspension concentration, deposition 

time, electric field) have on the deposition yield. The majority of the experimental studies are 

currently carried out employing inadequate and time-consuming trial-and-error approaches, as 

reviewed recently [23]. For this reason, the EPD data obtained from the 4P-2A and 3P-3A 

suspensions and reported in section 5.4.5 have been employed here to investigate if a neural 

network approach can be applied to study the EPD of PEEK-nano-A1203  composite systems to 

explore potential applications of the neural network to EPD. 

As mention in section 3.17, to produce a neural network there must be inputs (values of 

the relevant variables) and outputs (predictions or control signals). The neural network learns 

and develops the relationship between inputs and outputs through a training that can be 

supervised or unsupervised. The supervised training was chosen for this research and it consists 

of a set of data containing examples of inputs and corresponding outputs of the system studied 
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through which the network understands the relationship between them. The neural network is 

trained using these data and the weights of the connections are adjusted to minimize the 

prediction errors. Once the network is properly trained, the function that relates the inputs to 

the outputs are known and the network could consequently predict unknown outputs [225]. For 

a more detailed description of the neural networks approach, see section 3.17. 

Input Layer 	 Output Layer 

Hidden Layers 

Figure 5.46 The artificial neural network for studying weight versus deposition time and voltage 

A feed-forward back propagation neural network was designed to model the input and 

the output data produced experimentally. Its structure is represented in Figure 5.46. This 

network consisted of an input layer with two neurons (one for the deposition time and the other 

for the applied voltage), one or two hidden layers with 10 or 20 neurons each and an output 

layer with only one neuron for the deposition yield. The activation function employed was a 

sigmoid activation function: 

1 
Y — 	 [5.6] 

1+ e-x 

and the training data sets were those shown in Figures 5.42 and 5.43 and listed in Tables 5.5 

and 5.6 for the 3P-3A and 4P-2A suspensions, respectively. Furthermore, in order to avoid 

overfitting and to test the prediction capabilities of the model, two validation data sets (reported 

in Tables 5.7 and 5.8 for the 3P-3A and 4P-2A systems, respectively) were also employed. The 

neural network consists also of some independent parameters of its architecture, such as the 

number of epochs, hidden layers and artificial neurons in each hidden layer, which can be set 

and varied to improve the fitting of the data. In order to optimize the independent parameters of 

the NN model just described these parameters were varied (the number of epochs 500 or 1000, 

hidden layers 1 or 2, neurons per hidden layer 10 or 20) and the correlation coefficients R2  

between the experimental and theoretical data were calculated for each set of independent 

parameters (see Table 5.9). During this analysis, the other parameters of the back propagation 
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algorithm shown in equation 3.13 in section 3.17 were kept constant (the learning parameter 

was 0.5 and the momentum was zero), the inputs (Tables 5.5 and 5.6) were presented in 

random order during the training and the initial weights were chosen randomly at the start of 

each training. 

Table 5.5 Training data set for the 3P-3A suspension. 

AV = 20 V AV = 30 V AV = 40 V 

Deposition time Weight (g-cm-2) Weight (g. cm-2) Weight (g. cm-2) 

1 min 0.0015 0.0025 0.0031 
2 min 0.0033 0.0051 0.0068 
3 min 0.0046 0.0063 0.0088 
4 min 0.0057 0.0080 0.0102 
5 min 0.0064 0.0087 - 
6 min 0.0073 - - 
7 min 0.0076 - - 
8 min 0.0080 - - 
9 min 0.0092 - - 

Table 5.6 Training data set for the 4P-2A suspension. 

AV = 20 V AV = 30 V AV = 40 V 

Deposition time Weight (g. cm-2) Weight (g. cm-2) Weight (g. cm 2) 

1 min 0.0021 0.0031 0.0042 
2 min 0.0042 0.0053 0.0060 
3 min 0.0048 0.0064 0.0078 
4 min 0.0055 0.0071 0.0091 
5 min 0.0064 0.0077 0.0109 
6 min 0.0073 0.0083 0.0124 
7 min 0.0079 0.0098 0.0138 
8 min 0.0090 0.0102 - 
9 min 0.0091 0.0109 - 
10 min 0.0094 - - 
11 min 0.0102 - - 

Table 5.7 Validation data set used to test the model for the 3P-3A system. 

Voltage Dep.time 
Experimental 

Weight (g. cm-2) 

Theoretical 

weight (g-cm 2) 
Difference 

40 V 3.5 min 0.0088 0.00895 -0.00015 (-1.6%) 
30 V 4.5 min 0.0085 0.00835 0.00015 (1.7%) 
25 V 4.5 min 0.0076 0.00723 0.00037 (4.9%) 
35 V 4.5 min 0.0106 0.00924 0.00100 (9.0%) 

Figure 5.47 shows the calculated data versus the experimental data for some sets of 

epochs, hidden layers and neurons, for the two systems studied. The correlation coefficient R2  

was very close to 1 for all the tests carried out and listed in Table 5.9 demonstrating that there 

was a high agreement between the calculated and experimental data, also considering the 

relatively small number of points used. Statistically, there is only a probability of less than 
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0.05% that an equal number of non correlated points have the same R2  when different 

independent parameters are used [279]. 

'table 5.8 Validation data set used to test the model for the 4P-2A system. 

Voltage Dep.time 
Experimental 

weight (g- cm-2) 

Theoretical 

weight (g.cm-2) 
Difference 

25 V 5.5 min 0.0074 0.00706 0.00034 (4.6%) 
35 V 4.5 min 0.0078 0.00846 -0.00066 (-8.5%) 
20V 4.5 min 0.0058 0.00561 0.00019 (3.3%) 
40V 3.5 min 0.0087 0.00864 0.000061 (0.7%) 

Table 5.9 The runs and results for the optimization of the NN independent parameters. 

Run 
Epoch 

(nr) 

Hidden 

layer (nr) 

Neuron per 

hidden layer (nr) 

R2  for 

4P-2A 

R2  for 

3P-3A 

1 500 1 10 0.9485 0.9512 
2 1000 1 10 0.9485 0.9679 
3 500 2 10 0.9428 0.9571 
4 1000 2 10 0.9552 0.9804 
5 500 1 20 0.9502 0.9522 
6 1000 1 20 0.9498 0.9596 
7 500 2 20 0.9498 0.9545 
8 1000 2 20 0.9594 0.9830 
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Figure 5.47 Calculated data versus experimental data obtained for some set of epochs, hidden 

layers and neurons during the optimization for the 3P-3A and 4P-2A systems. 

Table 5.9 shows that the correlation coefficient R2  for the 3P-3A system improved with 

the number of hidden layers and the number of epochs; in particular, the number of epochs 
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seemed to be the most effective parameter, but the different ranges in which the two parameters 

have been varied do not permit a fair comparison. The neural model for the 4P-2A system 

seemed to be less sensible to the variation of the identified independent variables. In this case, 

models with lower number of epochs, hidden layers and neurons for hidden layers should still 

permit to obtain results as valid as those produced by more complex models, with the 

advantage of shortened the computing time, which would be much more evident when wider 

set of training data are employed. Since in this study the number of training and validation data 

was relatively small, the computing time was not a problem and from now on in this work, 

neural network models with two hidden layer, 20 artificial neurons for hidden layer and 1000 

epochs were employed. 

Figure 5.48 shows the data for the 3P-3A system calculated using the neural network 

model developed applying the best settings (1000 epochs, two hidden layers with 20 artificial 

neurons each). A direct relationship between the deposition yield and both the voltage and the 

deposition time appeared evident. In particular, the deposition time seemed to be more effective 

than the voltage in affecting the weight deposited. The concave shape of the surface indicated 

that there was an interaction between the two independent variables. It has to be underlined that 

the part of the 3D plot in Figure 5.48 for high voltages (30-40V) and long deposition time (> 4-

5 min) could not be accurate since it was extrapolated by the NN model in a range of variables 

in which the model was not trained. The model suggested that the weight increase was not 

linear with deposition time but logarithmic, as also observed and discussed in section 5.5.4. 

Figure 5.49 presents a 3D plot for the 4P-2A system showing the interactions between 

the deposition yield, the difference of potential applied and the deposition time calculated using 

the neural model developed (1000 epochs, two hidden layers with 20 artificial neurons each). A 

direct relationship between the deposition yield and the deposition time is evident, as also 

observed for the 3P-3A system (Figure 5.48), while the voltage influence seemed to be smaller 

than that observed for the 3P-3A system. The shape of the 3D plot (Figure 5.49) does not show 

concavity meaning that there were no interactions between the deposition time and the voltage 

in the range investigated. The model suggested a slight decrease of the slope at the higher 

values of voltage and deposition time which, also in this case, is confirmed experimentally as 

explained in section 5.5.4. 

Comparing the experimental data of the validation data set and the theoretical data 

produced by the optimised neural network models for the 3P-3A and 4P-2A systems, it is clear 

that the maximum difference obtained is of about 9% (see Tables 5.7 and 5.8). This difference 

is probably mainly due to the experimental errors affecting the measurements, that were 

recorded to be 7% (standard deviation) (see section 5.5.4). Therefore it could be deduced that 

the two neural network models were considerably precise in predicting the deposition yield in 

the range of variables in which the two models were trained and it can be asserted that the 

neural network approach can be relevant in the general field of processing materials by EPD 
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contributing to tackle the current gap of quantitative predictive tools. 

Figure 5.48 Combined effect of the electric field (voltage) and the deposition time on the deposition 

yield for the 3P-3A system, calculated using the neural model developed applying the optimized 

settings (1000 epochs, two hidden layers and 20 artificial neurons for each layer). 

Figure 5.49 Combined effects of the electric field (voltage) and the deposition time on deposition 

yield for the 4P-2A system. These data were calculated using the neural model developed with the 

best settings: 1000 epochs, two hidden layers with 20 artificial neurons each. 

5.5.6 Ratio PEEK-alumina in the coatings 
Assuming that PEEK and nano-A1203  particles were deposited in the film in the same 

ratio they were in the suspension, the predicted compositions of the coatings deposited from 

3P-3A, 4P-2A and 5P-1A suspensions are listed in Table 5.10. In order to calculate the vol.% 

of one component knowing its weight fraction in the composite, the following equation was 
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employed [28]: 

V f = 	
(1—W  f )P  f 

W f + 	 
P. 

where Vf, Wf and pf  are the volume, the weight and the density of the component, respectively 

and pm  is the density of the other material. The density of PEEK is 1.3 g•cm-3  [221] and the 

density of nano-A1203  is 4.0 g•cm-3  [222]. 

Table 5.10 Theoretical concentration (wt.% and vol.%) of PEEK and nano-A1203  in the coatings 

calculated by equation 5.7 if the suspension ratio was maintained during EPD. Considering the 

PEEK density to be 1.3 g•cm-3  12211 and the nano-A1203  density to be 4 we'll-3  12221. 

wt.% A1203  wt.% PEEK vol.% A1203  vol.% PEEK 

3P-3A 50 50 25 75 

4P-2A 33 67 14 86 

5P-1A 17 83 6 94 

Figure 5.50 Change in weight of a 3P-3A sample with increasing temperature (TGA). 

In order to determine the actual PEEK-nano-A1203  ratio, four coatings were deposited for 

each deposition time and difference of potential applied (20, 30 and 40 V) and the powder was 

scratched off the substrates and subsequently heat-treated, as also described by Pang et al. [165, 

280]. Thermal gravimetry analysis (see section 3.6) of the powder deposited from the 3P-3A 

suspension applying a difference of potential of 30 V for 4 min using a linear heating rate of 

10°C•mitil  from room temperature to 770°C is shown in Figure 5.50 and demonstrates that the 

PEEK-nano-A1203  mixture was considerably stable at temperatures below 500°C, when the 

PEEK started to decompose and that at 570°C the PEEK was completely decomposed leaving 

just nano-A1203  in the container; while it was observed for pure PEEK that the decomposition 

started at 550°C and that it was completely decomposed by 660°C (see PEEK TGA analysis in 

W f [5.7] 

214 



Ilaria Corni 

Figure 5.6). The decomposition of PEEK was consequently used to determine the weight ratio 

of the two materials in the coatings using a heat-treatment at 700°C with a heating rate of 

10°C•min"' and no holding, as described in section 5.2. The volume ratio of the two materials in 

the coating was also calculated using eq. 5.7. Several measurements on powder deposited under 

the same conditions were repeated and a 3% maximum difference was found; it was therefore 

assumed that all measurements were affected by a maximum 3% error (this error is reported in 

Tables 5.11-5.13). 

