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Preface to “New Generation Coatings for Metals”

The world of coatings research is enormous. Coating applications span diverse areas such as
nanolayers on single-crystal surfaces to organic coatings for the protection of offshore structures,
such as wind turbines and drilling platforms, to heat resistant and self-healing coatings and materials
for space applications. The purpose of coatings can probably be divided into two groups, cosmetic
and functional. In the former case, the coating simply adds to the aesthetic of the substrate; colored
paint for a wall in a house is a good example of a cosmetic coating. Functional coatings serve a
purpose other than cosmetic. They can broadly be defined as extending the lifetime of the underlying
substrate in a particular environment and under certain stressors. Such examples might include
wear-resistant coatings applied to bearings, heat-resistant coatings applied to turbine blades to reduce
thermal shock and oxidation in jet engines, corrosion-resistant coatings that prevent metal corrosion,
and localized attack on metals. It may also include camouflage coatings where the coating itself
disguises the substrate to minimize the risk of physical attack. Stealth coatings would fall into this
category. Given the wide range of applications, it is not surprising to discover that there is also a wide
range of substrates that require protection through the application of coatings including bio-derived
materials, polymers and metals.

The coatings themselves draw from most scientific disciplines such as physics, chemistry,
biology, and materials science, adapting many principles from these disciplines for problem-solving
in coatings. This brings us to this short book. The reader will not be surprised, given the broad nature
of coatings, that the research presented in this book is also of a broad nature. To begin, we look at
two papers that investigate metallic coatings on different substrates. Yingying Wang et al. examine
AZ91D (a magnesium alloy containing Al and Zn) coatings on steel and magnesium substrates. These
coatings are deposited using cold spray technology where the AZ91D powder is accelerated to the
target material as high velocity. Cold spray is an emerging technique that shows promise for coating
manufacture as well as repair. In the second contribution, Liang Hao et al. use a mechanical plating
method to apply Ti-based coatings onto steel balls as part of a wider program of understanding how
mechanical plating works. The third paper, by Buchtik et al., explores how improved chemical and
physical resistance can be obtained by applying an electroless Ni-P coating to a magnesium substrate.
Electroless plating is a chemical process performed in a coating bath. The fourth contribution by
Yung-I Chen et al. uses the coatings technique of magnetron sputtering. In this paper, the authors
study the structure and hardness of multilayer structures consisting of a 100 nm Cr base layer and a
Ru-Zr overlayer.

The next contribution by Merachtsaki et al. examines the corrosion protection of steel using a
nanocomposite comprising epoxy and clay nanoparticles modified by organo-ammonium ions. The
following paper is an excellent review paper by Taghavikish et al. on ionic and polyionic liquids for
corrosion protection. The penultimate paper, by Xiaohui Liu et al., looks at the growth models of
plasma electrolytic oxidation (PEO) coatings grown on an aluminum alloy. PEO is another relatively
new coating method that promotes oxide formation during the electrical breakdown in an electrolyte.
The final paper, by the editor and co-authors, looks at the characterization of the leaching of a
new, non-chromate, Li-based inhibitor from a traditional polyurethane-based primer for aerospace
applications. In summary, the papers presented in this volume will provide the reader with detailed
studies of the breadth and type of work that is being undertaken using a variety of approaches in the
field of coatings.

Anthony E. Hughes, Russel Varley

Editors
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Abstract: As an emerging coating building technique, cold spraying has many advantages to elaborate
Mg alloy workpieces. In this study, AZ91D coatings and AZ91D-based composite coatings were
deposited using cold spraying. Coatings were prepared using different gas temperatures to obtain
the available main gas temperature. Compressed air was used as the accelerating gas, and although
magnesium alloy is oxidation-sensitive, AZ91D coatings with good performance were obtained. The
results show that dense coatings can be fabricated until the gas temperature is higher than 500 ◦C.
The deposition efficiency increases greatly with the gas temperature, but it is lower than 10% for
all coating specimens. To analyze the effects of compressed air on AZ91D powder particles and the
effects of gas temperature on coatings, the phase composition, porosity, cross-sectional microstructure,
and microhardness of coatings were characterized. X-ray diffraction and oxygen content analysis
clarified that no phase transformation or oxidation occurred on AZ91D powder particles during cold
spraying processes with compressed air. The porosity of AZ91D coatings remained between 3.6% and
3.9%. Impact melting was found on deformed AZ91D particles when the gas temperature increased
to 550 ◦C. As-sprayed coatings exhibit much higher microhardness than as-casted bulk magnesium,
demonstrating the dense structure of cold-sprayed coatings. To study the effects of ceramic particles
on cold-sprayed AZ91D coatings, 15 vol % SiC powder particles were added into the feedstock
powder. Lower SiC content in the coating than in the feedstock powder means that the deposition
efficiency of the SiC powder particles is lower than the deposition efficiency of AZ91D particles. The
addition of SiC particles reduces the porosity and increases the microhardness of cold-sprayed AZ91D
coatings. The corrosion behavior of AZ91D coating and SiC reinforced AZ91D composite coating
were examined. The SiC-reinforced AZ91D composite coating reveals higher corrosion potential than
magnesium substrate; therefore, it serves as a cathode for the magnesium substrate, the same as the
AZ91D coating on magnesium substrate. As the SiC powder is semi-conductive, the embedded SiC
particles reduce the electrochemical reaction of the AZ91D coating. The addition of SiC particles
increases the corrosion potential of the coating, meanwhile increasing the galvanic potential and
decreasing the negative galvanic current of the coating-substrate couple.

Keywords: cold spraying; coating; magnesium alloy; composite coatings; corrosion; microstructure

Coatings 2018, 8, 122; doi:10.3390/coatings8040122 www.mdpi.com/journal/coatings1
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1. Introduction

Magnesium (Mg) alloys have potential use in aircraft and automobile industries due to their
excellent specific strength [1]. They are also used to protect steel structures from corrosion in freshwater
and soil environments as sacrificial anodes [2]. Casting is the main technique to produce AZ91D alloy
workpieces; however, it is not suitable to fabricate large or complex-shaped products [3]. In addition,
AZ91D work pieces are difficult to be repaired using traditional techniques (tungsten inert gas
(TIG) welding [4], metal inert gas (MIG) welding [5], and thermal spraying [6], etc.) due to their
high-temperature activity.

As an emerging coating building and rebuilding technique, cold spraying has advantages to
elaborate Mg alloy workpieces [7,8]. In cold spraying, particles are accelerated to a high velocity
(300~1200 m·s−1) by a high-pressure thermal gas through a de Laval-type nozzle. Then, the particles
can deposit onto a substrate and form a coating once the particle velocity exceeds the critical velocity
of the material [9,10]. In the view of bonding, the jet formation of impact couples is viewed as the
necessary condition.

In cold spraying, the main gas temperature is lower than the melting point of the sprayed
material; thus, oxidization can be avoided. In the past decade, cold spraying has been used to deposit
oxidation-sensitive alloys, such as Ti [11], Al [12,13], and Mg [8] alloy coatings. In addition, cold
spraying was successfully used to repair Al alloy gearbox components [14]. However, few publications
on cold-sprayed AZ91D coatings and AZ91D-based composite coatings were reported. Based on this
fact, AZ91D powder was used to elaborate coatings using cold spraying in this paper, and SiC powder
was used as reinforcing particles to deposit the composite coatings. In consideration of the application
of cold-sprayed Mg alloy workpieces, compressed air, not noble gas, was used as the accelerating gas.
Different gas temperatures were conducted to study the feasibility of fabricating cold-sprayed Mg
alloy work pieces, and then ceramic particles were added as reinforcement to improve the performance
of the coatings. The effects of gas temperature and the addition of ceramic particles on the coatings’
microstructure and electrochemical behaviors were evaluated.

2. Materials and Methods

2.1. Materials

A commercially-available AZ91D powder (WeiHao Magnesium Powder Co., Ltd., Tangshan,
China) and SiC powder (Sulzer Metco, Bron, France) were used to produce coatings. The AZ91D
particles presented a spherical shape (Figure 1a), and the grain orientation is random (Figure 1b). SiC
particles show dendritic morphology with sharp edges (Figure 1c). Size distribution of the powder
was examined using a MASTERSIZER 2000 system (Malvern Panalytical Ltd., Royston, UK). The
size distribution of the AZ91D powder was in the range from 34 μm to 81 μm, and averaged 52 μm
(Figure 1d). The size distribution of SiC powder is from of 4 μm to 55 μm, and averaged 15 μm
(Figure 1e). The content of SiC particles in the feedstock powder was 30 vol %. Stainless steel and
magnesium plates with a dimensions of 60 mm × 20 mm × 2 mm were used as substrates. The
substrates were sandblasted using alumina grits (ISO 6344, Grit designation, P100) prior to spraying.
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Figure 1. Morphology of the original AZ91D powder (a); sectional microstructure of an AZ91D particle
after etching (b); and the morphology of SiC powder (c). Size distribution of the AZ91D powder
particles (d) and SiC powder particles (e).

2.2. Spraying Conditions

A self-designed rectangular cross-section nozzle was used to fabricate the coatings. The expansion
ratio of the nozzle is 4.9. The outlet diameter of the nozzle is 6.5 mm and the divergent section length
is 170 mm. Compressed air and argon were used as the main gas and the carrier gas, respectively. The
main gas pressure in a pre-chamber was 2.5 MPa, and the gas temperatures were changed in a range
from 450 ◦C to 600 ◦C. The powder feed rate was 70 g·min−1. The standoff distance was 30 mm. The
nozzle was fixed on a robot in order to maintain a traverse speed of 100 mm·s−1. The beam distance
was 2 mm. Each coating contains two layers.

3
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2.3. Coating Characterization

The particle morphology and coating fracture morphologies were observed using a scanning
electron microscope (SEM) (JEOL, JSM-5800LV, Tokyo, Japan). The coatings cross-sections were
observed using an optical microscope (OM) (Nikon, Tokyo, Japan) and SEM. Porosity was estimated
using an open software, Image J (National Institutes of Health, Bethesda, MD, USA). X-ray diffraction
(XRD, D/mas-2400, Rigaku, Tokyo, Japan) was used to determine the phases in the feedstock powder
and coatings. Oxygen contents in both the feedstock powder and cold-sprayed coatings were measured
using an oxygen, nitrogen, and hydrogen analyzer (ONH-2000, ELTRA, Haan, Germany). The
microhardness of the coatings was measured under a load of 300 g with a dwell time of 15 s. For each
coating, three specimens were used to measure the microhardness. In addition, for each specimen,
10 measurements were conducted in random locations to obtain the average microhardness.

To evaluate the corrosion protective effects of the Mg alloy coatings, electrochemical measurements
were performed by a standard three-electrode electrochemical cell in air saturated with a 0.1 M
Na2SO4 solution. Coating specimens were conducted as the working electrode with a surface of
10 mm × 10 mm. The counter electrode was a platinum sheet with a surface of 8 mm × 8 mm. The
reference electrode was a saturated mercury sulfate electrode (Hg/Hg2SO4). The solution concentration
inside the reference electrode compartment was a saturated K2SO4 solution, with a potential of 640 mV
with respect to the normal hydrogen electrode (NHE) and a potential of 400 mV with respect to
the saturated calomel electrode (SCE). The open circuit potential (OCP) and polarization scans were
conducted on an electrochemical workstation (Reference 600TM, Potentiostat/Galvanostat/ZRA,
Gamry Instruments, Inc., Warminster, PA, USA). Potentiodynamic scans were performed from −0.1 V
to 2.5 V (vs. OCP) with a scan rate of 1 mV/s. Galvanic interaction between the coatings and the
substrate has been studied by continuous monitoring of the galvanic potential and the galvanic current
using ZRA measurements.

3. Results

3.1. Effects of Gas Temperature on the AZ91D Coatings

The microstructures of the coatings elaborated at 500 ◦C, 550 ◦C, and 600 ◦C are shown in
Figure 2a–c, respectively. It was found that the coating could be built on stainless steel until the main
gas temperature increased to 500 ◦C. It is reported that in cold spraying the particle velocity increases
as the main gas temperature increases. Thus, it can be deduced that the particle velocity was lower than
the critical velocity of magnesium when the main gas temperature was lower than 500 ◦C. The critical
velocity of Mg was reported in a range of 653 m/s to 677 m/s, which was calculated by simulation [8].
The particle velocity increased higher than the critical velocity as main gas temperature is higher than
500 ◦C; thus, coatings could be built.

In Figure 2, the part between the dark region on the top and the uniform gray area at the bottom
is the coating. The thickness increases with the gas temperature as the average coating thickness is
177.2 ± 30.7, 482.8 ± 69.5, and 516.5 ± 50.4 μm when the gas temperature is 500 ◦C, 550 ◦C, and 600 ◦C.
No visible micro–channels in the entire view of section can be observed for all coating specimens.
At the coating/substrate interface, there are neither cracks nor delamination. The coatings reveal a
dense microstructure. Several dark dots are identified as pores. The AZ91D powder particles are fully
deformed as the original spherical shape can no longer be recognized. The gains of the AZ91D powder
particles are elongated along the direction vertical to their impacting direction.

Figure 3 shows the analysis of the grain in a projected and bounced particle on the substrate. The
white arrow indicates the direction of impact on the particle. It was found that not only the shape
of the particles changes, but also the orientation of the grains. Within the original particle, the grain
orientation is random. After impact, an ordered arrangement in the impact zone is presented and
the grain arrangement direction is perpendicular to the direction of the rebound. As a result, AZ91D
powder particles can deform and form a cold-sprayed coating although it is difficult to deform.

4
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Figure 2. Microstructures of coatings deposited at 500 ◦C (a), 550 ◦C (b), and 600 ◦C (c).

Figure 3. Morphology of a particle after the rebound.

The coating porosities were calculated. The average porosities were 3.9% (±0.7%), 3.6% (0.6%),
and 3.7% (0.1%) when the gas temperature was 500 ◦C, 550 ◦C, and 600 ◦C, respectively. It is found
that coating porosity decreased with an increase in the main gas temperature. In this study, main gas
temperatures were restricted in a narrow range: on one hand, it must ensure particle deposition; on the
other hand, it should be lower than the melting point of the AZ91D particles. The narrow temperature
interval resulted in a narrow particle velocity range which, in turn, resulted in the slight variation
of the porosities. Additionally, the porosity of the AZ91D coating is close to the porosity of the pure
magnesium coating [7]. When compared with another widely-used sacrificial coating, i.e., aluminum
alloy (the porosity is 1~2%), it is slightly larger [12,15].

The effects of gas temperature on the deposition efficiency of cold-sprayed AZ91D coatings are
presented in Figure 4. At 450 ◦C, no coatings were obtained. From 500–600 ◦C, deposition efficiency

5
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increases with gas temperature. The deposition efficiency is low, which is lower than 10% for all
specimens at different gas temperature. This means the AZ91D alloy is difficult to deposit using the
cold spraying conditions in this study. Thanks to the recyclability of feedstock powder in cold spraying,
we consider that the deposition efficiency would not restrict the application of cold-sprayed Mg alloy
workpieces. Moreover, we have obtained high deposition efficiency for pure magnesium, whose
deposition efficiency is approximately 60% at 600 ◦C [7]. The difference in deposition efficiency could
be due to the different original shape of powder particles. In [7], the pure magnesium powder particles
show an irregular shape instead of a spherical shape. It is reasonable to envisage the possibility of
a higher deposition efficiency. When compared with the other materials in the literature, because of
the weaker plastic deformation ability, the deposition efficiency is lower than that of cold-sprayed
aluminum coatings deposited under similar conditions [16]. The gas temperature is 400 ◦C and
500 ◦C, and the gas pressure is 2.1–2.9 MPa in [16]. The deposition efficiency is even lower than
that of cold-sprayed titanium alloy [12], however, the gas pressure is much higher, which is 4 MPa,
as reported.