Table 5.11 Concentrations (wt.% and vol.%) of PEEK and nano-A1203  in coatings deposited 

applying 20, 30 and 40 V from the 3A-3P suspension for the indicated deposition times. 

AV = 20 V 
Deposition time wt.% A1203  wt.% PEEK vol.% A1203  vol.% PEEK 

2 min 79+2 21 ± 2 55+2 45 ± 2 
3 min 79+2 21 ± 2 55+2 45 ± 2 
4 min 78+2 22 ± 2 54+2 46 ± 2 
5 min 75+2 25 ± 2 50+2 50 ± 2 
6 min 80+2 20 ± 2 56 ± 2 44 ± 2 
7 min 79 ± 2 21 ± 2 55+2 45 ± 2 
8 min 84 ± 2 16 ± 2 62 ± 2 38 ± 2 
9 min 77 ± 2 23+2 52 ± 2 48+2 

AV = 30 V 
Deposition time wt.% A1203  wt.% PEEK vol.% A1203  vol.% PEEK 

2 min 82 ± 2 18 ± 2 60+2 40 ± 2 
3 min 83+2 17 ± 2 60 ± 2 40 ± 2 
4 min 80 ± 2 20 ± 2 56+2 44 ± 2 
5 min 76+2 24 ± 2 50 ± 2 50 ± 2 

AV = 40 V 
Deposition time wt% A1203  wt.% PEEK vol.% A1203  vol.% PEEK 

2 min 80 ± 2 20 ± 2 56 ± 2 44+2 
3 min 80 ± 2 20 ± 2 57 ± 2 43 ± 2 
4 min 79 ± 2 21+2 55 ± 2 45 ± 2 

For the 3P-3A and the 4P-2A suspensions, the deposition time was varied minute by 

minute to observe if the PEEK-nano-A1203  ratio in the composites was constant during the 

process or changed with the deposition time; the results are listed in Tables 5.11 and 5.12 for 

the 3P-3A and 4P-2A suspensions, respectively. This study was carried out following the 

sedimentation observed at the bottom of the container few minutes after the stirring was 

stopped. Considering that the nano-A1203  suspensions were more stable than the PEEK 

suspensions, it was assumed that the sedimenting powder would have been PEEK with 

consequent possible decrease of the PEEK concentration in the coating with the deposition 

time. From the results reported in Tables 5.11 and 5.12 and taking into account the 

experimental errors, the relative concentrations of PEEK and nano-A1203  in the films deposited 

under different conditions can be considered reproducible and independent from the deposition 

time. Consequently, only fewer conditions were analysed to determine the PEEK-alumina 

weight ratio in coatings deposited from 5P-1A suspensions (Table 5.13) and it was assumed 

that the data obtained were representative of the system. 
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Table 5.12 Concentrations (wt.% and vol.%) of PEEK and nano-A1203  in the coatings deposited 

applying 20, 30 and 40 V from the 4P-2A suspension for the indicated deposition times. 

AV = 20 V 
Deposition time Wt.% A1203  wt.% PEEK vol.% A1203  vol.% PEEK 

2 min 56 ± 2 44 ± 2 29 ± 2 71 ± 2 
3 min 60 ± 2 40 ± 2 33 ± 2 67 ± 2 
4 min 65 ± 2 35 ± 2 37 ± 2 63 ± 2 
5 min 59±2 41 ± 2 32 ± 2 68 ± 2 
6 min 61 ± 2 39 ± 2 34 ± 2 66 + 2 
7 min 65 ± 2 35 ± 2 38 1 2 62 + 2 
8 min 66 ± 2 34 ± 2 39 ± 2 61 ± 2 
9 min 65 ± 2 35 ± 2 38 ± 2 62 ± 2 

10 min 62 ± 2 38 ± 2 34 ± 2 66 ± 2 
11 min 61 ± 2 39 ± 2 34 ± 2 66 ± 2 

AV = 30 V 
Deposition time Wt.% A1203  wt.% PEEK vol.% A1203  vol.% PEEK 

2 min 58 ± 2 42 ± 2 31 ± 2 69 ± 2 
3 min 63 ± 2 37 ± 2 35 ± 2 65 ± 2 
4 min 64±2 36 ± 2 36 ± 2 64 ± 2 
5 min 63 ± 2 37 ± 2 35 + 2 65 ± 2 
6 min 61 ± 2 39 + 2 33 ± 2 67 ± 2 
7 min 62 + 2 38 ± 2 35 + 2 65 ± 2 
8 min 64 ± 2 36 ± 2 36 ± 2 64±2 
9 min 65 + 2 35 1 2 38 ± 2 62 ± 2 

AV = 40 V 
Deposition time Wt.% A1203  wt.% PEEK vol.% A1203  vol.% PEEK 

2 min 55 ± 2 45 ± 2 29 ± 2 71 ± 2 
3 min 55 ± 2 45 ± 2 28 ± 2 72 ± 2 
4 min 62 ± 2 38 ± 2 34 ± 2 66 ± 2 
5 min 62 ± 2 38 ± 2 34 ± 2 66 ± 2 
6 min 60±2 40 ± 2 33 ± 2 67 ± 2 
7 min 61±2 39 ± 2 34 ± 2 66 ± 2 

Table 5.13 Concentrations (wt.% and vol.%) of PEEK and nano-A1203  in the coatings deposited 

applying 20 V, 30 V and 40 V from the 5P-1A suspension for the indicated deposition times. 

AV = 20 V 
Deposition time Wt.% A1203  wt.% PEEK vol.% A1203  vol.% PEEK 

3 min 30±2 70 + 2 12 ± 2 87 ± 2 
5 min 30±2 70 ± 2 12 ± 2 88 ± 2 

AV=30V 
Deposition time Wt.% A1203  wt.% PEEK vol.% A1203  vol.% PEEK 

3 min 32±2 68 ± 2 13 ± 2 87 ± 2 
5 min 27±2 73 ± 2 11 ± 2 89 ± 2 

AV = 40 V 
Deposition time Wt.% A1203  wt.% PEEK vol.% A1203  vol.% PEEK 

3 min 31±2 69 ± 2 13 ± 2 87 ± 2 
5 min 33 ± 2 67 ± 2 14 ± 2 86 ± 2 

From these analyses, it was found that coatings deposited from a 3P-3A suspensions 

contained 16-25 wt.% (or 38-50 vol.%) of PEEK and 75-84 wt.% (or 50-62 vol.%) of nano-

A1203, those deposited from a 4P-2A suspension contained 34-45 wt.% (or 61-72 vol.%) of 

PEEK and 55-66 wt.% (or 28-39 vol.%) of nano-A1203  and those deposited from a 5P-1A 

suspension contained 67-73 wt.% (or 86-89 vol.%) of PEEK and 27-33 wt.% (or 11-14 vol.%) 

of nano-A1203  when the same difference of potential was applied for different deposition times 
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and also when the difference of potential was varied from 20 to 40 V. The amount of nano-

A1203  in the coatings assessed experimentally was much higher than that expected if the PEEK 

and the nano-A1203  particles were deposited stoichiometrically, as shown from the data 

reported in Tables 5.10-5.13. This behaviour could be explained considering the faster 

sedimentation of the large PEEK particles compared to the nano-A1203  particles. 

The fact that the concentration ratio between PEEK and nano-A1203  in the films did not 

depend on the difference of potential applied and on the deposition time but just on the 

suspension composition confirmed the formation in the suspension of PEEK-nano-A1203  

composite particles (see Fig. 5.37 and 5.38) with composition depending on the suspension 

content. It can be therefore suggested that PEEK-nano-A1203  composite particles are formed in 

the suspension and behave as single component particles with fixed properties. The TEM 

analysis of the suspension showed the presence of PEEK-nano-A1203  composite particles (Fig. 

5.38 b) and c)) and nano-A1203  particles (Fig. 5.38 a)). These two kinds of particles exhibited 

similar positive charges (see zeta potentials in Fig. 5.36) but different sizes (few nm and few 

[im); therefore an increase of the electric field would favour the deposition on the negative 

electrode of the smaller particles (alumina) because they would have higher velocity. However, 

considering the relatively small weight of the nano-A1203  particles compared to the PEEK-

nano-A1203  composite particles and their low concentration in suspension (TEM analysis), it 

can be concluded that the contribution of these particles to the A1203  weight would not greatly 

influence the final results. 

Prediction of coating composition 
In order to investigate the link between the relative amount of PEEK and nano-A1203  in 

suspension and their respective amounts in the deposited coatings, the following numerical 

analysis was carried out. The relationship between the amounts of PEEK and nano-A1203  in the 

coating (Pc  and Ac, respectively) can be written as a function of the respective amounts in the 

suspension (Ps  and As), as follows: 

A % A % c 	k  s 	 [5.8] 
Pc% Ps% 

where Ac% and Pc% are the amounts (wt.%) of nano-A1203  and PEEK in the coating and As% 

and Ps% are their amount (wt.%) in the suspension and k is a constant. This relationship gives 

the value of the weight or volume ratio between PEEK and nano-A1203  in coatings deposited 

from a suspension of known composition. Similarly, the relationship: 

P % 	P % S 	= k  c 	 [5.9] 
As% Ac% 

provides information about the suspension composition needed to deposit a film with a 

particular weight or volume ratio between PEEK and nano-A1203. The constant that connect 

these two relationships is: 
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k = Ac %1 Pc % =_ Ac%• Ps% 
As%I Ps% As%• Pc% 

From the experiments carried out for the 3P-3A and 4P-2A suspensions, the values for Ac%, 

Pc%, As% and Ps% are known and listed in Table 5.14. Ac% and Peo were calculated from 

the average of all the data obtained applying different AV for different deposition times and 

listed in Tables 5.11 and 5.12. 

For the 3P-3A suspension: 79.4%/20.6% 
k = .3.8 [5.11] 

50%/50% 

For the 4P-2A suspension: k= 
61.5%/38.5% = 3.2  [5.12] 
33.3%/66.6% 

Table 5.14 Values of Ac%, Pc%, As% and Ps% obtained experimentally for the two suspensions 

investigated. 

3P-3A 4P-2A 

Ac% 79.4 wt.% 61.5 wt.% 

Pc% 20.6 wt.% 38.5 wt.% 

As% 50.0 wt.% 33.3 wt.% 

Ps% 50.0 wt.% 66.7 wt.% 

These two values: k=3.8 and k=3.2 are remarkably similar and the difference between them is 

probably due to experimental errors; consequently, it can be considered that k=3.5, using an 

average value obtained from the two suspensions. Therefore, using this value of k and equation 

5.8, it should be possible to predict the coating ratio of any other suspension. For example, for a 

suspension with an intermediate composition, e.g. 3.5P-2.5A, equation 5.8 can be written as: 

ilc, % 3 5  2.5% 2 5  or 	Ac%=2.5Pc% 	 [5.13] 
Pc%  3.5% . 

and the PEEK-nano-A1203  composite coating deposited from this suspension should contain 

28.6 wt.% of PEEK and 71.4 wt.% of nano-A1203; experimentally a composition of 28 wt.% of 

PEEK and 72 wt.% of nano-A1203  was found, in perfect agreement with the theoretical 

expectations. When a 5P-1A suspension was employed for the coating deposition, equation 5.8 

predicts that films containing 58.8 wt.% of PEEK and 41.2 wt.% of nano-A1203  would be 

deposited whereas from the experimental data reported in Table 5.13 the films were found to 

contain 69.5 wt.% of PEEK and 30.5 wt.% of nano-A1203. In this case the ability of the 

equation proposed to predict the coating compositions was poor. Therefore it can be concluded 

that equation 5.8 with k=3.5 is suitable for predicting coating composition in a range of 

suspension compositions between the 3P-3A and the 4P-2A suspensions, where the value of k 

seemed constant, but the equation is not applicable outside this suspension composition range. 

5.5.7 Microstructure of the composite coatings 
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Figure 5.51 SEM images of the top surface of a PEEK-nano-A1203  coating deposited from a 3P-3A 

suspension showing the microstructure at a) x180, b) x250, c) x800, d) x6600, e) a PEEK particle 

covered by nano-A1203  particles and f) the distribution of the nano-A1203  particles on a PEEK 

particle. 

Figures 5.51-5.53 show the microstructure of the top surface of coatings deposited 

applying a difference of potential of 30 V for 3 min from 3P-3A, 4P-2A and 5P-lA 

suspensions, respectively. The top surface of the coatings deposited from the 3P-3A and 4P-2A 

suspensions presented some cracks, less remarkable than those of the pure nano-A1203  coatings 

shown in Figures 5.30 and 5.32, and some PEEK particles, as lumps, emerging from the 

coating (see Fig. 5.51 a), b), c), d) and e) and 5.52 a)); not many PEEK particles were visible 

due to the high amount of nano-A1203  in these two films (80 wt.% and 60 wt.%, respectively). 

The top surface of these coatings (see Fig. 5.51 f) and 5.52 b)) was completely covered by 

nano-A1203  particles of morphology, at high magnification, considerably similar to that of the 
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nano-A1203  coatings shown in Figure 5.32 c). 

c) 

Figure 5.52 SEM images of PEEK-nano-A1203  film deposited from a 4P-2A suspension. a) and b) 

top surface showing a) the microstructure and b) the high resolution organization of the nano-

A1203  particles on a PEEK particle, c) the cross section. 
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Figure 5.53 SEM images of PEEK-nano-A1203  film deposited from 5P-1A suspension showing the 

microstructure at a) x200, b) x750, c) and d) the distribution of the nano-A1203  on PEEK particles. 
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The films deposited from the 5P-1A suspension were highly rich in PEEK (70 wt.%) and 

their top surface showed clearly the PEEK particles (Fig. 5.53) with a distribution similar to 

pure PEEK coatings (see Fig. 5.17). Higher magnification analysis (see Fig. 5.53 c) and d)) of 

these coatings demonstrated that all the PEEK particles were covered by a layer of nano-A1203, 

which was necessary to render the PEEK particles positively charged. The nano-A1203  layer on 

the PEEK particles deposited from 5P-1A suspension (Fig. 5.53 d)) was not as continuous as 

the one observed for films deposited from 3P-3A and 4P-2A suspensions (Fig. 5.51 f) and 5.52 

b)) due to the smaller amount of nano-A1203  in suspension. Fig. 5.52 c) shows the cross section 

of a coating deposited from a 4P-2A suspension applying 30 V for 3 min demonstrating the 

formation by EPD of homogeneous PEEK-nano-A1203  — 40 1.tm thick coatings. 

5.5.8 Thermal properties 

Figure 5.54 DSC analyses of pure PEEK powder and PEEK-nano-A1203  composite powders. 

Since the PEEK melts and decomposes at much lower temperatures than the A1203, it 

was fundamental to study how the presence of nano-A1203  in the PEEK composites influenced 

the polymer thermal behaviour (i.e. melting temperature and degradation temperature). These 

studies have been carried out using DSC between room temperature and 450°C (as described in 

section 3.7) and DTA and TGA between room temperature and 750°C (as described in section 

3.6) applying in all cases a heating rate of 10°C•min-1. The powders analysed were pure PEEK, 

a mixture containing 90 wt.% PEEK and 10 wt.% nano-A1203  and the powders deposited from 

5P-1A, 4P-2A and 3P-3A suspensions containing around 70 wt.% PEEK and 30 wt.% nano-

A1203, 40 wt.% PEEK and 60 wt.% nano-A1203  and 20 wt.% PEEK and 80 wt.% nano-A1203, 

respectively. 

The aim of the DSC study was to determine if the melting temperature (Tm) of PEEK 

was influenced by the amount of nano-A1203  in the composite. A comparison between the DSC 
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heating curves of all these composite powders is shown in Figure 5.54 and the corresponding 

melting temperatures (Tm) (the tip of the melting peak), onset melting temperatures (Ton) (the 

start of the peak) and heat of fusion (the area of the melting peaks) are listed in Table 5.15. 

From the melting temperatures and the onset melting temperatures listed in Table 5.15, it was 

observed that the melting temperature of pure PEEK was slightly higher (-5°C) than that of the 

composites containing from 10 to 80 wt.% of nano-A1203, which all had similar melting 

behaviours. The decrease of the melting temperature with the addition of nano-A1203  in the 

composite was also reported by Nandar et al. [25] and Kuo et al. [205] and it was explained 

considering the higher thermal conductivity of A1203  compared to PEEK (30 and 0.2W m I .K-

1) that produces a more homogeneous heat transfer in the composites. 

Table 5.15 DSC data of pure PEEK and PEEK-nano-A1203  composites during the heating cycle. 

Composition Tm 
(°C) 

Ton 
(°C) 

Heat of 
fusion (J•g-1) 

% of 
crystallinity 

100 wt.% PEEK 349.3 322.3 58.9 45 

90 wt.%PEEK-10 wt.%A1203  343.7 320.1 55.8 50 

5P-1A (70 wt.%PEEK-30 wt.%A1203) 344.3 316.7 40.1 44 

4P-2A (40 wt.%PEEK-60 wt.%A1203) 344.4 317.7 18.4 39 

3P-3A (20 wt.%PEEK-80 wt.%A1203) 344.0 317.5 11.1 37 

As expected, the heat of fusion of the composites (see Table 5.15) decreased with 

decreasing amount of PEEK. Knowing that the enthalpy of melting of a polymer is directly 

proportional to the % of crystallinity (see section 5.3.1) [274, 275], that the heat of fusion of 

100% pure crystalline PEEK is 130 J•g-1  [10, 26, 205] and taking into consideration the relative 

amount of PEEK in the different composites powder, it was possible to estimate the % of 

crystallinity of all the composites using the following formula [26, 205]: 

heat of fusion •100 
% of crystallinity = 

130 • wt.%PEEK 

The results are listed in Table 5.15 and it seemed that the composite crystallinity was similar or 

higher than that of pure PEEK when the nano-A1203  content was lower than 30 wt.%, probably 

because of the heterogeneous nucleation effect of the nano-A1203  that enhanced the PEEK 

crystallization [3, 26, 205]. Higher amounts of nano-A1203  decreased the PEEK crystallinity 

probably because of the reduced mobility of the polymer chains in the composites [26, 205]. 

The TGA (Figure 5.55) and DTA (Figure 5.56) analyses were carried out to study the 

thermal stability of the composites in air and to understand how the amount of nano-A1203  

influenced the composite degradation temperature (Td). Td was chosen as the temperature at 

which the samples lost 10 wt.%, as described by Goyal et al. [3, 27, 28], and the values are 

reported in Table 5.16. For each experiment —10-12 mg of powder were employed [27] since it 

was observed that the amount of powder analysed could strongly influence the final results; in 
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fact the degradation temperature of pure PEEK varied from 564 to 629°C when the sample size 

varied from 5.71 to 23.9 mg. 

Figure 5.55 Comparison between the weight variations with the temperature of PEEK-nano-A1203  

composite powders with different amounts of PEEK (TGA analysis). 

Figure 5.56 Comparison between the heat flow variations with the temperature of PEEK-nano-

A1203  composite powders with different amounts of PEEK (DTA analysis). 

From the Td reported in Table 5.16 and the TGA analysis in Figure 5.55 it emerged that 

pure PEEK was thermally stable at temperatures higher than those of the composites and that 

Td decreased with increasing amount of nano-A1203, reaching a constant temperature for nano- 
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A1203  content > 30 wt.%. The DTA plots reported in Figure 5.56 show that the PEEK in the 

PEEK-nano-A1203  composites started to decompose at slightly lower temperatures compared to 

pure PEEK with the decomposition exothermic peaks moving to lower temperatures as the 

amount of nano-A1203  in the composite increased. The decomposition of pure PEEK and of the 

mixture containing 90 wt.% PEEK-10 wt.% nano-A1203  produced two exothermic peaks, 

whereas the 40 wt.% PEEK-60 wt.% nano-A1203  and 20 wt.% PEEK-80 wt.% nano-A1203  

mixtures exhibited just one exothermic peak probably for the smaller amount of decomposing 

material. It is interesting to note that the 70 wt% PEEK-30 wt.% nano-A1203  mixture showed 

three exothermic decomposition peaks: the two at higher temperatures were equivalent to the 

decomposition peaks observed for the high PEEK containing mixtures and the one at lower 

temperature was equivalent to the decomposition peak of the 20 wt.% PEEK-80 wt.% nano-

A1203  mixture. The Td found for the 90 wt.% PEEK-10 wt.% nano-A1203  and for the 70 wt.% 

PEEK-30 wt.% nano-A1203  composites (Table 5.16) were significantly similar to the data 

reported by Kuo et al. [26] and Goyal et al. [3] for composites containing 2.5-10 wt.% and 

1.25-30 wt.% of nano-A1203. The main difference between the results obtained here and those 

reported in the literature was the Td of pure PEEK being 559 [26] and 556°C [3] significantly 

lower than the 608°C found from the TGA analysis. 

Table 5.16 Degradation temperatures for PEEK-nano-A1203  composites with different 

compositions. 

Composition Td (°C) 

100 wt.% PEEK 608 

90 wt.%PEEK-10 wt.% A1203  579 

5P-IA (70 wt.%PEEK-30 wt.% A1203) 547 

4P-2A (40 wt.%PEEK-60 wt.% A1203) 546 

3P-3A (20 wt.%PEEK-80 wt.% A1203) 544 

5.5.9 Heat-treatment of the composite coatings 
The heat-treatment after the deposition is a fundamental step for the production of useful 

coatings since it increases the substrate/coating adhesion and improves the coating micro-

structure eliminating porosity, as observed for the PEEK films in section 5.3.5. According to 

the thermal analysis reported in section 5.5.8, the nano-A1203  inclusions were seen to slightly 

decrease the PEEK melting temperature and therefore the optimum heat-treatment conditions 

for PEEK coatings (343°C for 30 min with a heating rate of 10°C•miri1  (see section 5.3.5)) 

were employed to heat-treat composite samples deposited applying a difference of potential of 

30 V for 3 min. The composite coatings deposited from the three suspensions (3P-3A, 4P-2A 

and 5P-1A) and heat-treated under these conditions were quite uniform over the whole area 

coated, as shown in Figure 5.57. These coatings were all considerably similar (Figure 5.57) 
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except for a slightly different colour; the higher the PEEK concentration in the film the darker 

the coatings due to the characteristic brown colour of the melted PEEK. In order to test how the 

heat-treatment conditions influenced the substrate/coating adhesion a qualitative test was 

carried out by simply scratching manually the coating with a plastic pointy object. From this 

analysis it resulted that these coatings were scratch resistant, as qualitatively demonstrated by 

Figure 5.58. 

Figure 5.57 Images of a) sample deposited from the 3P-3A, b) the 4P-2A, and c) the 5P-1A 
suspension and heat-treated at 343°C with a heating rate of 10°C•min-1  and 30 min holding time. 

Figure 5.58 Image of a sample coated using the 4P-2A suspension and heat-treated at 343°C with a 
heating rate of 10°C•min' and 30 min holding time. After the heat-treatment step the coating was 
manually scratched with a plastic pointy object to qualitatively test the substrate/coating adhesion. 

SEM microstructural analysis of coatings deposited from 3P-3A and 4P-2A suspensions 

and heat-treated at 343°C for 30 min with a heating rate of 10°C•min-1  demonstrated that there 

were still numerous cracks and that the PEEK particles maintained their original shape, as if 

they were not molten. The microstructures of 3P-3A and 4P-2A composite films were 

considerably similar due to the high nano-A1203  content and therefore, for simplicity, just the 

analysis of the 4P-2A films is discussed here. The analysis carried out on 4P-2A coatings are 

shown in Figure 5.59; it is evident that the coatings still presented few cracks (Figure 5.59 a) 

and b)), that the PEEK particles maintained their original shape after melting (Figure 5.59 c)) 

and that the threefold heavier nano-A1203  did not sink in the molten PEEK but was still 

distributed on the top of the coating (Figure 5.59 d)). The fact that the PEEK particles did not 

deform was unexpected considering that they were completely molten and deformed in pure 
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PEEK coatings after heat-treatment under the same conditions, as shown in Figure 5.23 a) and 

b) and considering that the thermal analysis in Figure 5.54 and in Table 5.15 showed that the 

melting point of the PEEK-nano-A1203  mixture was —5°C lower than that of pure PEEK. 

Hence, in order to determine if holding the samples at 343°C for longer time would melt and 

deform the PEEK particles, further experiments were carried out. SEM images showing the 

surfaces of 4P-2A coatings heat-treated for 2, 5 and 20 h (at 343°C with 10°C•min-1  heating 

rate) are presented in Figures 5.60-5.62. From the visual inspection of these micrographs 

(Figures 5.60-5.62), it can be seen that there were still numerous cracks and some lumps on the 

surfaces of all the coatings indicating that the PEEK was still not completely molten/deformed 

(see Figures 5.60-5.62). 