Figure 4. Deposition efficiency of AZ91D coatings deposited at different gas temperatures.

XRD and oxygen content analysis were employed to evaluate the phase transformation and
oxidization of the particles during cold spraying. XRD patterns of the powder particles and coatings
are shown in Figure 5. It can be found that there were only Mg and Mg17Al12 phases in the coatings,
which were the same as those in the original particles. This allows the conclusion that there was no
reaction or phase transformation during cold spraying [17,18]. Another interesting phenomenon was
the peak intensity evolution of Mg before and after spraying. The peak intensity of crystal plane (0002)
in the coatings obviously increased compared to that in the powder original. This may be due to the
texture caused by the plastic deformation of the particles during impact [19]. Similar phenomena
were also found in pure Mg coatings fabricated using cold spraying [8]. The texture depends on the
deformation rate and velocity. In cold spraying, a typical particle/substrate contact time was 40 ns [20].
The intensive deformation happened during this time at a high velocity. Therefore, the deformation
texture occurred.

The result of oxygen content analysis shows that the oxygen content in the coating produced at
600 ◦C (273 ± 55 ppm) was similar to the value in the original particles (200 ± 107 ppm). The in-flight
time of Mg particles in the nozzle was less than 1 ms; additionally, the main gas temperature was
lower than the melting point of the material. Therefore, the coatings did not undergo deterioration
or oxidization. This is the same in cold-sprayed pure magnesium coating. The oxygen content of
the Mg coating deposited at 630 ◦C is reported as 229 ± 124 ppm, which is much lower than the
oxygen content of original Mg powder (866 ± 122 ppm). The decrease of oxygen content benefits from
the fragmentation of the oxide film of the Mg particles. During cold spraying, the oxide film of the
particles can be broken up, and metallurgical bonding could be achieved. Therefore, a higher particle

6



Coatings 2018, 8, 122

velocity induced by a higher main gas temperature could result in a greater fragmentation of the oxide
film. From the oxygen content results, the possibilities of the oxide film breaking up is much smaller
for AZ91D powder particles in this study.

Figure 5. XRD patterns of AZ91D powder and AZ91D coatings deposited at different temperatures.

The fracture morphologies of the coatings elaborated at 500, 550, and 600 ◦C are shown in Figure 6.
Deformed particles can be found everywhere in Figure 6a. No ductile fracture features can be found
in this image. Therefore, the deposition of AZ91D coatings fabricated at 500 ◦C could be mainly due
to the mechanical interlocking and jet mixing. An obvious laminar manner could be observed in the
fracture surfaces. This is evidence of the plastic deformation.

Figure 6. Fracture microstructures of AZ91D coatings elaborated at 500 ◦C (a), 550 ◦C (b), 600 ◦C (c);
and partial enlarged drawing in b (d).

7
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A partial enlarged image of Figure 6b is shown in Figure 6d. Dimple structures can be observed.
The impact melting was found in many impact couples, especially in the impact of Al-based materials
due to their low melting point. The melting point of AZ91D particles is lower than Al; thus, impact
melting possibly occurred. According to the modeling result, the interfacial temperature of the impact
couples could be close to the melting point of the impact materials [18]. The particle velocity increased
as the main gas temperature increased to 550 ◦C; thus, some particles had more kinetic energy to
achieve a higher deformation and, consequently, resulted in a higher interface temperature. This
contributed to the partial impact melting between AZ91D particles. However, the dimple structures
were very few. Therefore, the impact melting did not play a key role in bonding. The bonding
mechanism of the coating is mainly the mechanical interlocking. It can be estimated that the bond of
the coating and the substrate or between the particles is weak.

The microhardness of the AZ91D coatings elaborated at different temperatures was measured,
and the result is shown in Figure 7. The microhardness of the coatings was about 100 HV, which was
lower than the stainless steel substrate, but higher than the microhardness of as-casted bulks, which is
63.7 HV as reported by Masaki Sumida [21]. This is due to the work-hardening effect of subsequent
particles during cold spraying. The same phenomenon was also found in cold-sprayed Al coating, Cu
coating, and Fe coating [22].

Figure 7. Microhardness of AZ91D coatings deposited at different temperatures.

Less dense coating with higher porosity results in lower microhardness. It can also be found that
the microhardness of the coatings did not vary obviously as a function of the main gas temperature.
This is due to the similar coating porosity in the narrow gas temperature range. Moreover, the
microhardness of the AZ91D coating is much higher than the Mg coating using the same cold spraying
conditions. The microhardness of the cold-sprayed Mg coating is approximately 38 HV [8].

3.2. Effects of Ceramic Particles Addition on AZ91D Coatings

AZ91D and SiC/AZ91D composite coatings were produced on a magnesium substrate to study
the effects of ceramic particles addition. Similar to the AZ91D coating, the as-sprayed SiC/AZ91D
composite coating exhibited a relatively rough outer surface. Figure 8a,b shows the top surface
morphology of the AZ91D coating and SiC/AZ91D composite coating. The majority of particles on
the top layer adhere well. Crevices could be detected beside loosely-adhered particles. The porous top
layer is formed due to the absence of a tamping effect of the next incoming particles. SiC particles can
be easily found on the top surface, and which are randomly distributed.

The entire thickness of SiC/AZ91D composite coating is presented in Figure 8c. The coating
reveals a fully-dense microstructure. SiC particles and a small quantity of pores are distributed
homogeneously within the coating. The AZ91D particles are fully deformed, and the original spherical
shape cannot be identified any more. SiC particles keep the irregular morphology as before the cold
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spraying process. Due to the good adhesion between the coating and the substrate, the interface is
difficult to detect.

Figure 8. Top surface morphology the AZ91D coating (a), and SiC/AZ91D composite coating (b); and
the cross–sectional microstructure SiC/AZ91D composite coating (c).

The result of the image analysis shows that the content of SiC powder particles is 10.7 ± 3.2 vol %,
which is lower than the SiC content in the feedstock blended powder. It is deduced that the deposition
efficiency of the SiC powder particles is lower than the deposition efficiency of AZ91D particles. The
same result was found in the literature [13,23] in which the SiC content in feedstock is 30 vol %, while
in the composite coating, the SiC content is less than 30%.

The porosity and microhardness were measured on the SiC/AZ91D composite coating. The
porosity of the composite coating is 1% (±0.14%), and the microhardness is 139 HV (±16.7 HV). The
addition of SiC particles involve a significant coating densification and increasing microhardness.
The coating porosity decreases with SiC addition during spraying. On one hand, the addition of
SiC particles increases the deformation of the AZ91D powder particles, so that the porosity of the
composite coatings becomes lower than that of the AZ91D coating due to the peening effects of the SiC
particles. On the other hand, the different morphologies and sizes of the Al 5056 matrix powders and
mixed SiC particles also play an important role. The microhardness of the composite coating increased
greatly compared with that of the AZ91D coating, which should also be attributed to the reinforcing
effect of SiC particles and work hardening effect of cold spraying. The uniformly distributed SiC
particles could restrict the deformation of the AZ91D matrix. Additionally, the dislocation tangle
resulting from the working-hard effect will make the deformation of the matrix more difficult.

The OCP values monitored over 24 h for the AZ91D coating and the SiC/AZ91D composite
coating, as well as the magnesium substrate, are shown in Figure 9a. Obviously, the potential of
magnesium immersed in this medium is low. This is why magnesium is always used as a sacrificial
anode to protect metal installations. Both coatings show higher potential than the magnesium substrate.
It is, thus, demonstrated that the intermetallic compound Mg17Al12 does not intervene in corrosion
mechanisms after 24 h of immersion. The composite coating has a significant nobler potential. The
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densification effect related to the presence of hard SiC particles limits the microcavities involving in
the crevice corrosion initiation [13], which facilitates the formation of the MgO oxide film.

Figure 9. Corrosion characters for cold-sprayed AZ91D coating and SiC/AZ91D composite coating:
open circuit potentials (a), and potentiodynamic polarization curves (b).

Figure 9b shows the polarization curves of the coatings compared to that of the substrate. These
polarization curves complete the corrosion potential measurements that give the thermodynamic
criteria only. Each range of the polarization curves gives information on the kinetics and the nature of
the reactions that take place at the interfaces. The ranking of the corrosion potentials is the same as
for Figure 9a. The corrosion potential of the Mg substrate is the same as the potential of the AZ91D
coating. It is close to −1.9 V/Hg/Hg2SO4. For the composite coating this value is nobler and close to
−1.75 V/Hg/Hg2SO4.

For potential values lower than the corrosion potentials, the polarization curves have the same
trends and the same slopes. The recorded phenomena are identical. This is due to the reduction of
hydrogen. Since the involved reactions are carried out by charge transfer, no diffusion of dissolved
oxygen contribution is recorded. The significant difference in all electrochemical behaviors occurs
for the anodic branch of the electrochemical behavior of the materials, for the nobler potentials,
located after the corrosion potential. The substrate has a slight passive domain between −1.9 to
−1.5 V/Hg/Hg2SO4, for which the current is relatively low. Beyond −1.5 V/Hg/Hg2SO4, the current
density increases significantly to reach a diffusion plateau relative to the generalized corrosion of
Mg. This polarization curve indicates two points: (i) interest of the polarization curves that permit to
indicate the corrosion mode of metallic materials and (ii) Mg is very reactive in this medium. Indeed,
if the AZ91D corrosion potential is identical to that of Mg, it should be noted that its electrochemical
behavior in the anodic domain is very different. The shape of the curve is essentially the same as that of
Mg, which is normal since the main element of AZ91D is magnesium. However, the current densities
are much lower. This result is due to the presence of aluminum in the alloy and also to the coating
morphology which has no porosity. This porosity could, indeed, show localized corrosion phenomena
by the effect of cracks, which would be characterized by significant current densities increasing. The
kinetics recorded for this coating is closed to that recorded for a passivated coating, thus, it is less
reactive than the substrate. The electrochemical behavior of the composite coating is identical to that
of the coating prepared with AZ91D alone. The addition of SiC powder particles does not affect the
electrochemical behavior of the AZ91D coating, it only contributes to the densification of the coatings,
which had already been demonstrated in a previous study dedicated to another sacrificial system [12].

Measurements using a zero resistance ammeter device were undertaken to analyze the galvanic
couplings between the substrate and the coatings. These measurements give results to the mixed
potential and the mixed current of the galvanic coupling. These results are presented in Figure 10.
The measurements were carried out for 50 h. The mixed potential measured between AZ91D and the
substrate is identical to that of the two materials, measured separately. The potential difference between
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these two elements is close to zero, which explains the value of the potential obtained, and which also
explains why the galvanic current recorded for this AZ91D-Mg substrate system is close to zero, too.
The AZ91D coating and the magnesium substrate show similar corrosion potentials in polarization
tests, which results in a difficulty of predicting the polarity of this galvanic couple. The direction of
galvanic current ensures that AZ91D coating is nobler than the magnesium substrate. The couple of
SiC/AZ91D coating-Mg substrate shows higher galvanic potential and more negative galvanic current
than the couple of AZ91D coating-Mg substrate. The mixed potential of the SiC/AZ91D-Mg substrate
is driven by the potential of coating which was presented in Figure 10. The addition of SiC powder
particles increase the absolute value of galvanic current, i.e., the SiC/AZ91D coating is nobler than the
AZ91D coating on the Mg substrate.

Figure 10. Time behavior of galvanic potential and galvanic current for the AZ91D coating and the
SiC/AZ91D composite coating coupled to the magnesium substrate.

Electrochemical measurements confirm that, in both cases recorded in Figures 9 and 10, the
behavior of the coatings controls the electrochemical behavior of the AZ91D-Mg system with or
without SiC. In the case of an AZ91D coating, the galvanic coupling will not be effective because the
potential difference and the galvanic current are close to zero. In the case of a SiC/AZ91D-Mg
coating, the measurements indicate that when the composite coating is used to protect the Mg
substrate, the galvanic coupling does not exist since the porosity is low. The addition of SiC during the
spraying makes it possible to densify the coating and, thus, to avoid the connective porosity through
the substrate.

4. Conclusions

AZ91D coatings and SiC-reinforced AZ91D composite coating were fabricated using cold spraying.
Compressed air was used as the main gas, and the effects of gas temperature were studied. It was
found that the gas temperature should be higher than 450 ◦C for cold spraying of spherical AZ91D
powder particles. The deposition efficiency increases greatly with the gas temperature and it is lower
than 10% for all coating specimens. The coating average porosity remained between 3.6% and 3.9%
when the gas temperature is in the range of 500~600 ◦C. Coatings are denser when the gas temperature
is higher. XRD results showed that no phase transformation or oxidization occurred during the cold
spraying process of AZ91D. The microhardness of the coatings (approximately 100 HV) was much
higher than that of as-casted bulks due to the work hardening effect. Gas temperature does not show
an obvious influence on microhardness. Partial impact melting was found between AZ91D particles in
the coatings fabricated at 550 ◦C and 600 ◦C.
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15 vol % SiC powder particles were added to feedstock powder as reinforcement to improve the
coating performance. Results showed that the SiC content of coatings is 10.7 ± 3.2 vol %. Reduced SiC
content means that the deposition efficiency of the SiC powder particles is lower than the deposition
efficiency of the AZ91D particles. The addition of SiC particles reduces the porosity and increases
the microhardness of cold-sprayed AZ91D coatings. Both the AZ91D coating and SiC-reinforced
AZ91D composite coating serve as the cathode for the magnesium substrate due to the relatively
higher corrosion potential. The addition of SiC particles increases the open circuit potential of the
AZ91D coating, meanwhile increasing the galvanic potential and decreasing the negative galvanic
current of the coating-substrate couple.
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Abstract: We successfully applied mechanical coating technique to prepare Ti coatings on the
substrates of steel balls and stainless steel balls. The prepared samples were analyzed by X-ray
diffraction (XRD) and scanning electron microscopy (SEM). The weight increase of the ball substrates
and the average thickness of Ti coatings were also monitored. The results show that continuous Ti
coatings were prepared at different revolution speeds after different durations. Higher revolution
speed can accelerate the formation of continuous Ti coatings. Substrate hardness also markedly
affected the formation of Ti coatings. Specifically, the substance with lower surface hardness was
more suitable as the substrate on which to prepare Ti coatings. The substrate material plays a key
role in the formation of Ti coatings. Specifically, Ti coatings formed more easily on metal/alloy balls
than ceramic balls. The above conclusion can also be applied to other metal or alloy coatings on
metal/alloy and ceramic substrates.

Keywords: Ti coatings; steel balls; mechanical coating; process analysis

1. Introduction

Coating technology is one of the most frequently-used surface modification technologies, and
has been applied in many engineering fields, including corrosion prevention [1], thermal barrier [2,3],
anti-friction [4,5], stealth materials [6], etc. Other functions such as photocatalytic activity have also
been found in metal/alloy coatings after certain treatments including thermal oxidation [7,8], chemical
oxidation [9,10], plasma electrolytic oxidation [11,12], anodic oxidation [13,14], among others. In our
published work, we prepared TiO2/Ti composite photocatalyst coatings on the substrate of Al2O3

balls using mechanical coating followed by thermal oxidation [15]. With further study, we developed
oxygen-deficient visible-light-responsive TiO2 coatings [16]. Therefore, the preparation of metal/alloy
coatings is of paramount practical importance. Researchers have prepared several kinds of metal/alloy
coatings on ceramic or metal substrates using mechanical coating technique [17]. Early in 1995,
Kobayashi developed Al and Ti-Al coatings on the substrates of stainless steel balls and ZrO2 balls [18].
Romankov et al. [19] also prepared Al and Ti-Al coatings on a Ti alloy substrate. Gupta et al. [20]
prepared nanocrystalline Fe-Si alloy coatings on a mild steel substrate. Farahbakhsh et al. [21] deposited
Cu and Ni-Cu solid solution coatings on ceramic and metal substrates. We have fabricated Fe and Zn
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coatings on Al2O3 ball substrates [22,23]. Furthermore, we have also revealed that the properties of the
metal powder played an important role in the formation of metal coatings [24]. Besides the influence
of some processing parameters including milling speed and time, a possible mechanism of coatings’
formation was further studied in [20,21,23].