Figure 5.59 SEM images of PEEK-nano-A1203  films deposited from the 4P-2A suspension and 

heat-treated at 343°C with a heating rate of 10°C•min-1  and 30 min holding. a) at x500, b) at x2500, 

c) showing a PEEK particle surrounded by nano-A1203  and d) the microstructure of the nano-

A1203  top layer. 

The fact that PEEK particles in 3P-3A and 4P-2A composite films did not deform even 

though the melting temperature was reached (thermal analysis in Fig. 5.54 and Tab. 5.15 and 

changed in colour shown in Fig. 5.57) could be probably due to the layer of nano-A1203  

particles surrounding the PEEK particles that could obstruct the flow of the molten polymer. 

The lack of flow of PEEK in PEEK-nano-A1203  composites was also observed when pellets 

containing 70 wt.% PEEK-30 wt.% nano-A1203, 40 wt.% PEEK-60 wt.% nano-A1203  and 20 

wt.% PEEK-80 wt.% nano-A1203  were prepared by manually pressing the mixed powder in a 
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cylindrical die and then heat-treated at 343°C for 30 min with a heating rate of 10°C-min-1. 

Figure 5.63 shows that the composite pellets containing between 20 and 70 wt.% of PEEK 

maintained the starting shape during heat-treatment (polymer did not flow), a part from a 

volume contraction due to the shrinkage of the PEEK during melting as observed in Figure 

5.19, whereas the pure PEEK pellet completely melted and deformed. 

Aft b) 

Figure 5.60 SEM images of a film deposited from the 4P-2A suspension and heat-treated at 343°C 

with a heating rate of 10°C•min-I  and 2 h holding time. a) low and b) high magnification. 

b) 

Figure 5.61 SEM images of a film deposited from the 4P-2A suspension and heat-treated at 343°C 

with a heating rate of 10°C•min-1  and 5 h holding time. a) low and b) high magnification. 

Figure 5.62 SEM images of a film deposited from the 4P-2A suspension and heat-treated at 343°C 

with a heating rate of 10°C•min-1  and 20 h holding time. a) low and b) high magnification. 
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Figure 5.63 Image of pellets containing from left to right: 20 wt.% PEEK-80 wt.% nano-A1203, 40 

wt.% PEEK-60 wt.% nano-A1203, 70 wt.% PEEK-30 wt.% nano-A1203  and pure PEEK prepared 

by manually pressing the powder in a cylindrical die and heat-treated at 343°C for 30 min with a 

heating rate of 10°C•min-1. 

Figure 5.64 PEEK-nano-A1203  composite film deposited from a 4P-2A suspension and heat-treated 

at 400°C with a heating rate of 10°C-min-1  and 2 hours holding time. 

a) 	 b) 

Figure 5.65 SEM images of a film deposited from the 4P-2A suspension and heat-treated at 400°C 

with a heating rate of 10°C•min-land 2 h holding time. a) low and b) high magnification. 

Considering that the PEEK in the composites did not flow at 343°C, the heat-treatment 

temperature was increased to 400°C. A sample deposited from the 4P-2A suspension and heat-

treated at 400°C for 2 h with a heating rate of 10°C•min-1  is shown in Figure 5.64. The SEM 

microstructure analysis of this coating (shown in Figure 5.65) shows that even after the heat-

treatment the film still presented numerous cracks and some PEEK particles maintaining their 
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original shape. This sample (Figure 5.64) was dark brown as the sample heat-treated at 343°C 

for 20 h with a heating rate of 10°C-miril  and shown in Figure 5.66 a). It should be noted that 

the films heat-treated at 343°C for 20 h (Figure 5.66) and those heat-treated at 400°C for 2 h 

(Figure 5.64) were easier to scratch off using a plastic pointy object compared to the films heat-

treated at 343°C for 30 min (Figure 5.58). The poor mechanical integrity observed in the 

coatings heat-treated at higher temperatures or for longer time was probably due to the partial 

decomposition of PEEK under these conditions (343°C for 20 h and 400°C for 2 h), as also 

shown in the SEM images of the cross sections (Figure 5.67). The cross section of a 4P-2A 

coating heat-treated at 343°C for 5 h (Figure 5.67 a)) showed a uniform, pore-free film and the 

melted PEEK very well infiltrated into the substrate surface; whereas a 4P-2A coating heat-

treated at higher temperatures (400°C for 2 h) (Figure 5.67 b)) presented numerous cavities 

probably produced during the mechanical polishing of the cross section and due to the 

weakness of the partially decomposed PEEK. The partial decomposition of PEEK during heat-

treatment at 400°C was further confirmed by Figure 5.68, showing a pure PEEK coatings heat-

treated at the same temperature for 2 h and partially decomposed. 

b) 

Figure 5.66 a) Sample deposited from the 4P-2A suspension and heat-treated at 343°C with a 

heating rate of 10°C•min-1  and 20 h holding time, b) The same sample after manually scratching 

the surface with a plastic pointy object to qualitatively test the substrate/coating adhesion. 

From this research on PEEK-nano-A1203  composite coatings deposited from 4P-2A and 

3P-3A suspensions it resulted that the best heat-treatment conditions were 343°C for 30 min 

with a heating rate of 10°C•min', as also observed for pure PEEK coatings and described in 

section 5.3.5, even though the PEEK particles did not flow at the melting temperature because 

of the high alumina content in these films. The same heating conditions were also applied to 

heat-treat 5P-1A coatings that differ from those just analysed for the higher PEEK content (70 

wt.% instead of 20-40 wt.%). The SEM microstructure analysis in Figure 5.69 a) demonstrates 

that the PEEK in 5P-1A composites was completely melted after the heat treatment and 

presented a similar structure to that of pure PEEK films (Figure 5.23), probably because the 

lower alumina content did not obstruct the flowing of the melted PEEK. Nano-A1203  particles 
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are still visible on the coating surface, as shown in Figure 5.69 b). Figure 5.69 demonstrates 

that it was possible to produce crack-free PEEK-nano-A1203  composite coatings and that the 

heat-treatment employed was suitable for the preparation of dense PEEK composite films. 

I5kU 	X1,000 lamm 	IS 36 SEI 

a) 	 b) 

Figure 5.67 SEM images of the cross sections of films deposited from the 4P-2A suspension and 

heat-treated a) at 343°C for 5 h with a heating rate of 10°C•min-I  b) at 400°C for 2 h with a heating 

rate of 10°C•min-'. 

Figure 5.68 Image of a PEEK coating heat-treated at 400°C for 2 h with 10°C•min-1  heating rate 

with arrows showing the partially decomposed PEEK. 

a) 	 

Figure 5.69 SEM images of a film deposited from a 5P-1A suspension and heat-treated at 343°C 

with a heating rate of 10°C•min1  and 30 min holding time. a) low and b) high magnification. 
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Figure 5.70 XRD spectra of A) pure PEEK powder (P indicates the main PEEK peaks), and pellets 

containing B) 70 wt.% PEEK-30 wt.% nano-A1203, C) 40 wt.% PEEK-60 wt.% nano-A1203  all 

heat-treated at 343°C with a heating rate of 10°C•min'' and 30 min holding, D) pure nano-A1203. 

For clarity, scans A, B and C have been displaced upward by 3000, 2000, 1000 cps, respectively. 

From the comparison of the XRD patterns of PEEK before and after heat-treatment an 

increase of the crystallinity was observed (see Fig. 5.25). In order to identify the influence of 

different amounts of nano-A1203  on the variation of the PEEK crystallinity during the heat-

treatment the XRD of pure PEEK (spectrum A in Fig 5.70) and pure nano-A1203  (spectrum D 

in Fig. 5.70) have been compared with the XRD of pellets containing 70 wt.% PEEK-30 wt.% 

nao-A1203  (spectrum B in Fig. 5.70) and 40 wt.% PEEK-60 wt.% nano-A1203  (spectrum C in 

Fig. 5.70). The 20 wt.% PEEK-80 wt.% nano-A1203  spectrum was not reported since the PEEK 

signals were too low due to the small content of PEEK in the composite. PEEK, 70 wt.% 

PEEK-30 wt.% nano-A1203  and 40 wt.% PEEK-60 wt.% nano-A1203  pellets were heat-treated 

at 343°C for 30 min with a heating rate of 10°C•min-1  before XRD analysis. The major 

diffraction peaks for PEEK are between 20 15° and 30° (indicated by a P in spectrum A in Fig. 

5.70) and they are clearly visible in the XRD patterns of 70 wt.% PEEK-30 wt.% nano-A1203  

(spectrum B in Fig. 5.70) and 40 wt.% PEEK-60 wt.% nano-A1203  (spectrum C in Fig. 5.70) 

composites. The major diffraction peaks for the nano-A1203  powder are between 20 10° and 

70° (Fig. 4.47 in section 4.5.1), but just the diffraction pattern between 20 10° and 60° is shown 

in plot D in Fig. 5.70. From the comparison of the XRD patterns of the composites with the 

starting powders, it is clear that no diffraction peaks have been created or have disappeared 

during the heat-treatment and therefore it can be concluded that no interfacial interaction has 

occurred between the PEEK and the nano-A1203  particles, at least under detection limit of 

XRD, as also reported by Lai et al. [26, 201] for PEEK-nano-Si02  composites and by Kuo et al. 

[26] and Goyal et al. [3] for PEEK-nano-A1203  composites. Conversely, it has been reported in 
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the literature that other organic-inorganic composites, such as poly(vinylidene fluoride)-

organophilic clay nanocomposites prepared by melt intercalation technique [281] and 

polyamide-6/Si02  (PA6/Si02) composite prepared by blending method [282], presented a 

modification of the diffraction pattern compared to the pure constituents. 

5.5.10 Mechanical properties 
In this research PEEK and PEEK-nano-A1203  composite coatings with three different 

compositions have been successfully deposited by EPD. In this section the mechanical 

properties of the deposited and heat-treated (343°C for 30 min with 10°C•miri' heating rate) 

coatings have been investigated using scratch test and micro-hardness. Moreover, since not 

many studies were reported in the literature for PEEK-nano-A1203  composites and most of 

them were carried out for low nano-A1203  concentrations (0-30 wt.%) [3, 24, 26, 29, 205, 206], 

it was necessary to gain a better understanding of the properties of the composites through the 

measurement of the hardness and the compression strength of pellets. The pellets had the same 

compositions of the three PEEK-nano-A1203  composite coatings described in the previous 

sections: 20 wt.% PEEK-80 wt.% nano-A1203  (as in 3P-3A coatings), 40 wt.% PEEK-60 wt.% 

nano-A1203  (as in 4P-2A coatings), 70 wt.% PEEK-30 wt.% nano-A1203  (as in 5P-1A coatings). 

Furthermore, pellets with a lower amount of nano-A1203  (as recommended in the literature for 

PEEK composites [24, 26, 29, 201-205]): 90 wt.% PEEK-10 wt.% nano-A1203  were also 

fabricated. The pellets were pressed manually in a cylindrical steel dye to reproduce as closed 

as possible the conditions of materials produced by EPD. Before testing all pellets were heat-

treated in the same conditions employed for the coatings (343°C for 30 min with a heating rate 

of 10°C•min-1). Macroscopic images of these pellets are shown in Figure 5.63. The 90 wt.% 

PEEK-10 wt.% nano-A1203  pellets and the pure PEEK pellets presented in fact a too high 

PEEK content and deformed during heat-treatment. 

The residual depths of three scratches made on each sample (PEEK coating and films 

deposited from 3P-3A, 4P-2A and 5P-1A suspensions) were similar within the experimental 

error indicating that the coatings were homogeneous. Figure 5.71 compares the residual depths 

(depth of the scratch track after the scratch test was carried out) for scratches made on PEEK 

coatings deposited as described in section 5.3 and on PEEK-nano-A1203  composite films 

deposited from 3P-3A, 4P-2A and 5P-1A suspensions. From the comparison of the residual 

depth (Fig. 5.71) made on the four different coatings it was clear that the coating thickness of 

pure PEEK, 3P-3A and 4P-2A films were similar (— 30 ilm), whereas the 5P-1A films was 

thicker (— 100 gm), e.g. the indenter penetration in 5P-1A coatings was much deeper than in 

the other coatings due to their higher thickness, while for the other films the indenter 

penetration was stopped by the substrate. Since it was difficult to compare the results obtained 

due to different contribution of the substrate in different situations; it was decided to compare 

just the initial part of the scratch test analysis where the effect of the coating deformation was 
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predominant. The comparison of the residual depth of the scratches in the first part of the 

analysis (Fig. 5.71) shows that the scratch track was deeper in composite coatings rich in nano-

A1203  (deposited from 3P-3A and 4P-2A suspensions) than in pure PEEK and 5P-1A coatings. 