However, the influence of substrates including material properties and surface roughness on the
formation of metal coatings has not been revealed so far. In this work, we would verify the formation
possibility of metallic coatings on metallic substrates and attempted to prepare Ti coatings on different
steel substrates utilizing mechanical coating technique. The formation process of Ti coatings and the
influence of substrates’ properties on their formation were also involved.

2. Materials and Methods

Ti coatings were prepared using a mechanical coating technique with a planetary ball mill
(Pulverisette 6, Fritsch). The transmission ratio of the mill was 1:−1.82. Ti powder (Osaka Titanium
Technologies Co. Ltd., Osaka, Japan) and steel balls as the substrates were charged into a bowl made
of alumina (volume: 250 mL). The bowl was fixed in the planetary ball mill, and then the mechanical
coating process was carried out at different rotational speeds for different durations. Two kinds of
substrates were used separately to clarify the influence of steel ball substrates on the formation of
metal coatings, including steel balls (SUJ-2, density of 7.85 g·cm−3) and stainless steel balls (SUS-304,
density of 7.93 g·cm−3). The composition of steel (SUJ-2) and stainless steel balls (SUS-304) is listed in
Table 1. To study the influence of substrates’ surface roughness, steel balls were polished to make their
surface smoother before the mechanical coating process. The polishing process is as follows. Firstly,
abrasive paper with mesh number of 80 was put into the bowl along the wall of the bowl. Secondly,
the balls were charged into the bowl and ball milling was carried out. In the ball milling, the balls were
polished by the abrasive paper throughout their repeated collision and friction with the ball of the
bowl. The surface roughness of the balls was not measured. Meanwhile, steel balls were annealed
in vacuum at 1073 K holding for 1.5 h to change their hardness before mechanical coating process
to study the influence of the substrate hardness on the coatings’ formation. Tables 2 and 3 give the
relevant processing parameters and the sample symbols. The average particle size distribution of
titanium powder is about 30 μm, ranging from 5–100 μm. Most of them (up to 70%) are located in the
range of 20–50 μm. The parameters x and y correspond to the rotational speed of the mill and milling
time, respectively. The volume ratio of metallic powder to the balls and the filling degree are 1:1.7 and
5%, respectively.

Table 1. Composition of steel (SUJ-2) and stainless steel (SUS-304) balls in the work.

No. C Si Mn P S Ni Cr Others

SUJ-2 0.95–1.10 0.15–0.35 ≤0.50 ≤0.025 ≤0.025 – 1.30–1.60 Fe
SUS-304 ≤0.08 ≤1.00 ≤2.00 ≤0.045 ≤0.030 8.00–10.50 18.00–20.00 Fe

Table 2. Relevant processing parameters in the present work.

Raw Materials Weight (g) Average Diameter (mm) Purity (%)

Metal powder Ti powder 20.0 0.03 99.1

Substrates
Steel balls 58.5 1.0 SUJ-2

Stainless steel balls 59.5 1.0 SUS-304
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Table 3. Relevant sample symbols and treatment condition of the balls in the present work.

Sample Symbol Substrate Surface Roughness Hardness (HV)

TSx-y SUJ-2 original 809
TSSx-y SUJ-2 polished 809
TSYx-y SUJ-2 original 201
TBx-y SUS-304 original 187

All samples were characterized by X-ray diffractometer (XRD) (JDX-3530, JEOL, Tokyo, Japan)
with Cu Kα radiation at 30 kV and 20 mA to determine the phases present. A scanning electron
microscope (SEM) (JSM-6510A, JEOL, Tokyo, Japan) was used to observe the surface morphologies
and the microstructure of the cross-sections of the Ti-coated steel balls. The average thickness of Ti
coatings was estimated from 40 different locations of five Ti-coated steel balls in their SEM images of
the cross sections. The average weight increase of 50 steel balls during mechanical coating process was
also calculated by weighing 50 randomly-selected Ti-coated steel balls three times.

3. Results and Discussion

3.1. Preparation of Ti Coatings on Steel Balls

The XRD patterns of the Ti-coated steel balls are presented in Figure 1. We could see the diffraction
peaks of Ti in addition to those of Fe from the XRD patterns when the duration of mechanical coating
processing was increased to 4 and 8 h. This means that some Ti powder particles adhered to the surface
of the steel balls. When processing time reached 10 h, the diffraction peaks of Fe could no longer be
observed, indicating that continuous Ti coatings had formed on the steel balls.

Figure 1. XRD patterns of the Ti coatings prepared by mechanical coating on steel balls at 300 rpm.

The surface morphologies of Ti-coated steel balls were recorded by SEM and are displayed in
Figure 2. When the duration of the mechanical coating process was 4 and 8 h, Ti powder particles
discontinuously coated the surfaces of steel balls (Figure 2a,b). With the increase of process duration
to 10 h, continuous Ti coatings formed (Figure 2c). The surface of the Ti coatings became rugged,
and humps were formed with further increase of duration to 50 h. The results from the SEM images
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are consistent with that reflected from the XRD patterns in Figure 1. Figure 3 shows the SEM images
of the cross-section of the samples prepared by mechanical coating. Although the coating of Ti
powder particles on steel balls was not clearly observed (Figure 3a,b) when the duration was 4 or 8 h,
the formation of continuous Ti coatings was confirmed after 8 h of mechanical coating (Figure 3c).
The coatings’ evolution in Figure 3 agreed with that in Figures 1 and 2. Therefore, we can say that
continuous Ti coatings on steel balls were prepared at 300 rpm after 10 h of mechanical coating process
from the above results.

Figure 2. SEM images for the surface morphologies of the samples prepared by mechanical coating at
300 rpm after different duration: (a) 4 h; (b) 8 h; (c) 10 h; (d) 12 h; (e) 16 h; (f) 20 h; (g) 26 h; (h) 32 h;
and (k) 50 h.

Figure 3. SEM images for the cross-section of the samples prepared by mechanical coating at 300 rpm
after different durations: (a) 4 h; (b) 8 h; (c) 10 h, (d) 12 h; (e) 16 h; (f) 20 h; (g) 26 h; (h) 32 h; and (k) 50 h.
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3.2. Influence of Rotational Speed

To study the influence of revolution speed on the formation of Ti coatings, continuous Ti coatings
on steel balls were also prepared at 400 rpm, with the results displayed in Figure 4. We can see that
continuous Ti coatings have been formed after 4 h of the mechanical coating process (Figure 4b).
The thickness of the Ti coatings was increased with the increase of duration from 4 h to 20 h. However,
continuous Ti coatings began to separate from steel balls as the duration was further increased to
26 and 32 h. Therefore, we can say the evolution includes the following four stages: nucleation,
growth of nuclei, formation of coatings, and exfoliation. The evolution is similar to that of Fe and Zn
coatings [22,23].

Figure 4. SEM images for cross-section of Ti samples prepared by mechanical coating at 400 rpm after
different durations: (a) 1 h; (b) 4 h; (c) 8 h; (d) 12 h; (e) 16 h; (f) 20 h; (g) 26 h; and (h) 32 h.

The weight increase of 50 steel balls during mechanical coating at different revolution speeds
was recorded as illustrated in Figure 5. The weight increase means that more Ti powder particles coat
the steel balls. We found that the weight of the steel balls increased with the increase in duration.
However, the weight increase became greater with the increase of revolution speed from 200 to 400 rpm
at the same mechanical coating process duration. This suggests that a higher revolution speed can
accelerate the coating of Ti powder particles on the surface of steel balls. The average thickness
change of continuous Ti coatings was also monitored as shown in Figure 6. We can note that the
data at 200 rpm is absent because continuous Ti coatings were not even successfully prepared after
50 h. This hints that continuous Ti coatings may not be formed at revolution speeds of 200 rpm or
lower. The average thickness evolution of continuous Ti coatings at 300 and 400 rpm is similar to the
weight increase change in Figure 5. When rotational speed was 400 rpm, the weight began to decrease
when the time came to 26 h, as the formed coatings began to peel off. If milling time is prolonged
any further, the exfoliation of metallic coatings will continue. Therefore, we did not provide data
after 26 h. According to the parameters named “collision strength” and “collision power” which we
proposed in published work [23], the energy transferred to the metallic powder particles from the balls
quickly increases with the increase of rotation speed of the ball mill. Greater collision power means
larger transferred collision energy, which creates severe plastic deformation. The cold welding among
metallic powder particles occurs only when plastic deformation is greater than a critical value [24].
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Figure 5. Weight increase of 50 steel balls versus duration of mechanical coating at different
revolution speeds.

Figure 6. Average thickness of Ti coatings versus duration of mechanical coating at different
revolution speeds.

3.3. Influence of Surface Roughness and Hardness

The SEM images for the morphologies of the samples prepared by the mechanical coating process
are shown in Figure 7. Figure 7a,b show the influence of surface roughness on the coatings’ formation.
No evident difference can be observed from the SEM images. From Figure 8, we can see that the initial
coating rate for the polished balls was slightly greater than those which were unpolished. In other
words, the decrease in surface roughness favors the adhesion of metallic powder particles to the
surface of metallic balls. We believe that the surface roughness improvement can decrease the air
volume reserved in the cavities in the surface of the balls. The contact area among the balls and the
metallic powder particles was increased, which can increase the possibility of cold welding. Therefore,
the surface roughness improvement accelerated the formation of metallic coatings. On the other
hand, surface roughness improvement decreased the quantity of the cavities in the surface. Therefore,
the interaction opportunity—specifically the mechanical inter-locking between the cavities and the
metallic particles—was decreased. Finally, the surface roughness improvement hinders the formation
of metallic coatings. According to the above results, we can conclude that the influence of the surface
roughness on the formation of metallic coatings is rather complex; the coexistence of promoting and
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obstructive factors made the influence negligible. As for the influence of the substrates’ hardness,
the formation situation of Ti coatings is given in Figure 7c,d. We can clearly see that more Ti powder
particles were adhered to the annealed steel ball than to the steel ball. In other words, Ti powder
particles more easily coat the softer steel balls. A slight difference in weight increase shown in Figure 8
also proved this. The influence of balls’ surface hardness on the coating of metallic powder particles
can also be attributed to the cold welding of metallic powder. As discussed above, the cold welding
among balls and metallic powder particles happens only when a critical plastic strain is satisfied.
After they were annealed, the balls became softer than that before annealing. During the collision
among balls and metallic powder particles, the softer surface of the balls welds with the metallic
particles more easily. After the surface of these balls is totally coated with metallic powders after 12 h
of ball milling, the interaction among balls and metallic powder particles has been replaced by that
among metallic powder particles. Therefore, the influence of surface parameters including roughness
and hardness cannot be studied any more.

Figure 7. SEM images of morphologies of the samples: (a) TS300-4; (b) TSS300-4; (c) TS300-8;
and (d) TSY300-8.

Figure 8. Weight increase of 50 steel balls during mechanical coating versus duration.
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3.4. Influence of Substrate Material

We also studied the influence of substrate material on the formation of continuous Ti coatings.
When stainless steel (SUS-304) balls were chosen as the substrate (Figure 9), the formation of continuous
Ti coatings took about 10 h, which was identical to that using steel (SUJ-2) balls as the substrate.
This means that the required time to form continuous Ti coatings on stainless steel and steel balls was
identical. However, the formation of continuous Ti coatings on Al2O3 balls in the same condition
took 20 h [25]. Therefore, we can conclude that the formation of Ti coatings on steel balls is easier
and quicker than on ceramic balls. In other words, the substrate plays a key role in the formation
of Ti coatings. From the above results, we can state that the formation of Ti coatings on steel balls is
much easier and quicker than on ceramic balls. The influence of substrate material on the formation of
metallic coatings can be explained as follows.

Figure 9. SEM images of surface morphologies of Ti coatings on stainless steel (SUS-304) balls prepared
by mechanical coating at 300 rpm after different duration: (a) 0 h; (b) 4 h; (c) 10 h; (d) 16 h and (e) 60 h.

Firstly, it is well-known that the hardness of Al2O3 is about 2300 HV, which is far greater than those
of steel and stainless steel. When substrate hardness decreased from 2300 HV to 809 HV, the required
time to form continuous Ti coatings decreased from 20 h to 10 h. With a further decrease of substrate
hardness from 809 HV to 187 HV, the required time hardly decreased, indicating that decreasing the
substrates’ hardness within a certain range can shorten the formation of Ti coatings. The influence of
substrate hardness has been discussed above. Secondly, the material transfer from metal to ceramics is
difficult than cold welding between metal materials [26]. Some works [24,26] have proved that the
interaction between metallic particles and ceramic balls belongs to mechanical self-locking due to the
plastic deformation of metallic particles. However, the cold welding occurred among the fresh surface
of the balls and metallic powder particles when balls became metallic ones. The strength of self-locking
is lower than that of cold welding.

4. Conclusions

Continuous Ti coatings on steel and stainless steel ball substrates were prepared by mechanical
coating technique. Greater revolution speed, providing larger collision force and energy, accelerated the
formation of continuous Ti coatings. The substrate material plays an essential role in the formation of
Ti coatings; specifically, Ti coatings or even other metal coatings are more easily formed on metal/alloy
balls than on ceramic balls. Meanwhile, substrate hardness also markedly affected the formation of
Ti coatings. The material with smaller surface hardness is more suitable as the substrate on which Ti
coatings were prepared. The above conclusion can also be exerted on other metal or alloy coatings on
metal/alloy and ceramic substrates.
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Abstract: Electroless low-phosphorus Ni–P coating was deposited on a wrought ZE10 magnesium
alloy including an advanced pre-treatment of the material surface before deposition. Uniform Ni–P
coating with an average thickness of 10 μm was formed by 95.6 wt % Ni and 4.4 wt % P. The content of
Ni and P was homogeneous in the entire cross-section of the coating. Applying the Ni–P coating to the
magnesium substrate, the surface microhardness increased from 60 ± 4 HV 0.025 to 690 ± 30 HV 0.025.
Using the scratch test, it was determined that deposited Ni–P coating exhibits a high degree of adhesion
to the magnesium substrate. Electrochemical corrosion properties of Ni–P coating were analyzed using
the polarization tests in 0.1 M NaCl, while the deposited Ni–P coating showed an improvement of
the corrosion resistance when compared to the ZE10 magnesium alloy. Using the scanning electron
microscopy analysis, it was determined that the fine morphology of the deposited Ni–P coating did not
contain visible microcavities. The absence of macrodefects due to the adequate pre-treatment before
coating was reflected on the mechanism of the coated ZE10 degradation in a 0.1 M NaCl solution.

Keywords: electroless deposition; Ni–P coating; magnesium alloy; ZE10; adhesion; microhardness;
EDS analysis; polarization test

1. Introduction

Magnesium alloys are ranked among the lightest constructional metallic materials [1,2]. They find
their application in the automotive and aerospace industry due to their low density and high value
of specific strength, toughness, and good machinability [3]. Low corrosion resistance, high chemical
reactivity, low hardness, and low wear and abrasion resistance are considerable disadvantages of
magnesium-based materials [4].

Mg–Zn–RE-based magnesium alloys such as ZE10 and ZE41 achieve higher values of strength
and better mechanical and corrosion properties in comparison with pure magnesium [2,5]. These alloys
contain, besides Mg, Zn, and rare earth (RE) elements, Pr, Nd, La, Ce, and a small amount of Zr [1].
Zinc improves the strength and corrosion resistance of magnesium alloys. Rare earth elements
improve the casting and mechanical properties (strength and creep resistance) of the alloys at higher
temperatures. Zr is mainly used for grain refinement [1,6]. Although these alloys achieve better
mechanical and corrosion properties in comparison with pure magnesium, their surface properties
such as hardness, corrosion, and wear resistance are still inadequate for certain industrial applications.

There are several ways to improve magnesium alloys surface properties and resistivity, including
galvanic or electroless deposited coatings, thermally sprayed coatings, and applications of conversion
coatings [7,8].

Coatings 2018, 8, 96; doi:10.3390/coatings8030096 www.mdpi.com/journal/coatings25



Coatings 2018, 8, 96

One way to protect the material from corrosion, and improve the material surface’s mechanical
properties, is to apply electroless Ni–P coatings in a nickel bath [9]. Electroless deposited Ni–P coatings
increase corrosion resistance as well as the surface’s mechanical properties such as hardness and
wear resistance. Applied low-phosphorus Ni–P coatings, compared with high-phosphorus Ni–P
coatings, have a high value of hardness, a high density, and a high crystallinity [10]. However, the
deposited high-phosphorus Ni–P coatings have higher corrosion resistance when compared to the
low-phosphorus Ni–P coatings. Based on the phosphorus content in Ni–P coatings, low-, medium-, and
high-phosphorus Ni–P coatings can be distinguished. Low-phosphorus Ni–P coatings contain 2–5 wt %
phosphorus, medium-phosphorus Ni–P coatings contain 6–9 wt % phosphorus, and high-phosphorus
Ni–P coatings contain >10 wt % phosphorus [9,11].

In [12], the corrosion behavior of three types of electroless deposited Ni–P coatings was
studied. Ni–P coatings deposited on the mild steel contained 3.34% P (low phosphorus), 6.70% P
(medium-phosphorus), and 13.30% P (high phosphorus). Based on the obtained results of
potentiodynamic polarization tests and Nyquist plots of deposited Ni–P coatings in a 3.5% NaCl
solution, it was determined that corrosion potentials and charge transfer resistances (in this case,
equal to the polarization resistance) of deposited Ni–P coatings increased as phosphorus content
increased. Corrosion potential Ecorr of the low-phosphorus Ni–P coating obtained using the Tafel
extrapolation method was −536 mV, and charge transfer resistance Rct was 6.90 kΩ·cm2. Corrosion
potentials for medium- and high-phosphorus Ni–P coatings were −434 mV and −411 mV, respectively.
Charge transfer resistances of medium- and high-phosphorus coatings were 24.86 kΩ·cm2 and
37.45 kΩ·cm2, respectively.

The adhesion of the coating to the substrate has a great influence on corrosion behavior and the
mechanical properties of Ni–P coatings deposited on the substrate [10]. The adhesion of the Ni–P
coating to the deposited substrate is significantly affected by appropriately selected pre-treatment of the
substrate surface, such as grinding, blasting, degreasing, pickling, and interlayer deposition. [7,9,13].
A very frequent type of pre-treatment is zincate-zinc immersion [14–16], but the main disadvantage is
the high pH value [14–17]. Zinc immersion is used to remove residual oxides and hydroxides from the
surface of the substrate [14].

This paper deals with the preparation and characterization of an electroless deposited Ni–P
coating deposited on a wrought ZE10 magnesium alloy. This study is focused on the measurement
and evaluation of mechanical, physical, and corrosion properties of the coated substrate, while a
specific pre-treatment was used before substrate coating. The mechanism of the corrosion attack
and the corrosion resistance of the coated and plain material in 0.1 M NaCl were studied using
potentiodynamic tests and immersion tests, and the results were analyzed in terms of light microscopy
and scanning electron microscopy.

2. Materials and Methods

Wrought ZE10 magnesium alloy samples with dimensions of 20 × 20 × 1.6 mm3 were used
as a substrate material for deposition of the electroless Ni–P coating. The microstructure of the
ZE10 magnesium alloy, shown in Figure 1, was characterized using the light microscopy (LM) and
the individual microstructural features were identified using a Zeiss EVO LS-10 scanning electron
microscope (SEM, Carl Zeiss Ltd., Cambridge, UK) with an energy-dispersive X-ray spectroscopy
(EDS) Oxford Instruments Xmax 80 mm2 detector (Oxford Instruments plc, Abingdon, UK) and
AZtec software analysis (version 2.4). Elemental composition of the coated material shown in Table 1
obtained using the GDOES (glow-discharge optical emission spectroscopy) corresponds to the ASTM
standard [18].

To reveal the ZE10 magnesium alloy microstructure, prepared and polished metallographic
samples were poured into an acetic picral etchant (consisting of 4.2 g of picric acid, 10 mL of acetic
acid, 10 mL of distilled water, and 70 mL of ethanol) for 3 s and then into 2% Nital for 1 s [19].
The microstructure of the substrate, characterized on the surface parallel to the material processing,
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was formed by solid solution grains of α-Mg, Mg7Zn3(RE) (La, Ce)-based particles and undissolved Zr
particles (Figure 1b) [1,5]. Via EDS analysis, the presence of Ce, La, Pr, and Nd elements was found in
the Mg7Zn3(RE) (La, Ce)-based particles.

Table 1. The elemental composition of the wrought ZE10 magnesium alloy (wt %) (GDOES).

Zn Zr Mn Fe Mg Others

1.41 0.14 0.08 0.005 balance max. 0.30

 

Figure 1. Surface microstructure of the ZE10 wrought magnesium alloy: (a) microstructure (LM);
(b) intermetallic phase particles in microstructure (SEM).

To achieve a sufficient activity and roughness of the magnesium substrate surface before electroless
Ni–P coating deposition, a suitably chosen specific pre-treatment is required. First, the samples were
ground using SiC paper no. 1200 and then cleaned in an alkaline degreasing bath with the content of
soil-releasing agents. To activate the magnesium substrate surface by partial etching, pickling in an
acid pickling bath based in acetic acid was performed. Partial etching of the substrate surface led to an
increase in the surface roughness and activity. This process was shown to have a positive influence on
adhesion and mechanical properties of deposited Ni–P coating due to the mechanical interlocking of
deposited Ni–P coating to magnesium substrate [20].

The electroless nickel bath contained a nickel source, NiSO4·6H2O, a reducing agent,
NaH2PO2·H2O, a complexing agent, and the substance-activating NaH2PO2 molecule. Samples
were localized in the middle of the nickel bath to ensure uniform coating creation and the elimination
of the thermal gradient from the bath surface [9]. The deposition of the electroless Ni–P coating
proceeded for 60 min. For the microhardness measurement, a thicker coating was required, so a time
of 180 min was taken for the coating preparation.

The distribution and the average content of nickel and phosphorus in deposited Ni–P coatings
were determined using the Zeiss EVO LS-10 with an EDS Oxford Instruments Xmax 80 mm2 detector
SEM and the AZtec software (version 2.4). SEM observations were used to characterize Ni–P
coating surface morphology and for the evaluation of the mechanism of corrosion degradation of the
magnesium substrate with the subsequent violation of Ni–P coating after exposition in 0.1 M NaCl.

The microhardness measurement of the deposited Ni–P coating was carried out using the LECO
AMH43 microhardness tester (Saint Joseph, MO, USA). The average value of the microhardness was
obtained from 10 valid indentations performed within the coating cross section under the applied load
of 25 g for 10 s, according to the ASTM E384 standard [21]. The indents were performed parallel to the
coating surface.

Physical properties of the electroless deposited Ni–P coating were evaluated using the REVETEST
scratch tester CSM Instruments with the Rockwell diamond indenter with a top angle of 120 and 200 μm
radius hemispherical tip [22]. The progressive load type method was applied to the measurement.
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The substrate surface was polished to the roughness of Ra ≈ 2 μm using a DP-Paste M (diamond paste
from Struers, Ballerup, Denmark) during the pre-treatment process before the alkaline degreasing in
the addition. The friction force, the friction coefficient, the penetration depth, and the acoustic emission
were recorded during the scratch test. Normal force was recorded. The applied normal force was set
up in the range from 1 to 20 N. The speed of indenter was 1.58 mm·min−1, and the total length of the
trace was 3 mm.

The electrochemical corrosion characteristics of the ZE10 magnesium alloy and material with
deposited Ni–P coating were analyzed in a 0.1 M solution of NaCl using the Bio-Logic VSP-300
potentiostat/galvanostat (BioLogic, Seyssinet-Pariset, France). Electrochemical polarization tests were
performed on three specimens. A standard three-electrode cell was used for the measurements: a Pt
gauze was used as a counter-electrode, a saturated calomel electrode (SCE) as a reference electrode,
and a prepared sample as a working electrode. The analyzed sample area exposed to the solution
during the polarization test was 1 cm2. The stabilization time of the samples exposed to the corrosive
environment was 5 min. The polarization range of the measurements was from −50 to +200 mV
vs. open circuit potential (OCP). The corrosion potential Ecorr and the corrosion current density icorr,
were determined applying the Tafel analysis, and the corrosion rate vcorr was calculated from the icorr,
according to the literature [23].

For the evaluation of the mechanism of the corrosion degradation of the ZE10 magnesium
substrate with subsequent violation of the deposited Ni–P coating, the sample was immersed in the
0.1 M NaCl for 1 h. After this time, the rinsed and dried surface of the samples was analyzed via SEM.

3. Results and Discussion

3.1. Ni–P Coating Morphology and Chemical Analysis

Uniform Ni–P coating was successfully deposited on the previously pre-treated surface of the
ZE10 magnesium alloy substrate. As shown in Figure 2a, grain boundaries and intermetallic phase
particles appeared on the surface of the material after the pre-treated, pickled substrate. The pickled
surface also shows a “honeycomb-like microstructure.” Revealed intermetallic phase particles/α-Mg
solid solution interface and the grain boundaries served as places where the initiation of the electroless
deposition of the coating initiated due to the galvanic coupling [24]. The higher roughness of pickled
and activated surface increased the adhesion of deposited Ni–P coating to the magnesium substrate.

Usually, zinc immersion is used for the magnesium alloy pre-treatment before Ni–P coating
deposition. El Mahallawy et al. [14] studied the electroless Ni–P coating of different magnesium alloys,
using zinc immersion as the pre-treatment of magnesium alloys. The zinc immersion was used to
remove the residual oxides and hydroxides from the surface of the magnesium alloys, and a thin layer
of zinc formed on the Mg surface preventing back oxidation.

Based on the obtained results, a partial re-oxidation of the ZE10 magnesium alloy surface occurred
without the use of zinc immersion (Figure 2a). During the following immersion of the activated sample
into the electroless nickel bath, the substrate became catalytically active when the surface oxides were
dissolved in the nickel bath, and the replacement reaction occurred between the substrate and nickel
ions. Even though some contamination of the substrate surface was observed before Ni–P coating
deposition, it seems that it did not negatively affect the coating process [9].

The surface morphology of the deposited Ni–P coating with a nodular structure, formed by
typical cauliflower-like shapes is shown in Figure 2b. Wang et al. [25] showed that deposited Ni–P
coatings are formed by a columnar microstructure. However, the deposited Ni–P amorphous coatings
improve the corrosion resistance of magnesium, the inherent columnar microstructure of the coating
does not provide the best protection against the corrosion. The high concentration of inter-column
defects, such as microvoids and micropores, [26,27], form channels where the corrosion ions and
environment can pass through the coating and react with the substrate. The presence of microcavities
was not evident between nodular cusps of the deposited coating (Figure 2b), which is in agreement
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with observations in [28]. Based on an evaluation of SEM figures (Figures 2b and 3a), no defects
and cracks were observed in the deposited Ni–P coating at the ZE10 magnesium substrate/Ni–P
coating interface.

The average thickness of the coating prepared for 60 min determined from the cross sections was
approximately 10 μm. In the case of a longer deposition time (180 min), prepared with the aim to
increase the coating thickness to obtain relevant microhardness values, thickness was 30 μm.

Figure 2. SEM microstructure of the pre-treated substrate and deposited Ni–P coating: (a) pre-treated
surface of the ZE10 magnesium alloy before deposition; (b) fine morphology of the deposited
Ni–P coating.

Deposited Ni–P coating with an average thickness of about 10 μm was chosen for EDS analysis
(Figure 3). Using EDS mapping analysis, it was determined that the distribution of Ni and P in
deposited Ni–P coating was homogeneous in the entire cross section, as shown in Figure 3b,c,
respectively. The EDS analysis determined that the Ni content in the deposited Ni–P coating was
95.6 wt % and the P content was 4.4 wt %. Based on the literature [9,29], it was determined that the
deposited Ni–P coating is low-phosphorus, as in the cases of the AZ31 magnesium alloy presented
in [30] and the AZ61 magnesium alloy in [28].

 

Figure 3. EDS analysis of deposited Ni–P coating on the ZE10 magnesium alloy: (a) a cross section of
the Ni–P-coated sample, (b) nickel, (c) phosphorus, and (d) magnesium.

29



Coatings 2018, 8, 96

3.2. Ni–P Coating Microhardness Analysis

Based on the measured data, it was determined that the average value of the microhardness of
the Ni–P coating was 690 ± 30 HV 0.025, measured in the cross section. The microhardness of the
plain ZE10 magnesium substrate was 60 ± 4 HV 0.025.

The surface microhardness of the coated samples increased approximately 11-fold compared with
the ZE10 magnesium alloy.

It is assumed that the measured hardness of low-phosphorus Ni–P coatings is higher compared
to the high-phosphorus coatings [9]. The addition of filler (SiC, Al2O3) into the high-phosphorus Ni–P
matrix led to a substantial increase in hardness [9]. The microhardness (690 ± 30 HV 0.025) of the
deposited low-phosphorus Ni–P coating on the ZE10 magnesium alloy reached a value higher than
that of the Ni–P/SiC composite coating prepared on the AZ91 magnesium alloy presented in [31]
and [32]. The microhardness of the Ni–P/SiC composite coating (7.33 wt % P) was 620 HV [31], and
that of the electroless Ni–P/SiC nanocomposite coating (10 wt % P) was 600 HV 0.025 [32].

The microhardness of the deposited low-phosphorus Ni–P coating was higher compared with
the values obtained for the high-phosphorus Ni–P coatings. The hardness of high-phosphorus
Ni–P coatings ranges from 410 to 600 HV [29,33]. As the content of phosphorus in Ni–P coatings
increases, the microhardness of the coating decreased due to the microstructural changes (a decrease
in crystallinity) [9].

3.3. Analysis of the Physical Properties of the Ni–P Coating

The results of the scratch test performed on the Ni–P-coated ZE10 magnesium alloy sample are
shown in Figure 4. The measured values of the critical normal forces Lc1 and Lc2 and the corresponding
friction forces Ft1 and Ft2, respectively, are given in Table 2. As indicated by Table 2, the value of the
critical normal force Lc1 was 7.9 N, and the formation of oblique and parallel cracks was observed on
the coating surface (Figure 5a). The value of the critical normal force Lc2 was 13.6 N, and the formation
of transverse tensile arch cracks across the entire width of the track was observed on the coating surface
(Figure 5b).