In particular it seemed that the 5P-1A films were more scratch resistant than pure PEEK films 

and that 3P-3A and 4P-2A films under scratch test conditions were very similar (Fig. 5.71). 

Figure 5.71 Residual depth profiles of the scratches carried out on PEEK and PEEK-nano-A1203  

coatings deposited from 3P-3A, 4P-2A and 5P-1A suspensions applying a progressive load between 

0 and 20 N. 

From the analysis of the tracks left by the scratches it is possible to evaluate qualitatively 

the adhesion between substrate and coating. In the pure PEEK coatings and in the 5P-1A 

coatings the indenter did not produce cracks and the coatings remained fully adherent to the 

substrate, as shown for PEEK films in Figure 5.72 a). However, conformal cracking 

(semicircular trajectory parallel to the indenter only within the scratch) was observed, as 

suggested by Burnett and Rickerby [263]. In the coatings deposited from the 3P-3A and 4P-2A 

suspensions, spalling failures (due to compressive stresses preceding the moving stylus) were 

observed as suggested by Burnett and Rickerby [263]. The spallation produced the almost total 

delamination of the coatings that flaked off the substrates, as shown for 3P-3A films in Figure 

5.72 b). The reduced substrate/coating adhesion in composite coatings with high nano-A1203  

content compared to pure PEEK films was probably due to the presence of nano-A1203  that 

significantly reduced the PEEK-substrate contact area, which in section 5.3.5 was considered 

responsible for the adhesion of pure PEEK films through a mechanical interlocking mechanism 

between the two materials. This result suggests that, in order to obtain good substrate/coating 

233 



Ilaria Corni 

adhesion, the amount of nano-A1203  in the composites should be maximum 30 wt.% (achieved 

from 5P-1A suspensions) to exploit the binding effect of the polymer, e.g. the PEEK acting as a 

continuous matrix where nano-A1203  particles are embedded with no or negligible A1203-A1203  

particle contact. 

a)  

b)  
Figure 5.72 Surface maps of the scratch tracks left on a) pure PEEK and b) 3P-3A coatings 

applying a progressive load between 0 and 20 N. The images were obtained by white light 

interferometry (Zygo®). 

Table 5.17 Micro-hardness results obtained for the PEEK and PEEK-nano-A1203  (3P-3A, 4P-2A 

and 5P-1A suspensions) composite coatings. 

Samples Micro-hardness HV 

PEEK 25 + 2 29 + 4 25 + 2 

5P-1A 23±8 26±9 24 ± 5 

4P-2A 6 + 2 4.0 ± 0.7 4.8 + 0.6 

3P-3A 6 + 2 4.4 + 0.5 6 + 2 

The micro-hardness of PEEK-nano-A1203  composite coatings deposited from the 3P-3A, 

4P-2A and 5P-lA suspensions and of pure PEEK coatings was measured. The lowest possible 

load available in the instrument (0.245 N) was applied to measure the properties of the coatings 

but the indentation depth was in all cases more than 1/10 of the coating thickness. It is therefore 
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possible that the measured hardness values were not accurate and contained contributions from 

both the substrate (which was measured at 170 ± 17 HV) and the coating [263]; for this reason, 

the hardness values measured should not be considered as absolute values. However, since all 

the films, a part from those deposited from 5P-1A suspensions, were of similar thickness, it 

could be assumed that the substrate contribution to the final value was constant and so the 

measurements could be used to compare and rank the different films. The PEEK coating 

hardness values shown in Table 5.17 are in agreement with the results reported in the literature 

(e.g. 21.7 HV [26], 23.4 HV [201], 22-24 HV [7], 25 HV [191], 24 HV [209] and 24.6 HV 

[11]). The nano-A1203  particles employed in this research are a mixture between y-, 8- and 8*-

A1203  phases and it has been reported in the literature that the hardness of both y-A1203  and 8-

A1203  is around 1600 HV [283]. Therefore, it was expected that adding hard nano-A1203  

particles to the PEEK matrix the hardness of the composites would increase compared to the 

hardness of pure PEEK. However the results obtained and listed in Table 5.17 show that the 

micro-hardness of the PEEK-nano-A1203  composites deposited from 3P-3A and 4P-2A 

suspensions was much lower than that of pure PEEK while the micro-hardness of the 5P-1A 

films was in the same range of the PEEK hardness. 

The deeper penetration of the indenter into the composites highly rich in nano-A1203  

(deposited from 3P-3A and 4P-2A) during scratch test and the decrease of the coating micro-

hardness with the addition of high concentration of nano-A1203  are unexpected results. 

However, several plausible explanations for these results can be put forward as follows: 

• incomplete densification, e.g. the presence of cracks and porosity in the coatings; 

• low cohesion between PEEK and nano-A1203  in the composites, e.g. the presence of 

weak interfaces which would facilitate penetration of the indenter; 

• too high concentration of nano-A1203  in the films, e.g. the amount of PEEK is not enough 

to keep the coating together and the behaviour is more similar to a brittle nano-A1203  film 

due to the high number of weak A1203-A1203  particle contacts. 

These explanations are backed up by some observations. For example from the analysis of the 

SEM images of the 4P-2A coatings from the top (Figure 5.59) some cracks were visible even 

after the heat-treatment, but the cross section analysis (Figure 5.67 a)) showed that the films 

were highly dense and therefore porosity could not explain the lowest hardness observed. 

Another possible explanation is the low cohesion between PEEK and nano-A1203  that 

rendered the films less resistant to deformation compared to pure PEEK films. In order to 

evaluate the cohesion PEEK and nano-A1203  two layers sandwich pellet (PEEK powder in the 

lower part and nano-A1203  powder on top) was produced and heat-treated at 343°C for 30 min; 

the PEEK melted during the treatment and the extremely brittle alumina layer on top of it 

cracked and fell off during handling (Fig. 5.73 a)). The contact area between PEEK and nano-

A1203  was analysed by SEM (Fig. 5.73 b)) after carefully scratching with a spatula and 

cleaning in acetone to eliminate all the loose nano-A1203  particles. This surface consisted of a 
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continuous layer of nano-A1203  demonstrating a good cohesion between the two materials, as 

also reported by Nandan et al. [25] that stated that PEEK is a good binder for ceramic 

materials. A further confirmation of this finding was obtained by the analysis of the PEEK part 

of the two layers sandwich pellet shown in Figure 5.73 c); the PEEK melted and flowed under 

the alumina pellet dragging also some nano-A1203  particles that would not be embedded in the 

PEEK if the cohesion between the two materials was poor. 

Figure 5.73 a) Image of the two layers PEEK-nano-A1203  sandwich pellets after heat-treatment. b) 

SEM images of the contact area between PEEK and nano-A1203  in the sandwich pellets and b) 

SEM image of the PEEK side. 

Therefore, the more plausible explanation for the poor mechanical properties of the 

coatings deposited from 3P-3A and 4P-2A suspensions is the high amount of nano-A1203  

particles in these composites (-80 and —60 wt.%, respectively). The high A1203  concentration 

instead of increasing the hardness of the coatings increased their brittleness, as the alumina at 

the temperature employed (343°C) does not sinter, rendering the coatings similar to pure 

alumina films, that were observed to be brittle and to easily flake off the substrates (Fig. 5.32 in 

section 5.4.4). This explanation was further supported by the hardness measurements on the 

pellets reported in Figure 5.74, that clearly shows that composites with low nano-A1203  content 

(< 30 wt.%) exhibit higher hardness than pure PEEK, as also reported in the literature [26]. 

When the nano-A1203  content increased over 30 wt.% the hardness dramatically decreased 

because of too many A1203-A1203  contacts and the lack of PEEK matrix to keep together the 

composite material. 
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Figure 5.74 Micro-hardness values obtained from pure PEEK and PEEK-nano-A1203  composite 

pellets with increasing nano-A1203  content. 

Beyond the decrease in hardness, also the compression strength of composite pellets 

extremely decreased with increasing nano-A1203  content. Figure 5.75 shows typical stress-

strain curves for cylindrical specimens; the stress was calculated using: 

Stress = F/A 
	

[5.15] 

where F is the compression force applied and A the area of the cross section. The strain was 

calculated using: 

Strain = AH.100/H 
	

[5.16] 

where AH is the difference in height and H is the starting height of the specimen. For each 

pellet composition (20 wt.% PEEK-80 wt.% nano-A1203, 40 wt.% PEEK-60 wt.% nano-A1203  

and 70 wt.% PEEK-30 wt.% nano-A1203) five experiments were carried out at room 

temperature and all the results are shown in Figure 5.75. This test showed a compression 

strength between 50 and 70 MPa for the 70 wt.% PEEK-30 wt.% nano-A1203  composition and 

extremely lower compression strengths for the 40 wt.% PEEK-60 wt.% nano-A1203  composite 

with 6-8 MPa and for the 20 wt.% PEEK-80 wt.% nano-A1203  pellet with 1-2 MPa. All these 

data were much lower compared to the value of compression strength for pure PEEK reported 

in the literature (130-170 MPa [190]). The compression strength of pure PEEK was not 

measured in this study because the pellets could not be prepared using the same procedure 

employed for the preparation of the composite pellets, since the PEEK melted and deformed 

during the heat-treatment (see Figure 5.63), and therefore the composite data were compared 

with the data in the literature. 

The decrease in compression strength with the increase of alumina is probably due to the 

too high alumina concentration in the composites, in particular the 20 wt.% PEEK-80 wt.% 

nano-A1203  composites completely disintegrated applying a considerably small stress (1-2 

MPa) (Fig. 5.76 a)) while the other two compositions containing higher amounts of PEEK (70 
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wt.% PEEK-30 wt.% nano-A1203  and 40 wt.% PEEK-60 wt.% nano-A1203) were more resistant 

to fracture in compression (Fig. 5.76 b) and c)). 

70 wt.% PEEK- 
30 wt.% nano-A1203  

40 wt.% PEEK- 
60 wt.% nano-A1203  

20 wt.% PEEK- 
80 wt.% nano-A1203  

Figure 5.75 Compressive stress-strain curves for PEEK-nano-A1203  composite pellets (20 wt.% 

PEEK-80 wt.% nano-A1203, 40 wt.% PEEK-60 wt.% nano-A1203  and 70 wt.% PEEK-30 wt.% 

nnao-A1203) tested at room temperature. Note that pure PEEK has compression strength of 130-

170 MPa 1190]. 

1 cm 

Figure 5.76 Images of the pellets after the compression strength test: a) 20 wt.% PEEK-80 wt.% 

nano-A1203, b) 40 wt.% PEEK-60 wt.% nano-A1203  and c) 70 wt.% PEEK-30 wt.% nano-A1203. 

From the micro-hardness and compression strength results on PEEK-nano-A1203  bulk 

materials reported in this section (Fig. 5.74-5.75) it seemed that the best PEEK-nano-A1203  

composite should have the lowest possible A1203  content compatible with an increase of 

mechanical properties, in agreement with other literature findings [24-29, 205, 206]. 

Considering the compositions of the PEEK-nano-A1203  composite coating deposited by EPD in 

this investigation the one presenting the lowest amount of nano-A1203  was deposited from the 

5P-1A suspension and contained 70 wt.% PEEK-30 wt.% nano-A1203. The hardness and 

resistance to scratch of this kind of film (5P-1A) was similar to that of pure PEEK films. 
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5.5.11 Corrosion Resistance 
Stainless steels are employed in numerous applications in almost every field of human 

activity for their good corrosion resistance properties due to the presence of a 2-4 nm thin 

passive film on their surface [238, 239]. However, stainless steels are susceptible to pitting 

corrosion in a neutral aqueous solution containing as little as 1 mM of chloride C1-; this 

localized dissolution is one of the most frequent and disastrous causes of failure of metallic 

structures [267, 268]. The presence of pitting corrosion can be detected by measuring the 

passive current density that can be as high as 1 A.cm-2, whereas in normal dissolution 

conditions it is in the range of nA•cm-2  [267]. In this research project the corrosion resistance of 

PEEK and PEEK-nano-A1203  coatings deposited on stainless steel was investigated to examine 

if beyond other properties PEEK-nano-A1203  coatings can also protect the stainless steel from 

pitting corrosion. 

The localised corrosion behaviour of the stainless steel-composite films deposited from 

the 3P-3A, 4P-2A and 5P-1A suspensions (applying 30 V for 3 min) and of pure PEEK films 

deposited as described in section 5.3 were determined by electrochemical measurements and 

compared with the corrosion resistance of the as received stainless steel AISI 316L. The results 

are shown by the polarization curves in Figure 5.77. In this experiment the corrosion resistance 

is related to the sharp increase in current corresponding to pitting corrosion. The potential at 

which this occurs is termed the 'pitting potential' and its value can be used comparatively. In 

this study the potential value required to produce a current density of 1 mA• cm-2  are compared. 

It is important to note that the results produced by this kind of experiment are strongly related 

to the surface properties of the samples analysed and therefore a variation between the data was 

expected, several tests were therefore performed and average values considered. The average 

pitting potential of the as-received stainless steel AISI 316L substrates was +405 mV (SCE), 

whereas the PEEK-nano-A1203  composite coatings presented better corrosion resistance in 

chloride environment with a pitting potential of +490 mV (SCE) for 3P-3A coatings, +755 mV 

(SCE) for 4P-2A coatings and +1255 mV (SCE) for 5P-1A films (although the slow current 

rise may indicate that crevice corrosion is occurring, the films however did not detach.). Whilst 

some variation in the pitting potential is expected, the 4P-2A films displayed differences of 

several hundreds of mV, probably due to the irreproducibility of the surfaces due to cracking in 

the coatings. The PEEK films repeatedly showed a "noisy" electrochemical response, as shown 

in Figure 5.77 b), with no defined current increased and the samples showed severe crevice 

corrosion with, in the worst case, complete delamination and detachment of the coating from 

the substrate, as shown in Figure 5.78. 

From these results, it could be concluded that in chloride environment the PEEK-nano-

A1203  composite films were more corrosion resistant than uncoated stainless steel and stainless 

steel covered by pure PEEK films. 
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Figure 5.77 Potentiodynamic curves in 0.1 M NaCI solution of a) uncoated 316L stainless steel, b) 

pure PEEK films and composite coatings deposited from c) 5P-1A, d) 4P-2A and e) 3P-3A 

suspensions. 
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Figure 5.78 Image of a PEEK film after electrochemical measurement showing severe crevice 

corrosion and detachment of the coating from the substrate. 

5.5.12 Tape test 

a) b) 

Figure 5.79 Images of a) a 3P-3A film after cutting and b) after tape test. 

a) 	 b) 

Figure 5.80 Images of a) a 4P-2A film after cutting and b) after tape test, showing both the tape 

and the film left on the substrate. 

   

  

1 cm 

 

 

Figure 5.81 Images of a) a 5P-1A film and b) the tape used for the tape test, both pictures were 

taken after the test. 
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Figure 5.82 Image of a pure PEEK film and the tape used for the tape test, both pictures were 

taken after the test. 

b) 
Figure 5.83 SEM images of a part of a 4P-2A film peeled off during the tape test showing a) a low 

magnification image of the part detached showing holes (arrows) with shape similar to PEEK 

particles and b) high magnification image showing the high nano-A1203  content. 

The general function of a coating is to protect or decorate the substrate and for this reason 

a good substrate/coating adhesion is fundamental. In this study the adhesion of the PEEK and 

PEEK-nano-A1203  composite coatings, deposited from 3P-3A, 4P-2A and 513-1A suspensions, 

on as-received stainless steel substrates was qualitatively assessed using the tape test standard 

method described in section 3.14. The aim of this study was to underline the differences in 

adhesion of coatings with different nano-A1203  content by comparing the experimental results 
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with the illustrations reported in Table 3.2. Four samples for each composition were tested and 

a representative result for each composition is reported in Figures 5.79-5.82. 

It was found that the adhesion of the films deposited from 3P-3A suspensions was really 

poor. The coatings started to flake off already during cutting the films in the first step of the test 

(see Figure 5.79 a)) and after the tape was removed more than 65% of the film was detached 

(Figure 5.79 b)). The films deposited from the 4P-2A suspensions were more adherent to the 

substrate; less material flaked off during the cutting (Figure 5.80 a)) compared to the 3P-3A 

films and between 35 and 65% of the coating was removed by the tape during the test (Figure 

5.80 b)). The 5P-1A films were much better adherent than the two previous samples with 

between 5% and 15% of material removed by the tape (Figure 5.81 a)) and all the removed 

parts were in correspondence to the cuts made in the film (Figure 5.81 b)). The pure PEEK 

coatings were fully adherent with no material removed (Figure 5.82). All these results were in 

agreement with the findings described in section 5.5.10, from which it emerged that the nano-

A1203  content in the composite films should be as low as possible because the high number of 

weak A1203-A1203  particle contacts made the coatings weak and reduce their structural 

integrity. This explanation is further proved by SEM images of a part of a 4P-2A film peeled 

off during the tape test (Figure 5.83) which shows the high alumina content in the part of the 

coating in which failure took place (Figure 5.83 b)) and some voids (Figure 5.83 a)) with 

shapes similar to that of PEEK particles, as those shown in Figure 5.59, that further underline 

the low mechanical integrity of the film. 

Figure 5.84 Image of a pure PEEK film after immersion in 0.1 M NaC1 solution for 1 week and 

following the tape test. 

Since the composite coatings were more resistant to corrosion than the stainless steel and 

the pure PEEK films in 0.1 M NaC1 solution (see section 5.5.11), it was interesting to 

determine if the substrate/coating adhesion was influenced by the immersion in this solution. 

The 5P-1A and the pure PEEK films were therefore immersed in 0.1 M NaC1 solution for 1 

week and then tested. The other two composite films (3P-3A and 4P-2A) were not considered 
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in this second study since their adhesion was poor. From this analysis it resulted that the 

adhesion of the 5P-1A films was not modified by the immersion in NaCI solution, whereas the 

adhesion of the PEEK coatings considerably varied. It was observed that some part of the 

PEEK coatings changed colour after the immersion in the chloride solution, probably due to 

partial detachment, and that these parts peeled off during the adhesion test, consequently the 

adhesion worsen from 100% (without immersion) to 85-95% (after immersion), as shown in 

Figure 5.84. These results were in agreement with the detachment of the PEEK films observed 

during the corrosion studies, which were shown in Figure 5.78. 

5.6 Summary 

EPD was successfully applied to deposit on stainless steel plates pure PEEK and pure 

nano-A1203  coatings and, for the first time, PEEK-nano-A1203  composite films were also 

deposited. The microstructure, morphology and composition of all the deposited coatings were 

reproducible and thus EPD can be considered a convenient low cost method to produce PEEK 

and PEEK-nano-A1203  films on metallic substrates. The composition of the PEEK-nano-A1203  

composite coatings was varied by changing the ratio between the two materials in the starting 

suspension. The addition of alumina seemed to decrease the melting temperature and the 

degradation temperature of pure PEEK. From the mechanical properties of the deposited 

samples after heat-treatment, it was clear that coatings with high nano-A1203  content were 

rather weak due to extensive A1203-A1203  particle contacts and that the mechanical properties 

were increased by lowering the nano-A1203  concentration. The composite films with lower 

alumina content, and therefore better properties, were deposited from 5 wt.% PEEK-1 wt.% 

nano-A1203  suspensions and contained 70 wt.% PEEK-30 wt.% nano-A1203. Moreover, these 

composite films in chloride environment resulted more corrosion resistant than uncoated 

stainless steel and stainless steel substrates covered by pure PEEK films. 
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6. Conclusions and further work 

The results of this research project have demonstrated that electrochemical techniques, 

such as electrodeposition, electro co-deposition and electrophoretic deposition, can be 

successfully employed to deposit single phase (Ni, PEEK, A1203) and composite (Ni-A1203, 

PEEK-A1203, Ni-Al) coatings on metallic substrates. The main advantages of these low-

temperature deposition techniques over other deposition methods are the ability to produce thin 

films on substrates with large size as well as the low cost of the equipment and of the 

deposition process itself (low temperature and ambient pressure). 

i) Nickel and Ni-A1203  coatings 
1. The surface preparation before deposition was identified as being a fundamental step to 

achieve good substrate/coating adhesion. The mechanical treatment increased the 

substrate surface roughness, which was considered to be the reason for an improved 

substrate/coating adhesion due to an interlocking mechanism between the two materials. 

Ultrasonically cleaning in acetone effectively removed grease, oil and eventual particles 

from the surface assuring the production of sharp, uniform and well defined interfaces. 

2. Nanocrystalline Ni coatings of 20 gm thickness were successfully deposited 

galvanostatically from a nickel sulphate plating bath at room temperature (without the 

need for pulsing or grain refining additives). 

3. The optimised conditions employed for nickel deposition were successfully applied to 

co-deposit both Al (micron size) and A1203  (both sub-micron and nano size) particles in 

the Ni films. The distribution and concentration of A1203  particles in the coatings 

depended on the solution hydrodynamics and on the conditions employed (particle 

concentration in the bath, particle size and current density). The amount of A1203  

particles co-deposited in the films increased with the particle concentration in the bath 

and strongly depended on the metal deposition rate (applied current density), the flux of 

particles at the cathode, their residence time at the metal/solution interface and their size. 

4. The addition of A1203  particles influenced both the microstructure and the crystallinity of 

the nickel matrix. Further work is needed to understand the underlying mechanism that 

controls the texture in Ni-nano-A1203  composite films, in particular to explain the 

anomalous behaviour observed when a current density of -10 mA•cm-2  was applied (see 

section 4.5.6). 

5. The hardness of the Ni-A1203  composite films was higher than that of pure Ni. 

6. Pure nickel and Ni-A1203  composite films were less corrosion resistant than stainless 

steel in both chloride and acid environment. In chloride environment the Ni-sub-micron-

A1203  composite films presented better corrosion resistance than pure Ni and Ni-nano-

A1203  films. From these results it emerged that the Ni and Ni-A1203  coatings did not 
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enhance the general corrosion resistance of stainless steel. It would be interesting to 

determine if these coatings would be beneficial for other metallic materials, e.g. mild 

steel; assuming that the deposition process will not be influenced by the substrate 

material (if the substrate is a metal). 

Further Work 

Nanocrystalline Ni  

Nanocrystalline nickel coatings with grain size between 29 and 45 nm (measured from 

the XRD line broadening) were successfully deposited galvanostatically (direct current) from a 

nickel sulphate plating bath with and without A1203  particles. The ability to deposit 

nanocrystalline nickel from a plating bath without the addition of additives and applying direct 

current was in agreement with the findings reported by other authors [38, 39, 85, 90, 117, 243] 

but in disagreement with the information published in a patent [284]. The patent stated that in 

order to produce nanocrystalline nickel with average grain size < 11 nm from a nickel sulphate 

bath the use of pulsed direct current density and the addition of saccharin are essential. The 

understanding of the effects of these two parameters was beyond the aims of this project. 

However, it would be interesting to further analyse how the type of current density (e.g. direct 

current versus pulse direct current) and the presence of additives (e.g. saccharine and thiourea) 

influence the grain size of the deposited nickel. It would be also of interest to analyse if by 

varying the deposition conditions (e.g. bath temperature, solution pH and current density) it 

could be possible to further reduce the nickel grain size using the same bath employed in this 

research. 

Figure 6.1 Fit to Kikuchi pattern for nickel reflections recorded from a pixel on a FIB milled and 

polished surface. 
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Figure 6.2 Grain lattice orientation maps of a Ni coating, with each colour representing a grain 
obtained with a FIB instrument equipped with electron backscatter diffraction (EBSD). The 
picture is pixeleted because of the resolution employed (25 nm). 

In order to introduce the suggested further work in the field of Ni coatings, a short 

preliminary investigation carried out using a FIB instrument equipped with electron backscatter 

diffraction (EBSD)1  is briefly described here. The top surface of a pure Ni film deposited 

applying a current density of -10 mA• cm-2  was analysed using EBSD. The analysis of the 

polished (2 keV and 25 pA) top surface of the Ni film produced the Kikuchi diffraction pattern 

shown in Figure 6.1 and the Ni grain map shown in Figure 6.2. Figure 6.2 shows in different 

colours the Ni grains of the area analysed and demonstrates that the grain size varied from 28 to 

695 nm with an average of 98 141 nm. This result indicates that further measurements have 

to be carried out and resolution lower than 25 nm has to be employed (using the FIB 

instrument) to obtain more reliable and representative grain size values. It is interesting to note 

that the smaller grain size measured with this method (28 nm) was in agreement with the value 

calculated from the XRD line broadening (40 ± 1 nm) and discussed in chapter 4. 