Figure 4. Results of the scratch test for the Ni–P coating on the ZE10 magnesium alloy with a scratch pattern.
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As stated in [22], tensile and compressive stresses are generated during the scratch test and cause
more complex mechanisms and damage. A crack can nucleate on a defect or at the coating/substrate
interface. The crack is formed due to the localization of the stresses on the coating/substrate interface
or in the coating (transverse crack). In the case of a layer, the tensile radial tension induced with
the Rockwell tip can generate circular or transverse arch cracks that extend across the layer into the
substrate. As the tip moves, several circular or transverse arch cracks can intersect. These cracks can
also occur at the back of the contact as a response to tensile stresses during tip sliding. Cracks also
occur on the back of the contact due to the friction-induced tensile stresses [34].

Table 2. Values of critical normal forces and friction forces of Ni–P coating deposited on the ZE10
magnesium alloy and, for comparison, values found in other studies.

Source Substrate Coating Lc1 [N] Lc2 [N] Ft1 at Lc1 [N] Ft2 at Lc2 [N]

presented
Ni–P coating ZE10 Ni–P 7.9 13.6 0.6 3.4

[30] AZ31 Ni–P 7.3 12.3 1.1 2.6
[28] AZ61 Ni–P 6.9 11.9 0.8 2.2

[35] Polished AZ91
Ni–P

Ni–P (temp.: 523 K)
Ni–P (temp.: 673 K)

–
–
–

10.2 (Lc)
10.6 (Lc)
9.7 (Lc)

–
–
–

–
–
–

[35] Blasted AZ91
Ni–P

Ni–P (temp.: 523 K)
Ni–P (temp.: 673 K)

–
–
–

14.0 (Lc)
16.5 (Lc)
14.8 (Lc)

–
–
–

–
–
–

[36] AISI 1018
plain Ni–P/TiO2

Ni–P/TiO2 with SDS
Ni–P/TiO2 with DTAB

–
–
–

~13 (Lc)
~19 (Lc)
~29 (Lc)

–
–
–

–
–
–

Figure 5. Detail of the damage of Ni–P coating during the scratch test: (a) Lc1 and (b) Lc2 (SEM).

As a result of the applied pressure load of the Rockwell diamond tip during the scratch test,
ductile failure of the deposited Ni–P coating occurs due to the introduced internal stresses.

The character of the damage to the locating layer during the scratch test is dependent on many
factors [22]. In addition to the influence of the characteristics of the experimental device on the
tested layer damage mechanism, there are geometric properties of the substrate-layer system (such as
layer thickness, roughness, etc.), experimental parameters (tip and scratch rate), and properties of
the substrate-layer system (thermal coefficients, microstructure and internal stresses, elasticity, and
hardness modules). Figures 4 and 5 show the scratch track morphology and the layer cracking
character, which is similar to the case of Ni–P coatings on AZ31 and AZ61 magnesium alloys presented
in [28,30].
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The formation of transverse tensile arch cracks [22,34] across the entire width of the track was
observed (Figure 4). The adhesion strength of the experimental electroless deposited Ni–P coating
on a wrought ZE10 magnesium alloy (Lc1 and Lc2) was higher compared to the data presented
in articles [28,30], where the Ni–P coating was deposited on AZ31 and AZ61 magnesium alloys,
respectively. The difference could be explained by the coated substrate pre-treatment process.
The pre-treatment of AZ31 and AZ61 magnesium alloys before the deposition of the Ni–P coating
included polishing to a roughness Ra ≈ 0.25 μm [28,30]. However, the surface of the experimental
ZE10 magnesium alloy was polished to a roughness Ra ≈ 2 μm, which is significantly rougher than
AZ31 and AZ61. The higher roughness of the substrate surface can improve the adhesion strength
between the deposited Ni–P coating and the ZE10 magnesium alloy due to the mechanical interlocking
of the two components [34].

This effect was also observed in [35], where the adhesion strength between the deposited Ni–P
coating and blasted or polished surface of the AZ91 magnesium alloy was studied. The scratch track
morphology for the pre-blasted and pre-polished samples with the deposited Ni–P coating showed a
similar trend, but it was observed that the scratch track width was narrower on the rougher surface
when compared to the polished surface. The scratch track width was slightly narrower for coated
samples after annealing for 1 h at 523 K. This effect can be contributed to the increase in the hardness of
the Ni–P coating after annealing, which was demonstrated with the increase in hardness from ~600 to
~900 HV due to the coated sample annealing. As indicated by Table 2, the critical load Lc for the plain
Ni–P coating was 14.0 N and 10.2 N for the blasted and polished surfaces, respectively. The increase
in adhesion strength to 16.5 N was observed for the rough blasted AZ91 substrate after annealing
for 1 h at 523 K. This increase was apparently linked to the hardness increase and the effect of the
rough surface. The brittle cracking of the deposited coating was observed at substrates with the rough
surface, and the wedge spallation was observed at substrates with the polished surface. The decrease
in adhesion strength was observed for samples annealed at 673 K due to the embrittlement of the Ni–P
coatings (Table 2).

However, as indicated by Table 2, resulting values of the critical loads of rough (blasted) samples
of AZ91 [35] are slightly higher when compared to the experimental Ni–P coating deposited on the
ZE10 magnesium alloy. This can again be connected to the higher roughness of the coated substrate.
The roughness of the blasted AZ91 magnesium alloy surface was Ra ≈ 4.5 μm [35], and that of the
experimental ZE10 magnesium alloy was Ra ≈ 2 μm. It is also possible to observe that the value of the
critical load Lc of experimental coating deposited on the ZE10 alloy is higher in comparison with the
polished surface of the AZ91 alloy in [35], where the roughness was Ra ≈ 0.05 μm. As is obvious, the
roughness of the substrate surface has a significant effect on the coating adhesion strength due to the
mechanical interlocking between Ni–P coating and the coated magnesium substrate.

As indicated in the literature [36], applied surfactants in the nickel bath had a significant effect
on the adhesion strength of deposited Ni–P/TiO2 composite coating on the AISI 1018 steel substrate
(Table 2). No cohesive or adhesive failure of the coating was observed up to ~13 N in the case of
the Ni–P/TiO2 coating prepared on AISI 1018 without using the surfactant. The formation of the
mild tensile cracks at ~19 N was evident for the Ni–P/TiO2 composite coating using sodium dodecyl
sulfate (SDS) surfactant at 1.5× CMC (critical micelle concentration). In the case of the Ni–P/TiO2

composite coatings on AISI 1018 involving dodecyl trimethyl ammonium bromide (DTAB) at 1× CMC,
the cohesive failure was observed at the applied load of ~29 N. Moreover, no linear or radial cracks
were observed in the case of the coated steel substrate, nor of any of the analyzed coatings, which also
indicates the importance of the surface of the substrate with respect to the adhesion of the coating.

The increase in the adhesion strength of Ni–P coatings to the magnesium substrate, along with
a slight increase in the roughness of the substrate surface, was shown to be achieved by adding the
proper surfactant into the nickel bath [35,37]. This proves that a more effective adhesion of the coatings
is caused by the excessive attractive forces between the Ni–P coatings and substrate [38].
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Based on the obtained result, a sufficient surface roughness of ZE10 reached via surface polishing
on the roughness Ra ≈ 2 μm, in combination with the activation of the surface via acid pickling, seems
to be reached during pre-treatment. Adequate pretreatment resulted in an adequate adhesion of the
coating to the substrate and a considerably high resistivity against damage.

3.4. The Electrochemical Corrosion Test in 0.1 M NaCl

Figure 6 shows the potentiodynamic polarization curves of the ZE10 magnesium alloy and
the ZE10 alloy with the deposited Ni–P coating in 0.1 M NaCl obtained at laboratory temperature.
The polarization curve of the Ni–P-coated sample is significantly shifted to more electropositive values,
which means better corrosion properties of the Ni–P-coated sample compared with the untreated ZE10
magnesium alloy.

Therefore, a deposited Ni–P coating appears to be suitable for the protection of magnesium
alloys. Based on the Tafel extrapolation analysis [39], the values of the corrosion potential, Ecorr,
and the corrosion current density, icorr, for samples with the deposited Ni–P coating and the ZE10
magnesium alloy were determined. The average values of the Ecorr, for the ZE10 magnesium alloy and
the Ni–P-coated alloy, were −1701 and −505 mV, respectively, and the values of the icorr, for the ZE10
magnesium alloy and the Ni–P-coated material, were 23.7 and 0.4 μA·cm−2, respectively (Table 3). It is
generally known [25] that the columnar structure of deposited Ni–P coatings contains a network of
defects (grain boundaries, pores, and microcavities). These defects are precursors for a micropitting
and may cause the corrosion attack of the material under the deposited Ni–P coating. However, no
local corrosion attack (pitting) was observed in the anodic area of the polarization curves.

Based on the determined values of icorr, the corrosion rate, vcorr, was calculated for a short-term
experiment. As indicated by Table 3, the corrosion rates of the ZE10 alloy and the Ni–P-coated samples
in 0.1 M NaCl were 530.00 μmpy and 8.95 μmpy, respectively.

Experimental deposited Ni–P coating was ranked among the low-phosphorus Ni–P coatings,
which are characterized by their lower corrosion resistance when compared to the medium- and
high-phosphorus coatings, [9]. As indicated in the work of S. Narayanan [12], deposited Ni–P
coatings with low phosphorus content (3.34 wt % P) showed an Ecorr of −0.536 V and an icorr of
4.22 μA·cm−2, whereas medium- (6.70 wt % P) and high-phosphorus (13.30 wt % P) Ni–P coatings
showed Ecorr values of −0.434 and −0.411 V, respectively, and icorr values of 1.17 and 0.60 μA·cm−2,
respectively. When comparing the experimentally obtained results and the results presented in [12], it is
evident that the value (Table 3) of the corrosion potential, Ecorr, is between Ecorr values of 25-μm-thick
low-phosphorus (3.34 wt % P) and medium-phosphorus (6.70 wt % P) Ni–P coatings presented in [12].

Table 3. Corrosion parameters of the ZE10 magnesium alloy and the ZE10 alloy with a deposited
Ni–P coating.

Sample Ecorr [mV] icorr [μA·cm−2] vcorr [μmpy]

ZE10 alloy −1701 23.7 530.00
ZE10 + Ni–P coating −505 0.4 8.95
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Figure 6. Characteristic potentiodynamic polarization curves for the ZE10 magnesium alloy and the
ZE10 alloy with a deposited Ni–P coating in 0.1 M NaCl obtained at laboratory temperature.

Although the plating rate of high-phosphorus Ni–P coatings in [12] was higher, high-phosphorus
Ni–P coatings were deposited under more energy-intensive conditions (90 ± 1 ◦C) [12]. It is evident
that the obtained value of the corrosion current density, icorr, of high-phosphorus Ni–P coating was
worse compared to the presented low-phosphorus Ni–P coatings on the ZE10 magnesium alloy
(Table 3), and the electroless deposited coating on the ZE10 alloy exhibits greater corrosion resistance.
This can be attributed to the fact that the experimentally prepared electroless deposited Ni–P coating
was probably less defective or that the Ni–P coating contained only a small amount of microcavities
when compared to the coatings analyzed in [12].

3.5. The Immersion Test in 0.1 M NaCl

As indicated by Figure 7a,b, after the exposition of the sample with deposited Ni–P coating in
0.1 M NaCl for 1 h, the degradation of the Ni–P coating occurred due to the corrosion of the magnesium
substrate under the coating.

Corrosive agents may accumulate between the nodules (grains) creating the Ni–P coating and
migrate to the substrate surface. According to the results in [25,40], the inherent columnar porous
microstructure of the coating (Figure 7d) does not adequately protect the magnesium substrate against
corrosive environments [41]. Furthermore, electroless Ni–P coatings contain a certain amount of
microcavities in their volume. These microcavities form nucleation sites for micropitting when the
material is exposed to a corrosive environment. Microcavities are created as a result of the hydrogen
evolution during the deposition process when small bubbles of hydrogen H2, as a byproduct of the
nickel reduction, are adsorbed on the surface of the growing Ni–P coating [40]. Stirring of the nickel
baths or the rotation of the deposited objects is a partial solution of this problem. However, the addition
of surfactants into the nickel bath was shown to be a more effective solution, while the reduction of
these microcavities resulted in an increase in the corrosion resistance of the coated substrate [42,43].

As described above, due to the high concentration of inter-column defects, such as microvoids
and micropores [27], the interaction between the corrosive environment containing chloride ions and
magnesium substrate under the deposited Ni–P coating resulted in the creation of oxides or chlorides
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of magnesium. This reaction has an effect on the increase in corrosion product volume when compared
to the bulk material and the evolution of hydrogen is an accompanying process. The increase in the
volume of the material under the Ni–P coating leads to the formation of cracks and the subsequent
destruction of the coating and thus to the acceleration of the corrosion of the magnesium substrate
(Figure 7c).

Even though the coating internal defects were not observed in SEM analysis, even the
intercolumnar areas can provide a path for the transfer of corrosive medium elements into the coating
and react with the substrate. Figure 7d reveals the damaged structure of the Ni–P coating showing the
columnar structure. The revealed columnar structure supports the theory that the grain boundaries
and microdefects present on the grain boundaries acted as the paths for the corrosive medium transfer
to the substrate.

Observed local corrosion attack did not correlate with the results obtained with potentiodynamic
tests; however, the electrochemical test was limited to the range of polarization used, and a larger
range for the measurement likely can reveal the pitting attack.

Figure 7. Corrosion degradation of the Ni–P coating on the ZE10 magnesium alloy: (a) surface,
(b) cross-section, (c) cracks in Ni–P coating caused by the increase in volume under deposited coating
due to the corrosion, (d) cracked Ni–P coating.

4. Conclusions

Based on the results of the characterization of the electroless deposited Ni–P coating prepared on
a ZE10 magnesium alloy via polishing and acid pickling, the following conclusions can be made:

• Due to the proper pre-treatment, electroless low-phosphorus Ni–P coatings were successfully
deposited on a ZE10 magnesium alloy in a nickel bath.

• The content of Ni in the deposited coatings was 95.6 wt %, and the content of P was 4.4 wt %,
for coatings with average thickness ~10 μm (1 h of deposition).

• Deposited Ni–P coatings showed a high degree of homogeneity in the entire cross section.
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• The microhardness of the deposited low-phosphorus Ni–P coating was 690 ± 30 HV 0.025,
representing an 11-fold increase when compared to the plain ZE10 magnesium alloy.

• The adhesion of the deposited Ni–P coating was determined from the appropriate critical normal
forces Lc1 = 7.9 N, where i.e., oblique and parallel cracks are the primary failure—was observed,
and Lc2 = 13.6 N, where the formation of transverse arch cracks was observed.

• Electrochemical polarization tests have shown an improvement in corrosion resistance via the
deposition of Ni–P coating (Ecorr = −505 mV, icorr = 0.4 μA·cm−2, and vcorr = 8.95 μmpy)
when compared to the ZE10 magnesium alloy (Ecorr = −1701 mV, icorr = 23.7 μA·cm−2, and
vcorr = 530 μmpy).

• Microcavities present in the coating and the columnar structure of the low-phosphorus Ni–P
coating have a major influence on the process of the corrosion, acting as the channels between the
corrosive environment and the substrate.
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Abstract: In this study, equiatomic Ru–Zr coatings were deposited on Si wafers at 400 ◦C by using
direct current magnetron cosputtering. The plasma focused on the circular track of the substrate
holder and the substrate holder rotated at speeds within 1–30 rpm, resulting in cyclical gradient
concentration in the growth direction. The nanoindentation hardness levels of the as-deposited Ru–Zr
coatings increased as the stacking periods of the cyclical gradient concentration decreased. After the
coatings were annealed in a 1% O2–99% Ar atmosphere at 600 ◦C for 30 min, the internally oxidized
coatings shifted their respective structures to a laminated structure, misaligned laminated structure,
and nanocomposite, depending on their stacking periods. The effects of the stacking period of the
cyclical gradient concentration on the mechanical properties and structural evolution of the annealed
Ru–Zr coatings were investigated in this study.

Keywords: cyclical gradient concentration; internal oxidation; multilayer coating; nanocomposite
coating

1. Introduction

Multilayer nitride coatings with nanoscale layer thickness have exhibited extremely high
mechanical hardness due to dislocation blocking by layer interfaces and Hall–Petch strengthening [1].
By contrast, the hardness enhancement in the Y2O3/ZrO2 superlattice has been limited because oxides
are brittle materials that are deformed by fracture mechanisms [2]. Two metallic multilayer coatings
deposited by cosputtering for immiscible systems, W–Cu [3,4] and Cu–Ta [5,6], have developed a
phase-separated nanostructure. However, Ru/Al multilayers have been deposited to fabricate a
B2-RuAl intermetallic compound through annealing at approximately 600 ◦C in a vacuum or Ar [7,8].
Oxide-dispersion-strengthened platinum materials [9] and Ag-oxide-based electric contact material [10]
are conventional applications of internal oxidation [11]. Our previous studies [12–15] investigated
the internal oxidation of Ru-based alloy multilayer coatings annealed at 600 ◦C in oxygen-containing
atmospheres for the application of protective coatings on glass molding dies. The specific cosputtering
processes, which were performed using a substrate holder rotating at a slow speed of one to seven
revolutions per minute, have been examined in detail for fabricating Ru–Ta coatings [14]; the fabricated
coatings had exposed substrates alternately to the sputter sources without shutter shielding, forming a
multilayer structure with a cyclical gradient concentration period at a nanometer scale. An oxidized
laminated structure formed because of the inward diffusion of oxygen during the annealing process;
this structure comprised alternating oxygen-rich and oxygen-deficient sublayers stacked adjacent
to the surface. The inward diffusion of oxygen at 600 ◦C was dominated by lattice diffusion in the
active element-enriched regions [13,16,17]. Because the elements were stacked on the substrate with an
alternating gradient concentration, the O atoms could easily diffuse through the paths in the transverse
direction, thereby forming oxide sublayers. After the oxygen content in the oxide sublayers reached
a saturation level, the grainboundary diffusion along the original columnar structure drove oxygen
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to the next period of the laminated structure. During an annealing process conducted at 600 ◦C in a
1% O2–99% Ar atmosphere, internal oxidation occurred for Ti–Ru, Zr–Ru, Nb–Ru, Mo–Ru, Hf–Ru,
Ta–Ru, and W–Ru coatings, which were prepared using a substrate holder rotating at one revolution
per minute [15]; the mechanical properties of the annealed coatings depended on the characteristics of
the oxide sublayers. The nanoindentation hardness of the annealed Zr0.30Ru0.70 coating exhibited a
relatively high value of 18.4 GPa. The widths of the oxide sublayers were restricted by the Ru-dominant
sublayers [16,17]; therefore, the internally oxidized coatings can be categorized as nonisostructural
oxide/metal multilayers [1]. The substrate holder rotation speed in sputtering affects the stacking
period of the laminated structure [14]; therefore, assessing the effect of the stacking period on the
mechanical properties of the internally oxidized Ru–Zr coatings is imperative.

2. Materials and Methods

Ru–Zr coatings with a Cr interlayer were fabricated by using magnetron cosputtering onto
silicon wafers. Pure metal targets of Ru (99.95%), Zr (99.9%), and Cr (99.95%) with diameters of
50.8 mm each were adopted as source materials for sputtering. The sputter guns were inclined to focus
plasma on the circular track of the substrate holder, as described in detail in a previous study [13].
The target-to-substrate distance was maintained at 90 mm for all sputtering runs. The chamber was
evacuated down to 2.7 × 10−4 Pa, followed by the inlet of argon gas as a plasma source. The substrate
holder was heated to 400 ◦C and the Ar flow rate was controlled at 20 sccm; the resulting working
pressure was 0.7 Pa. The substrate holder was rotated at 1 rpm for depositing the Cr interlayer.
Then, Ru–Zr coatings with fixed DC sputtering powers (WRu = 100 W and WZr = 200 W) and various
substrate holder rotation speeds were deposited on the Cr interlayer for 25 min. To investigate the
internal oxidation phenomenon after performing heat treatments, the Ru–Zr coatings were further
annealed at 600 ◦C in a 1% O2–99% Ar atmosphere by introducing O2–Ar mixed gas into a quartz
tube furnace.

Chemical composition analysis was conducted by using energy dispersive spectrometry (EDS,
Horiba, Kyoto, Japan) equipped with a scanning electron microscope (SEM, S3400N, Hitachi, Tokyo,
Japan) on the surface. Surface morphology and thickness evaluation of the coatings were performed
by using a field emission scanning electron microscope (FE-SEM, S4800, Hitachi, Tokyo, Japan) at a
15-kV accelerating voltage. A conventional X-ray diffractometer (XRD, X’Pert PRO MPD, PANalytical,
Almelo, The Netherlands) with Cu Kα radiation was adopted to identify the phases of the coatings,
using the grazing incidence technique with an incidence angle of 1◦. The Cu Kα radiation was
generated from a Cu anode operated at 45 KV and 40 mA. The nanostructure was examined by using
a transmission electron microscope (TEM, JEM-2010F, JEOL, Tokyo, Japan) at a 200-kV accelerating
voltage. The TEM samples were prepared by applying a focused ion beam system (FEI Nova 200,
Hillsboro, OR, USA) operated at an accelerating voltage of 30 kV with a gallium ion source. A Pt
layer was deposited to protect the free surface in the sample preparation. The chemical states of the
constituent elements were examined by using an X-ray photoelectron spectroscope (XPS, PHI 1600,
PHI, Kanagawa, Japan) with an Mg Kα X-ray beam (energy = 1253.6 eV and power = 250 W) operated
at 15 kV. The XPS spectra of O 1s, Ru 3d, and Zr 3d core levels were recorded. Ar+ ion beam of 3 keV
was used to sputter the coatings for depth profiling. The surface hardness and Young’s modulus
of Ru–Zr coatings were measured with a nanoindentation tester (TI-900 Triboindenter, Hysitron,
Minneapolis, MN, USA). The nanoindenter was equipped with a Berkovich diamond-probe tip. The
applied load was controlled to produce an indentation depth of 80 nm, which is 1/10 of the film
thickness [18]. The loading, holding, and unloading times were 5 s each. The nanoindentation
hardness and elastic modulus of each indent were calculated using the Oliver and Pharr method [19].
The standard deviations for nanoindentation data were calculated from 8 measurements made at
different locations on one sample. The surface roughness values of the coatings, Ra [20], were evaluated
by using an atomic force microscope (AFM, Dimension 3100 SPM, NanoScope IIIa, Veeco, Santa Barbara,
CA, USA). The scanning area of each image was set at 5 × 5 μm2 with a scanning rate of 1.0 Hz.
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3. Results

3.1. As-Deposited Equiatomic Ru–Zr Coatings

Table 1 lists the chemical compositions of the as-deposited equiatomic Ru–Zr coatings prepared
at various substrate holder rotation speeds of 1–30 rpm. The samples were denoted as RuxZr1−x(Ry),
or Ry, where Ry indicated that the sample prepared using the substrate holder was rotated at y rpm.
All the coatings exhibited similar atomic ratios Ru/(Ru + Zr) within 0.46–0.50 after being examined
using EDS on the surface, and a thickness of 870–920 nm after being evaluated using FE-SEM in the
cross section. Oxygen content in the as-deposited coatings was 0.1–0.5 at.% because of weak oxidation
caused by the residual oxygen in the vacuum chamber.

Table 1. Chemical compositions, thickness values, laminated period, mechanical properties, and
surface roughness values of RuxZr1−x(Ry) coatings as-deposited and annealed at 600 ◦C in 1% O2–99%
Ar for 30 min.

Sample

Chemical
Composition (at.%)

Atomic Ratio Thickness (nm)
Period (nm) H (GPa) E (GPa) Roughness

(nm)
Ru Zr O Ru:Zr Coating Interlayer

As-deposited

Ru0.50Zr0.50(R1) 50.2 49.6 0.2 50.3:49.7 870 90 34.8 9.1 ± 0.2 128 ± 3 1.76 ± 0.04
Ru0.49Zr0.51(R3) 48.7 50.9 0.4 48.9:51.1 900 100 12.0 10.3 ± 0.3 142 ± 3 2.51 ± 0.02
Ru0.48Zr0.52(R5) 47.9 51.8 0.3 48.0:52.0 890 100 7.2 10.5 ± 0.6 137 ± 6 3.35 ± 0.06
Ru0.47Zr0.53(R10) 47.2 52.3 0.5 47.4:52.6 900 100 3.6 11.0 ± 0.4 161 ± 4 2.62 ± 0.05
Ru0.46Zr0.54(R15) 46.3 53.4 0.3 46.4:53.6 900 90 2.4 11.1 ± 0.5 177 ± 7 4.08 ± 0.04
Ru0.47Zr0.53(R20) 46.6 53.4 0.1 46.6:53.4 920 95 1.8 11.4 ± 0.6 171 ± 6 1.25 ± 0.01
Ru0.46Zr0.54(R30) 46.4 53.6 0.1 46.4:53.6 920 90 1.2 13.1 ± 0.5 172 ± 5 1.37 ± 0.01

Annealed

Ru0.50Zr0.50(R1) 21.3 21.1 57.5 50.1:49.9 1380 110 55.2 15.5 ± 0.4 157 ± 10 5.33 ± 0.50
Ru0.49Zr0.51(R3) 21.2 21.2 59.2 48.0:52.0 1370 110 18.1 16.1 ± 0.8 158 ± 8 4.26 ± 0.10
Ru0.48Zr0.52(R5) 20.6 20.6 60.7 47.6:52.4 1390 110 11.1 17.2 ± 0.4 178 ± 9 7.02 ± 0.37
Ru0.47Zr0.53(R10) 20.3 20.3 61.5 47.3:52.7 1390 110 5.5 12.3 ± 2.1 164 ± 16 17.32 ± 0.53
Ru0.46Zr0.54(R15) 20.2 20.2 62.5 46.1:53.9 1390 110 3.7 16.4 ± 1.0 182 ± 6 7.05 ± 0.20
Ru0.47Zr0.53(R20) 20.8 20.8 61.3 46.3:53.7 1380 110 2.8 16.1 ± 0.8 160 ± 6 1.89 ± 0.00
Ru0.46Zr0.54(R30) 21.0 21.0 61.4 45.7:54.3 1390 110 1.9 17.9 ± 0.7 175 ± 6 5.90 ± 1.05

Figure 1 shows cross-sectional SEM images of the as-deposited Ru–Zr coatings, which exhibit
a columnar structure. Laminated structures stacked along the growth direction were observed
in the Ru0.50Zr0.50(R1) and Ru0.49Zr0.51(R3) coatings, for which the equilibrated laminated layer
periods were 35 and 12 nm, respectively, as determined using the thickness recorded from the SEM
observation divided by the number of laminated layers; in other words, the number of revolutions of
the substrate holder. Each equilibrated laminated layer period formed as a result of cyclical gradient
concentration deposition. The laminated structures of the Ru–Zr(Ry) coatings prepared at higher
substrate holder rotation speeds such as Ru0.47Zr0.53(R10) and Ru0.46Zr0.54(R30) exhibited narrower
equilibrated laminated layer periods that could not be evaluated through SEM images.

Figure 2 shows the XRD patterns of the as-deposited Ru–Zr(Ry) coatings. The Ru0.50Zr0.50(R1),
Ru0.49Zr0.51(R3), Ru0.48Zr0.52(R5), and Ru0.47Zr0.53(R10) coatings exhibited reflections of hexagonal Ru
[ICDD 06-0663], cubic RuZr [ICDD 18-1147], and hexagonal Zr [ICDD 05-0665] phases, implying that
these coatings consisted of laminated sublayers. The equilibrated laminated layer periods for the R5
and R10 coatings were 7.2 and 3.6 nm, respectively. By contrast, XRD patterns of the as-deposited
Ru0.46Zr0.54(R15), Ru0.47Zr0.53(R20), and Ru0.46Zr0.54(R30) coatings exhibited a RuZr phase dominant
structure. The cubic RuZr phase exhibited XRD reflections of (110), (200), and (211), which are
comparable with previous XRD results reported by Mahdouk et al. [21]. RuZr exhibited a B2 structure
(CsCl type) [21–25]. Figure 3 depicts a cross-sectional TEM image of the as-deposited Ru0.46Zr0.54(R15)
coating, which comprises a columnar structure without evident laminated sublayers; the diffraction
pattern of the selected area shows a cubic RuZr phase. The equilibrated laminated layer periods
for the as-deposited Ru0.46Zr0.54(R15), Ru0.47Zr0.53(R20), and Ru0.46Zr0.54(R30) coatings were 2.4, 1.8,
and 1.2 nm, respectively, which were too thin to construct the laminated structure. Under such
conditions, the equilibrated laminated layer periods were equal to a variation period of cyclical gradient
concentration. Because the substrate temperature was sustained at 400 ◦C during cosputtering, the
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deposited atoms formed an intermetallic RuZr compound, as observed by the XRD patterns. In our
previous study [26], B2-RuAl phase was observed for Ru–Al multilayer coatings prepared at 400 ◦C.

 

Figure 1. Cross-sectional SEM images of the as-deposited (a) Ru0.50Zr0.50(R1); (b) Ru0.49Zr0.51(R3);
(c) Ru0.47Zr0.53(R10); and (d) Ru0.46Zr0.54(R30) coatings.

Figure 2. XRD patterns of the as-deposited Ru–Zr(Ry) coatings.

 

Figure 3. Cross-sectional TEM image and selected area diffraction pattern of the as-deposited
Ru0.46Zr0.54(R15) coating.
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3.2. Internally Oxidized Ru–Zr Coatings

Figure 4 shows the cross-sectional SEM image of the annealed Ru0.50Zr0.50(R1) coating,
which exhibited a laminated structure with an equilibrated laminated layer period of 55 nm. However,
the features of the other coatings could not be identified through SEM. Figure 5 presents the
XRD patterns of the Ru–Zr coatings after annealing in 1% O2–99% Ar at 600 ◦C for 30 min;
all patterns exhibited monoclinic ZrO2 [ICDD 32-1484], tetragonal ZrO2 [ICDD 42-1164], and Ru
phases. The Ru:Zr atomic ratios were maintained at levels similar to those of the as-deposited coatings
(Table 1), implying that no volatile oxides were formed during annealing. The O content in the
annealed coatings increased to within 58–62 at.%, indicating that extra O was trapped because the
stoichiometric ratio of ZrO2 was two, enabling partial Ru atoms to be oxidized.

 

Figure 4. Cross-sectional SEM image of the Ru0.50Zr0.50(R1) coating after annealing in 1% O2–99% Ar
at 600 ◦C for 30 min.

Figure 5. XRD patterns of the Ru–Zr(Ry) coatings after annealing in 1% O2–99% Ar at 600 ◦C for 30 min.