Deposition of other Composite Materials  

From the experiments carried out to deposit Ni-A1203  composite films it seemed that the 

amount of co-deposited A1203  particles increased with particle concentration in the bath and 

strongly depended on the metal deposition rate, the flux of particles at the cathode and their 

residence time at the metal/solution interface. If these are the three and only factors influencing 

the co-deposition of the second phase and the particles are incorporated in the films just 

I  Experiment carried out at Zeiss, Oberkochen, Germany by Richard J. Chater. 
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because they are at the interface metal-solution when the film is growing it is expected that 

similar results would be obtained when different particles with the same size are added to the 

plating bath. Contradictory results on this matter were reported in the literature, e.g. a-A1203  

and y-A1203  particles and A1203  and TiO2  particles were incorporated at different rates in the 

same plating conditions (more details on these finding were reported in section 2.2.2). 

Consequently, in order to achieve a better understanding on the factors influencing the co-

deposition mechanism it would be interesting to carry out the same set of experiments 

described in section 4.5 keeping all the parameters unvaried and using different types of 

particles (for example SiC, TiO2). The chosen particles need to have the same size of the sub-

micron and nano-A1203  particles employed in this research since different particle size can 

influence the co-deposition results. The same kind of experiments could be also carried out 

using Al particles as a second phase, to complete the research started in the framework of this 

project and described in section 4.6. It has to be taken into consideration that the major part of 

the Al particles co-deposited in the Ni film was ground away during sample preparation for 

cross section analysis. Therefore, in order to determine the amount of Al particles co-deposited 

using image analysis of the coating cross section, a FIB instrument should be employed using 

conditions similar to those applied for the analysis of Ni-nano-A1203  composites, described in 

section 4.5.3. 

Determination of the wear resistance of Ni-A1,% composite films  

Considering that the hardness of the Ni-A1203  composite coatings was higher than that of 

pure Ni, it would be interesting to determine if the addition of alumina would also increase the 

wear resistance properties of these films. 

ii) PEEK and PEEK-nano-A1203  coatings 
1. Heat-treatment after EPD (343°C for 30 min) was a fundamental step to produce well-

adherent PEEK and PEEK-nano-A1203  films on stainless steel substrates. During the 

heat-treatment the PEEK melted and permeated into the substrate surface cavities and 

solidified during cooling providing a mechanical interlocking effect between substrate 

and coating, thus resulting in strong interfacial adhesion. 

2. The electrophoretic deposition yield of PEEK-nano-A1203  composites increased 

logarithmically with deposition time and linearly with the applied potential (electric 

field). 

3. The composition of PEEK-nano-A1203  composite coatings could be varied and controlled 

with sufficient precision by changing the ratio between the two materials in the starting 

suspension. 

4. From the mechanical properties (micro-hardness, scratch resistance and compression 

strength) of the deposited coatings after heat-treatment, it was clear that a too high A1203  
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concentration in the films produced rather weak coatings due to extensive A1203-A1203  

particle contacts and that the mechanical properties could be increased by lowering the 

nano-A1203  concentration (< 30 wt.%). In this research, composite films with lower 

alumina content, and therefore better mechanical properties, were deposited from 5 wt.% 

PEEK-1 wt.% nano-A1203  suspensions and contained 70 wt.% PEEK-30 wt.% nano-

A1203. 

5. The melting temperature and the degradation temperature of PEEK decreased with the 

addition of nano-A1203. 

6. PEEK-nano-A1203  composite films deposited from the 5P-IA suspension were more 

corrosion resistant than uncoated stainless steel in chloride environment (0.1 M NaC1) 

and therefore this kind of coating can be applied to protect stainless steel from pitting 

corrosion. These composite coatings also presented better corrosion properties than pure 

PEEK films and their adhesion to the stainless steel substrate was not decreased by 

immersion in 0.1 M NaCl solution for 1 week, while the adhesion of pure PEEK films 

was considerably reduced by this treatment. 

Further work 

Decrease of the alumina concentration in the composite films 

New studies could be carried out to further decrease the A1203  concentration in these 

films starting from different precursor materials. For example, it can be possible that using 

smaller PEEK particles in a suspension with a 5.5P-0.5A composition, the nano-A1203  particles 

would sufficiently coat the PEEK particles to produce a suspension of charged composite 

particles with enough stability for successful EPD. Another possible way to achieve different 

PEEK-A1203  ratios is to employ a different electrode configuration, e.g. the substrate lying 

horizontally in the EPD cell. In this case, it would be possible to increase the PEEK content in 

the films due to the higher sedimentation on the substrate of this material compared to the 

lighter nano-A1203  particles. This kind of deposition set-up can be employed just if the coating 

is needed only on one side of the substrate and it has not been explored in this research. 

Determination of the wear resistance of PEEK-nano-Al2% composite films  

Since the hardness of PEEK-nano-A1203  films deposited from the 5P-1A suspension was 

slightly higher than that of pure PEEK it would be interesting to determine if the addition of 

alumina would also increase the wear resistance properties of these composite films broadening 

their possible applications. 

Deposition of PEEK-nano-AiO composite films on complex shape substrates  

Considering that microstructure, morphology and composition of PEEK and PEEK-nano-

A1203  coatings on metallic substrates were reproducible and that in few minutes it was possible 
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to deposit relatively thick coatings (< 100 pm), EPD can be considered a convenient low cost 

method to produce films on metallic and complex shape substrates. For example, films with 

uniform thickness were homogeneously deposited on metallic tubes (see Figure 6.3 a)) and on 

NiTi wires (see Figure 6.3 b)) from a 4P-2A suspension applying an electric field of 15 V. cm-I  

for 3 min and using the cylindrical EPD cell configuration (see Figure 5.2).2  

a) 	 b) 

Figure 6.3 a) Image of a PEEK-nano-A1203  (4P-2A) film deposited on a metallic cylindrical tube 

and b) SEM image of a NiTi wire coated with PEEK-nano-A1203  film by EPD using a 4P-2A 

suspension. Both coatings were sintered at 343°C with a heating rate of 10°C•min-1  and 30 min 

holding time. 

Thus, while a number of different experiments remain to be carried out in order to fully 

characterise the composite coatings and to understand some of the effects that the process 

parameters have on the coating properties, the present project has demonstrated the 

convenience of electrochemical techniques for the development of coatings based on tailored 

combination of metals, ceramics and polymers. 

2 Experiments carried out by John O'neill and described in his final year BEng research project report 
(Imperial College London, Department of Materials, 2008). 
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Appendix 1. Mechanical treatments on stainless steel substrates 

employed for nickel deposition. 

i) Surface in as-received condition 
The as-received surface was not smooth as shown in the optical microscope picture 

reported in Figure A.1. The surface roughness was measured by means of Zygo® in 9 points 

obtaining the rms and Ra values listed in Table A.1 and the bearing ratio plots shown in Figure 

A.2. From these data it seemed that the surface was uniform all over the sample and that it can 

be represented by the 3D plot in Figure A.3. 

Table A.1 Roughness values for the 2 mm thick stainless steel AISI 316L in as-received condition. 

Point 1 2 3 4 5 6 7 8 9 Average 

rms (um) 0.348 0.317 0.319 0.310 0.316 0.312 0.325 0.314 0.309 0.32 
+ 0.01 

Ra (um) 0.203 0.176 0.177 0.173 0.171 0.175 0.188 0.177 0.168 0.18 
± 0.01 

Figure A.1 Optical microscopy picture of the as-received 2 mm thick stainless steel substrate. 
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Figure A.2 Bearing ratio plots of the as-received surface of the 2 mm thick stainless steel substrate. 
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Figure A.3 3D plot of the surface of the as-received 2 mm thick stainless steel AISI 316L substrate. 

This area is 1.46 mm x 1.10 mm and the height of the block is 80 gm. 

ii) Surface polished with 1 pm diamond paste 
Table A.2 Roughness values for the 2 mm thick stainless steel substrate polished with I um 

diamond paste. 

Point 1 2 3 4 5 6 Average 

rms (,trn) 0.076 0.080 0.068 0.078 0.037 0.056 0.07 ± 0.02 
Ra (um) 0.055 0.063 0.051 0.062 0.028 0.038 0.05 ± 0.01 

100 gm 

Figure A.4 Optical microscopy picture of the 2 mm thick stainless steel substrate surface polished 

with 1 pm diamond paste. 

The surface of the stainless steel substrate mechanically polished with 1 i_tm diamond 

paste was smooth as shown in Figure A.4. This surface was analyzed in 6 points obtaining the 

values listed in Table A.2 and the bearing ratio plots shown in Figure A.S. Analysing the rms 

and Ra values (Table A.2), it seemed that the surface roughness was quite uniform on the 

whole sample and it was possible to represent it by the 3D plot shown in Figure A.6. While 

comparing the bearing ratio plots (Figure A.5) it can be seen that each point presented slightly 

different characteristics. This can be explained considering a possible microscopic tilting of the 

surface in the different points and therefore it can be conclude that the surface is smooth and 

uniform all over the sample area. 
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Figure A.5 Bearing ratio plots of the 2 mm thick stainless steel substrate polished with 1 pm 

diamond paste. 

Figure A.6 3D plot of the surface of the 2 mm thick stainless steel substrate polished with 1 pm 

diamond paste. This area is 1.46 mm x 1.10 mm and the height of the block is 80 pm. 

iii) Surface polished with 3 um diamond paste 

100 pm 
Figure A.7 Optical microscopy picture of the 2 mm thick stainless steel substrate surface polished 

with 3 pm diamond paste. 
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Table A.3 Values for the 2 mm thick stainless steel substrate polished with 3 pm diamond paste. 

Point 1 2 3 4 5 6 Average 

Rms (im) 0.152 0.058 0.053 0.061 0.049 0.071 0.07 ± 0.02 

Ra (im) 0.099 0.030 0.032 0.044 0.027 0.053 0.04 ± 0.02 

Figure A.8 Bearing ratio plots of the 2 mm thick stainless steel substrate polished with 3 pm 

diamond paste. 

b) 

Figure A.9 3D plots of the surface a) in point 1, b) in the major area of the 2 mm thick stainless 

steel AISI 316L substrate polished with 31.tm diamond paste. Each point has an area of 1.46 mm x 

1.10 mm and the height of the block is 80 gm. 
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The stainless steel surface mechanically polished with 3µm diamond paste was quite 

smooth, as shown in Figure A.7. Six points of this surface were analyzed obtaining the bearing 

ratio plots shown in Figure A.8 and the values in Table A.3. From these data two different areas 

can be distinguished: point 1 in which the surface appeared to be quite rough (see 3D plot in 

Figure A.9 a)) and the rest of the surface that seems to be flat and smooth (see 3D plot in 

Figure A.9 b)). The small differences that can be observed in the bearing ratio plots for points 2 

to 6 (Figure A.8) can be explained considering the microscopic tilting of the surface. 

iv) Surface ground with 800 grit SiC paper 
Table A.4 Roughness values for the 2 mm thick stainless steel ground with 800 grit SiC paper. 

Point 1 2 3 4 5 6 7 8 9 Average 

rms (urn) 0.261 0.250 0.253 0.241 0.240 0.260 0.253 0.233 0.230 0.25 + 
0.01 

Ra (um) 0.182 0.171 0.172 0.162 0.162 0.181 0.174 0.153 0.148 0.17 ± 
0.01 

Figure A.10 Optical microscopy picture of the 2 mm thick stainless steel substrate surface ground 

with 800 grit SiC paper. 

Figure A.11 Bearing ratio plots of the surface of the 2 mm thick stainless steel substrate ground 

with 800 grit SiC paper. 
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Figure A.12 3D plot of the surface of the 2 mm thick stainless steel AISI 316L substrate ground 

with 800 grit SiC paper. This area is 1.46 mm x 1.10 mm and the height of the block is 80 um. 

The surface ground with 800 grit SiC paper presented aligned scratches, as shown in 

Figure A.10. The surface was analyzed in 9 points obtaining the bearing ratio plots shown in 

Figure A.11 and the data listed in Table A.4. Analysing these data it resulted that the surface 

was uniform over the sample and it can be represented by the 3D plot shown in Figure A.12. 
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Appendix 2. Chemical treatments on stainless steel substrates 

employed for nickel deposition. 