Figure 6a–c illustrates the XPS spectra of O 1s, Zr 3d, and Ru 3d core levels, respectively, at
various thickness levels of the annealed Ru0.50Zr0.50(R1) coating. The detected depth crossed six
periods of the laminated layers. The O and Zr species were identified as O2− and Zr4+, whereas
Ru was identified as Ru0 except for the spectra near the surface region (depth < 13 nm), where
the Rux+ and Ru4+ signals were split. The binding energy value of Ru0 3d5/2 (279.96 ± 0.08 eV)
was consistent with that of other coatings (279.69–280.16 eV) reported in the literature [13,16,17,27],
whereas the binding energies of Rux+ and Ru4+ 3d5/2 were 280.45 ± 0.11 and 282.57 ± 0.15 eV,
respectively. Previous studies reported 281.4–282.2 eV [26,28–30] for the binding energy of Ru4+

3d5/2. Ru of 17%–20% exhibited the Ru4+ state at a depth of 0–13 nm. Ru atoms remained in its
metallic state beneath the near surface region. Figure 6d shows the intensity variations of O2− 1s,
Ru0 3d5/2, and Zr4+ 3d5/2 signals along the depth, which indicates that the variation trend of the

43



Coatings 2017, 7, 46

O2− 1s profile coincides with that of the Zr4+ 3d5/2 profile and is in contrast to that of the Ru0 3d5/2
profile, implying that ZrO2 is the dominant oxide. Therefore, the annealed Ru0.50Zr0.50(R1) coating
comprised alternating oxygen-rich and oxygen-deficient layers stacked along the O-diffusion direction.
The binding energy value of Zr4+ 3d5/2 deviated within 182.05–183.35 eV (Figure 6e). Moreover, this
range decreased to 182.71–183.35 eV after the data in the first laminated period had been excluded.
Previous studies have reported 182.75 [31], 182.8 [32], and 182.9 eV [33] for the binding energy value of
Zr4+ 3d5/2. The binding energy value of O2− 1s demonstrated a variation pattern similar to that of the
binding energy value of Zr4+ 3d5/2 (Figure 6e). The charging effect of analyzing insulators [34] caused
substantial deviation in binding energy. The binding energy difference Δ = (O2− 1s − Zr4+ 3d5/2) was
347.92 ± 0.05 eV at the analyzed depth of 19.5–318.5 nm. This difference was highly consistent with
the reported difference of 348.01 and 348.2 eV, calculated using 530.76 and 182.75 eV [31] or 531.1 and
182.9 eV [33] for O2− 1s and Zr4+ 3d5/2, respectively. The periodic changes of nonoxidized metallic Ru
suggested the influence of oxygen in the Zr-deficient sublayers.

 

 

 

Figure 6. XPS spectra of (a) O 1s, (b) Ru 3d, and (c) Zr 3d core levels of the Ru0.50Zr0.50(R1) coating after
annealing in 1% O2–99% Ar at 600 ◦C for 30 min; variation patterns of (d) intensity and (e) binding
energy of O2−1s, Zr4+3d5/2, and Ru0 3d5/2.
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Figure 7a,b shows the cross-sectional TEM images of the annealed Ru0.48Zr0.52(R5) coating; the
laminated structure was evident. Figure 7c shows a high-resolution TEM image of the near-surface
region of the annealed coating. The lattice fringes of particular areas indicated that the annealed
Ru0.48Zr0.52(R5) coating comprised ZrO2- and Ru-dominant sublayers, which linked together across
the original columnar boundaries such that the annealed Ru0.48Zr0.52(R5) coatings were laminated
and the columnar boundaries were unresolved. Figure 8a depicts the cross-sectional TEM image of
the annealed Ru0.47Zr0.53(R10) coating. The laminated sublayers were curved, because of which
the stacks of sublayers among neighboring columnar structures were disconnected. Figure 8b
shows the high-resolution TEM image of the middle region of the annealed Ru0.47Zr0.53(R10)
coating. The Ru-dominant sublayers were two-nanometers thick only, and disconnected regions
of the sublayers among neighboring columnar structures were observed. The fast variation of cyclical
gradient concentration for the R10 coatings prepared with a quick substrate holder rotation speed
resulted in the formation of grooved sublayers. For the coatings with thicker Ru sublayers, R1, R3,
and R5, the sublayers became flat. The misaligned connections were more evident in the near-surface
region (Figure 8c).

  

 

Figure 7. (a,b) cross-sectional TEM images of the oxidized Ru0.48Zr0.52(R5) coating; (c) high-resolution
image of the near surface region of the annealed Ru0.48Zr0.52(R5) coating.

  

Figure 8. Cont.
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Figure 8. (a) Cross-sectional TEM image of the oxidized Ru0.47Zr0.53(R10) coating; high-resolution
images of the (b) middle region and (c) near-surface region of the annealed coating.

Figure 9a shows a cross-sectional TEM image of the annealed Ru0.46Zr0.54(R30) coating, in
which the original columnar boundaries are evident, but no laminated structures were observed.
A high-resolution TEM image (Figure 9b) revealed nanocrystalline grains of ZrO2 and Ru, each
approximately five nanometers in diameter, implying that a nanocomposite structure had been
constructed. Furthermore, Ru grains, the dark regions in the image, tended to concentrate along
the columnar boundaries. Figure 10a–c illustrates the XPS spectra of the annealed Ru0.46Zr0.54(R30)
coating. The XPS spectra of Ru 3d core levels indicated the presence of minor Ru4+ (3d5/2: 282.11 eV)
in addition to Ru0 (3d5/2: 280.19 ± 0.07 eV) at the near-surface region (Figure 10b), which was
attributed to the incorporation of Ru into the ZrO2 grains because RuO2 and ZrO2 possessed a similar
tetragonal structure. Figure 10d shows that the intensities of O2− 1s, Ru0 3d5/2, and Zr4+ 3d5/2 signals
were constant along the depth due to the limit of XPS analyses. Similar binding energy trends were
observed for O2− and Zr4+ (Figure 10e). The binding energy difference Δ = (O2− 1s − Zr4+ 3d5/2) was
348.00 ± 0.02 eV at the analyzed depth (5.7–96.9 nm). Therefore, Zr reacted with O during annealing,
and the annealed coating exhibited a nanocomposite comprising ZrO2 and Ru grains.

  

Figure 9. (a) Cross-sectional TEM image and (b) high-resolution image of the oxidized
Ru0.46Zr0.54(R30) coating.

 

Figure 10. Cont.
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Figure 10. XPS spectra of (a) O 1s, (b) Ru 3d, and (c) Zr 3d core levels of the Ru0.46Zr0.54(R30) coating
after annealing in 1% O2–99% Ar at 600 ◦C for 30 min; variation patterns of (d) intensity and (e) binding
energy of O2−1s, Zr4+3d5/2, and Ru0 3d5/2.

3.3. Mechanical Properties of Internally Oxidized Ru–Zr Coatings

Figure 11 depicts the nanoindentation hardness variations of the as-deposited and internally
oxidized Ru–Zr coatings prepared at various substrate holder rotation speeds through sputtering.
The hardness of the as-deposited coatings increased from 9.1 to 13.1 GPa with the substrate holder
rotation speed and decreasing equilibrated laminated layer period. This hardness increase was
attributed to the decrease in crystalline size and structural variation. The nanoindentation hardness
of all Ru–Zr coatings increased after annealing in 1% O2–99% Ar at 600 ◦C for 30 min. The hardness
variation curve of the internally oxidized Ru–Zr coatings exhibited three divisions representing a
laminated structure, a disconnected laminated structure, and a nanocomposite region. The hardness
increased from 9.1, 10.3, and 10.5 to 15.5, 16.1, and 17.2 GPa for the annealed Ru0.50Zr0.50(R1),
Ru0.49Zr0.51(R3), and Ru0.48Zr0.52(R5) coatings, respectively, which exhibited equilibrated laminated
layer periods of 55, 18, and 11 nm, respectively. This result indicates that the hardness of the internally
oxidized Ru–Zr coatings, which exhibited crystalline phases identical to those identified through XRD
analysis and appropriately maintained their multilayer structures, was affected by the layer period.
These internally oxidized Ru–Zr multilayer coatings were categorized as nonisostructural oxide/metal
multilayers [1]. Dislocation could not be moved across oxide/metal interfaces because oxides are
brittle materials that deform through fracture mechanisms, limiting the hardness enhancement [2];
therefore, the hardness of oxide/metal multilayers approached that of the oxide ZrO2. Gan et al.
reported a nanoindentation hardness of 18 GPa for monoclinic ZrO2 thin films [35]. By contrast, the
hardness of the annealed Ru0.47Zr0.53(R10) coatings with an equilibrated laminated layer period of
5.6 nm exhibited a relatively low level of 12.3 GPa. Although the internally oxidized Ru0.47Zr0.53(R10)
coatings were laminated in each columnar structure, the same sublayers among neighboring columnar
structures were misaligned and disconnected, which reduced the hardness. The internally oxidized
Ru0.46Zr0.54(R15), Ru0.47Zr0.53(R20), and Ru0.46Zr0.54(R30) coatings exhibited high hardness within
16.1–17.9 GPa and were categorized as nanocrystalline composites consisting of hard ZrO2 grains and
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soft Ru grains. Figure 12 shows the variation in Young’s moduli of the as-deposited and internally
oxidized Ru–Zr coatings. The Young’s moduli increased from 130 to 140 GPa for R1, R3, and R5
coatings, to 160 GPa for R10 coatings and 170–180 GPa for R15, R20, and R30 coatings. Because the
internally oxidized Ru–Zr coatings exhibited similar phases, ZrO2 and Ru, the differences in Young’s
moduli among the annealed coatings were limited (i.e., 160–180 GPa). The surface roughness values
of the Ru–Zr coatings are shown in Table 1. When evaluating the mechanical properties of coatings,
previous studies [36–38] have reported that coatings with higher surface roughness exhibit larger
standard deviation values or lower mean values. The effect of surface roughness on the mechanical
properties of as-deposited Ru–Zr coatings was unclear. By contrast, the mechanical properties of the
annealed coatings revealed larger deviations and higher surface roughness values than did those of
the as-deposited coatings.

Figure 11. Nanoindentation hardness values of the as-deposited and internally oxidized
Ru–Zr coatings.

Figure 12. Young’s modulus values of the as-deposited and internally oxidized Ru–Zr coatings.

4. Conclusions

Rotation speeds of the substrate holder during sputtering affected the crystalline structure and
mechanical properties of Ru–Zr coatings both in the as-deposited and internally oxidized states.
Because Ru–Zr coatings were fabricated using a cyclical gradient concentration stacked constitution,
the coatings prepared at low rotation speeds (1–10 rpm) exhibited a laminated structure in addition to
a columnar structure. The as-deposited Ru–Zr coatings exhibited nanoindentation hardness of 9.1–13.1
GPa, and the coatings prepared at higher substrate holder rotation speeds exhibited higher hardness.
After annealing in a 1% O2–99% Ar atmosphere at 600 ◦C for 30 min accompanied by the conduction of
internal oxidation, the coatings prepared at a substrate holder rotation speed of one to five revolutions
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per minute maintained a laminated structure; this structure comprised alternately stacked Ru-dominant
and ZrO2-dominant sublayers whose nanoindentation hardness increased to 15.5–17.2 GPa because of
the formation of ZrO2 phase and the maintenance of sublayer interfaces. By contrast, the annealed
coatings prepared at a rotation speed of 10 rpm maintained a similar laminated structure; however,
the stacks of sublayers among neighboring columnar structures were misaligned and disconnected,
resulting in relatively low nanoindentation hardness of 12.3 GPa. The annealed coatings prepared
at a substrate holder rotation speed of 15–30 rpm exhibited nanocomposite coatings comprising
Ru and ZrO2 grains within evident columnar boundaries and a high nanoindentation hardness of
16.1–17.9 GPa.
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Abstract: The purpose of the present work was to study the corrosion behavior of steel coated
with epoxy-(organo) clay nanocomposite films. The investigation was carried out using salt
spray exposures, optical and scanning electron microscopy examination, open circuit potential,
and electrochemical impedance measurements. The mechanical, thermomechanical, and barrier
properties of pristine glassy epoxy polymer and epoxy-clay nanocomposites were examined.
The degree of intercalation/exfoliation of clay nanoplatelets within the epoxy polymer also was
determined. The mechanical, thermomechanical, and barrier properties of all the epoxy-clay
nanocomposites were improved compared to those of the pristine epoxy polymer. In addition,
both the pristine epoxy and the epoxy nanocomposite coatings protected the steel from corrosion.
Furthermore, the protective properties of the nanocomposite coatings were superior compared
to those of the pristine epoxy polymer. The protective properties of the nanocomposite coatings
varied with the modified clay used. The epoxy-montmorillonite clay modified with primary
octadecylammonium ions, Nanomer I.30E, had a better behavior than that modified with quaternary
octadecylammonium ions, Nanomer I.28E.

Keywords: steel; corrosion; protection; coatings; epoxy—clay nanocomposites

1. Introduction

Organic coatings are widely used to prevent corrosion of metallic structures. However, these
polymeric coatings are usually permeable to small gaseous molecules such as water vapor and
oxygen, which can result in gradual corrosion of the surface. It is generally accepted that the
coating efficiency is dependent on the barrier and mechanical (resistance to cracking) properties
of the organic film, on the adherence of the polymeric coating to the metal substrate, and on the degree
of environmental aggressiveness. Among various protective coatings, epoxy resins are commonly
used as organic coatings, due to their strong adhesion capability to metallic substrates, their excellent
resistance to chemicals, and their relatively high mechanical and impact strength. However, the pristine
epoxy resins exhibit measureable adsorption and permeability of water vapor, which diffuses to the
epoxy/steel interface and initiates corrosion of the metal substrate particularly in intensely wet
conditions. Therefore, effort has been devoted in recent years to develop epoxy-based protective
coatings with good barrier properties, at least with regard to water vapor and oxygen [1–3].

One way to improve the properties of a polymeric protective coating is the addition of inorganic
nano-fillers, leading to the formation of nanocomposite materials. Nanoparticles with sizes in the range
of ca. 1–50 nm can enhance the effectiveness of a coating by filling the micro voids and crevices in the
pristine polymer coating. When the nanoparticles are in the form of 2D-nanolayers with a high aspect
ratio (ca. 100–2000), they can act as barriers to the diffusion of small molecules by increasing the length

Coatings 2017, 7, 84; doi:10.3390/coatings7070084 www.mdpi.com/journal/coatings51



Coatings 2017, 7, 84

of the diffusion paths (tortuous paths) of the corroding agent through the polymeric nanocomposite
coating, thus inhibiting the corrosion process. The use of clays as fillers of polymeric coatings has great
potential to improve the barrier properties of the coatings, provided that the nano-sized clay tactoids
or the individual clay nanolayers can be dispersed effectively within the polymer matrix. However,
substantial improvements of barrier properties can be achieved when the nanolayers are oriented
parallel to the substrate surface [4].

During the last 20 years, considerable attention has been paid to the development of
polymer-based nanocomposites, with clays being the first and most studied inorganic nanofillers
used [5,6]. It has been reported that the incorporation of a small amount (1–5 wt %) of clay in
a polymer matrix can lead to significant improvements in the mechanical performance, thermal
stability, and barrier properties of the pristine polymer. These improvements are related to the
morphology of clay micro-sized particles, which consists of tactoids with highly oriented nano-layers,
as explained above. An ideal exfoliated structure of polymer-clay nanocomposites is obtained when
a complete separation and dispersion of the individual clay nano-layers occurs within the polymer
matrix. In this case, there is no longer any interaction between the layers, which are completely
dissociated and separated by a large volume of the polymer. An intermediate case is the intercalated
structure where a finite number of polymer chains penetrate the interlayer space, thus significantly
increasing the spacing between the layers (ca. up to 100 Å) without destroying the ordered parallel
structure of the nanolayers, at least at the level of individual tactoids.