A) Chemical etching with 10% H2SO4 

0 Surface as-received 
From the analysis of the rms and Ra values reported in Table B.1 and of the bearing ratio 

plots, it seemed that the surface roughness of the as-received sample before and after chemical 

etching with a 10% H2SO4  solution for 30 s was quite uniform in the whole sample (bearing 

ratio plots completely overlapped). 

Table B.1 Roughness values of as-received stainless steel samples before and after chemical etching 

with 10% H2SO4  for 30 s. 

Before etching After etching with a solution 
10% of H2SO4  for 30 s 

Point rms (um) Ra (um) rms (pm) Ra (um) 
1 0.322 0.198 0.297 0.168 
2 0.312 0.172 0.311 0.177 
3 0.306 0.176 0.294 0.167 
4 0.313 0.173 0.288 0.161 
5 0.324 0.181 0.316 0.179 
6 0.299 0.166 0.297 0.161 
7 0.297 0.168 0.336 0.187 
8 0.296 0.166 0.303 0.172 
9 0.293 0.173 0.305 0.167 

Average 0.31 ± 0.01 0.17 + 0.01 0.31 ± 0.01 0.171+ 0.009 

3000 

2000 

1000 

0 

-0 • -1000 

-2000 

-3000 

Figure B.1 Bearing ratio plots of the as-received stainless steel substrate surface before and after 

chemical etching with 10% H2SO4  for 30 s. 

In order to evaluate the effect of chemical etching on the surface roughness, the 

roughness values (rms and Ra) obtained before and after chemical etching (Table B.1) and a 
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bearing ratio plot obtained before etching and one after etching, chosen as representative of the 

whole surface, were compared (Figure B.1). The rms and Ra values did not changed with the 

chemical treatment (data significantly similar using t-test) and the bearing ratio plots were 

completely overlapped, therefore it is possible to assert that the treatment with a solution of 

10% of H2SO4  for 30 s did not influence the roughness of the as-received surface. 

ii) Surface ground with 800 grit SiC 
Table B.2 Roughness values of stainless steel AISI 316L samples ground with 800 grit SiC paper 

before and after chemical etching with 10% H2SO4  for 30 s. 

Before etching After etching with a solution 
10% of H2SO4  for 30 s 

Point rms (gm) Ra (gm) rms (gm) Ra (gm) 
1 0.370 0.267 0.366 0.266 
2 0.323 0.238 0.322 0.241 
3 0.301 0.225 0.313 0.229 
4 0.291 0.215 0.289 0.217 
5 0.306 0.225 0.306 0.227 
6 0.331 0.240 0.322 0.238 
7 0.310 0.225 0.306 0.223 
8 0.303 0.224 0.299 0.221 
9 0.298 0.222 0.302 0.228 

Average 0.31 ± 0.02 0.23 ± 0.02 0.31 ± 0.02 0.23 ± 0.01 

Figure B.2 Bearing ratio plots of the stainless steel AISI 316L substrate surface ground with 800 

grit SiC paper before and after chemical etching with 10% H2SO4  for 30 s. 

From the comparison of the rms and Ra values (Table B.2) and the analysis of the 

bearing ratio plots it seemed that the surface roughness of the sample ground with 800 grit SiC 

paper before and after chemical etching with a solution 10% of H2SO4  for 30 s was quite 

uniform in the whole sample. In order to evaluate the effect of chemical etching on the surface 

roughness, the bearing ratio plot in one point of the sample before etching was compared with 

one obtained after etching, considering the two plots as representative of the whole surface in 
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the two conditions. The two plots, shown in Figure B.2, were completely overlapped and 

therefore it was possible to affirm that the treatment with a solution of 10% H2SO4  for 30 s did 

not influence the roughness of the surface ground with 800 grit SiC paper. The same conclusion 

was also reached comparing the rms and Ra values before and after the chemical etching 

treatment (data significantly similar using t-test), listed in Table B.2. 

B) Chemical etching with 18% HC1 

0 Surface as-received 
Considering the rms and Ra values listed in Table B.3 and the bearing ratio plots, it 

resulted that the surface roughness of the sample as-received before and after chemical etching 

with a 18% solution of HC1 for 5 min was uniform in the whole sample. 

Table B.3 Roughness values of the as-received stainless steel AISI 316L samples before and after 

chemical etching with 18% HC1for 5 min. 

Before etching After etching with a solution 
18% of HC1 for 5 mth 

Point rms (gm) Ra (pm) rms (µm) Ra (.1m) 
1 0.337 0.198 0.330 0.197 
2 0.317 0.205 0.335 0.191 
3 0.313 0.179 0.328 0.190 
4 0.351 0.201 0.350 0.197 
5 0.325 0.192 0.326 0.187 
6 0.338 0.189 0.357 0.201 
7 0.318 0.185 0.314 0.211 
8 0.326 0.179 0.334 0.194 
9 0.327 0.183 0.340 0.185 

Average 0.33 ± 0.01 0.19 ± 0.01 0.33 ± 0.01 0.195 ± 0.008 

Figure B.3 Bearing ratio plots of the as-received stainless steel substrate surface before and after 

chemical etching with 18% HCI for 5 min. 
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Comparing two bearing ratio plots representative of the whole surface (Figure B.3), and 

the rms and Ra values (Table B.3) obtained before and after chemical etching with 

hydrochloric acid, it seemed that this treatment did not modify the surface roughness (bearing 

ration plots completely overlapped and rms and Ra data significantly similar using t-test). 

ii) Surface ground with 800 grit SiC paper 
Table B.4 Roughness values of the stainless steel sample ground with 800 grit SiC paper before and 

after chemical etching with 18% HCI for 5 min. 

Before etching After etching with a solution 18% of 
HC1 for 5 mth 

Point rms (pm) Ra (µm) rms (µm) Ra (pm) 
1 0.310 0.256 0.292 0.217 
2 0.283 0.210 0.274 0.202 
3 0.292 0.214 0.288 0.212 
4 0.292 0.216 0.288 0.214 
5 0.283 0.210 0.280 0.208 
6 0.300 0.222 0.300 0.222 
7 0.295 0.220 0.299 0.223 
8 0.285 0.213 0.290 0.216 
9 0.287 0.213 0.283 0.209 

Average 0.292 ± 0.009 0.22 ± 0.01 0.288± 0.008 0.214± 0.007 

Figure B.4 Bearing ratio plots of the surface of the stainless steel substrate ground with 800 grit 

SiC paper before and after chemical etching with 18% HCI for 5 min. 

From the analysis of the rms and Ra data reported in Table B.4 and of the bearing ratio 

plots the surface roughness of the sample ground with 800 grit SiC paper before and after 

chemical treatment with HC1 resulted uniform. Therefore it was possible to compare a bearing 

ratio plot in one point of the sample before etching with one obtained after etching, considering 

these two plots representative of the whole surface in the two conditions. The two bearing ratio 

curves shown in Figure B.4 were completely overlapped and the rms and Ra values (Table B.4) 
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before and after chemical etching were significantly similar using t-test; therefore it could be 

concluded that the chemical etching did not modify the surface roughness. 

C) Chemical etching with 25% HNO3  

0 Surface as-received 
Table B.5 Roughness values of the as-received stainless steel AISI 316L samples before and after 

chemical etching with 25% HNO3  for 10 s. 

Before etching After etching with a solution 
25% of H7V03  for 10 s 

Point rms (gm) Ra (grn) rms (gm) Ra (gm) 
1 0.371 0.198 0.405 0.219 
2 0.399 0.205 0.377 0.198 
3 0.354 0.188 0.380 0.210 
4 0.399 0.208 0.370 0.211 
5 0.385 0.200 0.389 0.209 
6 0.372 0.192 0.396 0.205 
7 0.365 0.196 0.386 0.204 
8 0.404 0.208 0.393 0.109 
9 0.384 0.200 0.408 0.218 

Average 0.38 ± 0.02 0.199 ± 0.007 0.39 ± 0.01 0.207 ± 0.009 

Figure B.5 Bearing ratio plots of the as-received stainless steel AISI 316L substrate surface before 

and after chemical etching with 25% HNO3  for 10 s. 

From the analysis of the rms and Ra data (see Table B.5) and of the bearing ratio plots, it 

seemed that the surface roughness of the as-received sample before and after chemical 

treatment with nitric acid were uniform. A bearing ratio plot of the sample before etching, 

representative of the whole surface, was compared with one after etching and the two curves 

(Figure B.5) were completely overlapped. The rms and Ra values (Table B.5) before and after 

chemical etching were significantly similar using t-test; therefore it could be concluded that the 

chemical etching did not modify the surface roughness of the as-received sample. 
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ii) Surface ground with 800 grit SiC paper 
Table B.6 Roughness values of the stainless steel sample ground with 800 grit SiC paper before and 

after chemical etching with 25% HNO3  for 10 s. 

Before etching After etching with a solution 
25% of HNO3 for 10 s 

Point rms (gm) Ra (gm) rms (µm) Ra (gm) 
1 0.330 0.250 0.312 0.245 
2 0.326 0.244 0.295 0.223 
3 0.315 0.235 0.313 0.238 
4 0.308 0.233 0.307 0.231 
5 0.311 0.234 0.294 0.221 
6 0.341 0.257 0.342 0.223 
7 0.312 0.243 0.323 0.246 
8 0.327 0.246 0.312 0.236 
9 0.331 0.248 0.340 0.254 

Average 0.32 ± 0.01 0.243 ± 0.008 0.32 ± 0.02 0.24 ± 0.01 

Figure B.6 Bearing ratio plots of the stainless steel substrate surface ground with 800 grit SiC 

paper before and after chemical etching with 25% HNO3  for 10 s. 

Analysing the rms and Ra values (Table B.6) and the bearing ratio plots it seemed that 

the roughness of the sample ground with 800grit SiC paper before and after the chemical 

treatment were uniform. The rms and Ra data obtained before and after chemical etching with a 

25% solution of HNO3  for 10 s were significantly similar using t-test and the two bearing ratio 

plots acquired before and after the treatment, chosen as representative of the whole surface, 

were completely overlapped as shown in Figure B.6. Therefore it was concluded that the 

roughness of the surface ground with 800 grit SiC did not change due to the chemical treatment 

with nitric acid. 
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Appendix 3. 3D reconstruction of a Ni-A1203  composite coating 

Table C.1 List of all the FIB-SIMS images used for the 3D reconstruction of a Ni-sub-micron-

A1203  composite coatings 
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Appendix 4. List of conference presentations and publications 

originated from this work 

Poster presentations: 

• Euromat 2007, Nuremberg (Germany), 10th-13th  September 2007. Poster title: 

"Deposition of Composite Coatings on Metals using Electrochemical Processes". 

• Annual meeting of the Composite Centre, Imperial College London, London (UK), 25th  

September 2007. Poster title: "Deposition of Composite Coatings on Metals using 

Electrochemical Processes". 

• 3rd  International Conference on Electrophoretic Deposition: Fundamentals and 

Applications, Awaji Yumebutai International Conference Center, Hyogo, (Japan), 5th-

9th  October 2008. Poster title: "Electrophoretic deposition of PEEK and PEEK-

Alumina composite coatings on stainless steel". 

Published papers: 

• Ilaria Corni, Mary P. Ryan and Aldo R. Boccaccini, "Electrophoretic deposition: from 

traditional ceramics to nanotechnology." Journal of the European Ceramic Society, 28, 

2008, 1353-1367. 

• Ilaria Corni, Nico Neumann, Dietmar Eifler and Aldo R. Boccaccini, 

"Polyetheretherketone (PEEK) coatings on stainless steel by electrophoretic 

deposition." Advanced Engineering Materials, 6, 2008, 559-564. 

• Ilaria Corni, Nico Neumann, Sa§a Novak, Katja Konig, Paolo Veronesi, Qizhi Chen, 

Mary P. Ryan, Aldo R. Boccaccini, "Electrophoretic deposition of PEEK-nano alumina 

composite coatings on stainless steel." Surface and Coating Technology, 203, 2009, 

1349-1359. 

• Ilaria Corni, Maria Cannio, Marcello Romagnoli, Aldo R Boccaccini, "Application of a 

Neural Network approach to the Electrophoretic Deposition of PEEK-alumina 

composite coatings." Materials Research and Bulletin, in press. 
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