The most widely used layered silicate is montmorillonite (MMT), which has attracted intense
research interest for the preparation of polymer clay nanocomposites. The MMT-based nanocomposites
exhibit enhanced physical properties compared to the pristine polymer, such as improved thermal
properties (e.g., thermal stability, flame retardant, thermal conductivity), mechanical properties
(e.g., mechanical strength, hardness, abrasion resistance), permeability properties (e.g., gas barrier,
pervaporation), and corrosion protection properties [1,2,7–11]. The chemical structure of MMT consists
of two tetrahedral silica sheets fused to a central edge-shared octahedral-based sheet of either
magnesium or aluminum hydroxide [12]. In general, the surface of the clay needs to be organo-modified
in order to become more compatible with the polymer matrix and to improve its dispersibility in
the polymeric network. The organic modification of layered silicates can be realized through the
replacement of the Na+ and/or Ca2+ cations in the intragallery space, as well as on the external surfaces
of the clay particles, by organic cations through a cation exchange reaction [13,14]. The improvement
in the corrosion resistance of aluminium alloys and of cold rolled steel with polymeric films reinforced
with organically modified clay has been clearly demonstrated. Corrosion protection was essentially
related to the enhancement of the barrier properties of the coating. The formation of an organophilic
environment between the clay layers is critical for the insertion of polymer chains amongst them and
the formation of an intercalated structure, which seems to present the greater improvement of barrier
properties. Amongst the various polymers for coating applications, epoxy resins lately have evoked
intensive studies in the preparation of nanocomposite materials, due to their high tensile strength and
modulus, good adhesive properties, good chemical and corrosion resistance, low shrinkage in cure,
and excellent dimensional stability [1,8,15–19].

In the present study, the protection capabilities of epoxy-clay nanocomposite coatings
were examined. The montmorillonite clay used has been modified with quaternary or primary
octadecylammonium ions. Both the pristine glassy epoxy polymer and the epoxy-clay nanocomposites
were characterized for their mechanical and thermomechanical properties, thermal stability, and barrier
properties. The degree of intercalation/exfoliation of clay nanoplatelets within the epoxy polymer
was determined. The corrosion behavior investigation was carried out using salt spray tests,
optical and scanning electron microscopy examination, open circuit potential, and electrochemical
impedance measurements.
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2. Materials and Methods

2.1. Materials and Epoxy Coatings

The steel test material was cold rolled steel (DC 01—ASTM A366 [20] with a chemical composition
max %, 0.12 C, 0.045 P, 0.045 S, 0.60 Mn, and the specimens were cut from a plate of 0.3 cm thickness.
The dimensions of the test coupons were 5 cm × 1.5 cm, the total exposed area for the salt spray tests
was 15 cm2, and for the electrochemical measurements was 6 cm2. The steel surface before coating
was mechanically cleaned by scrubbing with a bristle brush and chemically cleaned using acetone
and alcohol.

The metallic specimens were coated with a ~20 μm thin film of pristine glassy epoxy polymer
or epoxy-clay nanocomposite films. No pinholes or other defects were observed on the coatings.
The pristine liquid epoxy resin was diglycidyl ether of bisphenol A (DGEBA) (EPON 828RS, Hexion,
Columbus, OH, USA) with an average epoxide equivalent weight of ~187 (MW = 370) and was mixed
at 50 ◦C with the appropriate amount of an aliphatic polyoxypropylene diamine (Jeffamine D-230,
MW ≈ 230, Huntsman, The Woodlands, TX, USA), which acted as the curing agent. The molecular
structures of the epoxy resin and diamine curing agent are shown in Figure 1A,B, respectively.

(A)

(B)
x = 2.6 

Figure 1. Molecular structure of (A) diglycidyl ether of bisphenol-A (DGEBA) and (B) of aliphatic
polyoxypropylene diamine (Jeffamine®).

The curing agent was mixed with the epoxy resin under a stoichiometric ratio of 1:1 of amine
reactive hydrogens to epoxy rings. The metallic specimens were dipped in the liquid uncured mixture
and then were kept in a vertical position so that the excess liquid was removed and left to cure
at ambient conditions for 24 h. Final post-curing was performed at 75 ◦C for 3 h and 125 ◦C for
another 3 h. The same procedure was applied for the coating of the specimens with the epoxy-clay
nanocomposites, except that prior to adding the curing agent, the epoxy pre-polymer (DGEBA) was
mixed with the (organo) clay for 1 h at 50 ◦C. The clay loading in the nanocomposites was 3 and 6 wt %
on a silicate basis.

The clays used for preparing the nanocomposite coating were the Nanomer I.28E and the
Nanomer I.30E, both kindly provided by Nanocor Inc. (Hoffman Estates, IL, USA), which are
montmorillonite clays that have been modified with quaternary and primary octadecylammonium
ions, respectively. The parent, inorganic Na+-PGW clay (Polymer Grade Wyoming, Nanocor Inc.)
was also used for preparing specimens of epoxy-clay nanocomposites for comparing the structure
and properties of the bulk nanocomposites samples. All three clays used were polymer grade (PG)
montmorillonites which are high purity aluminosilicate minerals with the theoretical chemical formula:
M+

y(Al2−y Mgy)(Si4)O10(OH)2·nH2O. The chemical composition, as measured by Inductively Coupled
Plasma Atomic Emission Spectroscopy, ICP-AES, chemical analysis, of the Na+-PGW montmorillonite
clay and the two organoclays is presented in Table 1 below. Obviously, there is a dramatic reduction of
Na+ cations in the composition of the organoclays.

The average particle size of Na-PGW as measured by a laser particle size analyzer (Mastersizer S,
Malvern Instruments, Malvern, UK) in 0.4 wt % aqueous suspensions was ~2 μm (with a distribution
of 0.5–10 μm). Various relevant physicochemical properties of the clays used, as provided by Nanocor
Inc., are given in Table 2.
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Table 1. Data of ICP-AES chemical analysis of parent sodium montmorillonite PGW, I.28E quartenary
octadecyl ammonium organoclay, and I.30E primary octadecyl ammonium organoclay.

Samples Were
Calcined at 600 ◦C

Aluminum
% (Al)

Calcium %
(Ca)

Iron %
(Fe)

Potassium %
(K)

Magnesium %
(Mg)

Sodium %
(Na)

Na+-PGW 12.02 0.36 1.57 0.16 2.3 3.31
I.30E 12.48 0.28 1.7 0.17 2.37 0.32
I.28E 12.17 0.22 1.74 0.23 2.3 0.08

Table 2. Physical properties of Nanocor Inc. montmorillonite clays.

Property Na+-PGW I.30E I.28E

Color White Powder White Powder White Powder
Cation Exchange Capacity, CEC (meq/100 g) ± 10% 145 – –

Mean Dry Particle Size (μm) ~2 (0.5–10) 8–10 8–10
Aspect Ratio 200–400 – –

+325 Mesh Residue (%) – 0.1 0.1
Specific Gravity 2.6 1.71 1.9

Max Moisture (%) 12 3 3
pH (5% dispersion) 9.5–10.5 – –

Bulk Density (pounds/ft3) (gm/cc) – 250.41 260.42
Mineral Purity (min %) – 98.5 98.5

Notes: Nanocor Inc. Vol. Lit. G-105 “POLYMER GRADE MONTMORILLONITES” (Nanocor, 2006); Nanocor Inc.
Vol. Lit. T-11 “Epoxy Nanocomposites Using Nanomer® I.30E Nanoclay” (Nanocor, 2004); Nanocor Inc. Vol. Lit.
T-12 “Nanocomposites Using Nanomer® I.28E Nanoclay” (Nanocor, 2004).

2.2. Characterization and Testing of Epoxy Polymer and Nanocomposites

Both the pristine glassy epoxy polymer and the epoxy-clay nanocomposites were characterized
for their mechanical properties (tensile measurements), thermomechanical properties (Dynamic
Mechanical Analysis, DMA), thermal stability (Thermogravimetric Analysis, TGA), and barrier
properties (O2 permeability measurements). X-ray diffraction (XRD) was also applied in order to
determine the degree of intercalation/exfoliation of clay nanoplatelets within the epoxy polymer.
The dispersion of clay nanolayers within the polymer matrix was investigated by means of High
Resolution Transmission Electron Microscopy (HRTEM).

XRD measurements were performed on a Siemens D-500 (Siemens AG, Karlsruhe, Germany) type
automated diffractometer, with Cu(Kα) λ = 1.5418 Å radiation, in the range 2◦–10◦ 2θ and at a scan
rate of 1◦/min. HRTEM measurements were performed on a JEOL 2011 high resolution transmission
electron microscope (Jeol, Peabody, MA, USA) with a LaB6 filament (TED PELLA Inc., Redding, CA,
USA) and an accelerating voltage of 200 kV, a point resolution of 0.23 nm, and a spherical aberration
coefficient of Cs = 1 mm. The TEM samples were prepared by supporting thin sections (80–100 nm) of
the nanocomposite samples onto a lacy carbon film supported on a 3 mm diameter, 300 mesh copper
grid. The specimens were further coated with a carbon layer in order to enhance conductivity and
avoid destruction of the epoxy polymer.

The mechanical properties of the samples were measured with an Instron 3344 dynamometer
(Instron, Norwood, MA, USA) according to the Standard Method (ASTM D638) [21], with a stress
rate of 5 mm/min. The specimens had a dogbone shape and dimensions of 40 mm × 5 mm × 2 mm
and were prepared in rubber molds by curing of the epoxy/amine mixture, as described above.
The thermomechanical properties were measured using a Perkin Elmer Diamond DMA analyser
(Perkin Elmer, Waltham, MA, USA). The bending method was used with a frequency of 1 Hz in
a temperature range 25–150 ◦C. The heating rate was 2 ◦C/min and the applied stress was 4 N.
The samples had a rectangular shape with dimensions of 50 mm × 13 mm × 2 mm, also prepared in
rubber molds. Thermogravimetric (TGA) experiments on the epoxy nanocomposites were performed
using an SDT2956 (TA instruments, New Castle, DE, USA) thermobalance under Ar inert gas flow
(100 cm3/min) and at a constant heating rate of 10 ◦C/min in the temperature range of 25–900 ◦C.
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Oxygen permeability measurements were performed on an Analyzer M8001 (Systech Illinois,
Johnsburg, IL, USA) according to the Standard Method (ASTM D3985) [22]. The oxygen transmission
rate (OTR, cc/m2 day) and permeability (OTR specimen thickness, cc mm/m2 day) were measured at a
constant temperature of 23 ◦C and zero relative humidity (0% RH). The specimens tested were the pristine
epoxy polymer disks and the epoxy-clay nanocomposite disks, with an average thickness of 2 mm.

2.3. Characterization of Coated Specimens and Protective Properties

Four types of specimens were tested in both salt spray and electrochemical experiments: (a) blank
(not coated); (b) coated with pristine glassy epoxy polymer; (c) and (d) coated with the two types
of epoxy-clay nanocomposites, i.e., with I.28E and I.30E organoclays. The times of exposure were
1, 2, or 4 days. The salt spray tests were carried out in a corrosive environment of 100% saturated
moisture + 5 wt % NaCl solution, according to Standard Methods (ASTM B117) [23,24]. For each tested
specimen the weight loss/gain during the exposure in the corrosive environment was measured and
the corrosion behaviour was examined by optical and microscopic (scanning electron microscopy)
investigation. Three specimens were prepared for each salt spray test. Each tested specimen was
washed in clean running water to remove salt deposits from their surface, dried, and weighted,
according to ASTM standard B117 [23]. Different specimens were used for the calculation of the
corrosion weight loss at 1 or 4 days. After exposure for 1, 2, or 4 days in a corrosive environment
of 3.5% NaCl solution, electrochemical impedance spectroscopy measurements were carried out
according to Standard Methods (ASTM G106, ASTM B457) [25,26]. Impedance measurements in
the controlled potential mode were performed with a system consisting of an impedance spectrum
analyzer (Zahner Elektrik IM6, potensiostat DC ±10 V, ±3 A, frequency generator and analyzer, Zahner
Elektrik GmbH & Co. KG, Kronach, Germany) connected in serial to a PC terminal computer. We used
the THALES evaluation software (Zahner Elektrik GmbH & Co. KG) that runs under the TASC system
(Zahner Elektrik GmbH & Co. KG) and combines the MS-DOS system (Microsoft) of the PC terminal
with the AMOS/ANDI data acquisition system (Zahner Elektrik GmbH & Co. KG) in a IM6 unit.
The frequency scan was carried out over a range from 10,000 Hz (10 kHz) to 0.1 Hz (100 MHz). In all
the measurements, ten frequency points per decade were taken and the potential amplitude was 10 mV.
A conventional 3 compartment glass cell was used. A platinum foil with a surface area of 2 cm2

was used as the counter electrode. A fritted glass separated the anodic compartment. A saturated
calomel reference electrode was placed close to the cathode through a Luggin capillary. The supporting
electrolyte was 0.1 M LiClO4. All impedance measurements were carried out at 25 ◦C, in de-aerated
conditions and at the potential value of the corrosion potential (Ecorr). The open circuit potential (OCP)
for all types of specimens and times of exposure also was determined.

3. Results and Discussion

3.1. Structure and Morphology of Organo-Clays and Epoxy-Clay Nanocomposites

The XRD patterns of the parent sodium montmorillonite clay (Na+-PGW) and the two organoclays
(Nanomer I.28E and I.30E) are shown in Figure 2.

As can be seen from the patterns and the d-spacing data in Figure 2, the hydrophilic Na+-PGW
parent clay exhibits a basal spacing of 12.5 Å (corresponding to the interlayer distance of approximately
2.5 Å), due to the presence of water molecules (12 wt % moisture) in the region between the
aluminosilicate clay layers (intragallery). The ion-exchange of Na+ cations with octadecylammonium
ions in both the organo-clay samples was as high as 93%–95% (determined by carbon analysis),
resulting in a significant increase of the basal spacing (23.5–24.5 Å) for both Nanomer I.30E (exchanged
with primary onium ions) and Nanomer I.28E (exchanged with quaternary onium ions). The relatively
broader and less intense (001) peak in the XRD pattern of the organoclay I.30E compared to that of
organoclay I.28E indicates that there was greater disorder of the intercalated layered structure and a
broader distribution of basal spacings.
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Figure 2. X-ray diffraction (XRD) patterns of the inorganic Na+-montmorillonite (Na+-PGW) clay and
the organo-montmorillonites Nanomer I.30E and Nanomer I.28E modified by primary and quaternary
octadecylammonium ions, respectively.

The structure of epoxy-clay nanocomposites, i.e., the degree of clay nanolayer intercalation or
exfoliation within the bulk epoxy polymer, was studied by XRD and HRTEM experiments. The XRD
results from the epoxy-(organo) clay nanocomposites are shown in Figure 3.

Figure 3. XRD patterns of glassy (EPON 828RS + D-230 Jeffamine) epoxy—clay nanocomposites with
inorganic clay Na+-PGW and the two organoclays I.28E and I.30E; the weight percent of organoclay
addition has been estimated on a silicate basis and was 3 and 6 wt %.

The XRD pattern of the epoxy composite prepared with the parent inorganic clay Na+-PGW
(3 wt %) exhibited the characteristic peak (d-spacing of 12.2 Å) of the parent inorganic clay (the epoxy
polymer is amorphous), indicating that no intercalation of the epoxy polymer between the clay
nanolayers had occurred, as was expected, due to the hydrophilic nature of the inorganic clay surfaces.
By comparing the XRD patterns of the nanocomposites prepared by the I.28E (modified with quaternary
C18 alkylammonium ions) and I.30E (modified with primary C18 alkylammonium ions) organoclays,
we showed that the latter organoclay enabled the formation of an exfoliated clay nanocomposite
structure (indicated by the absence of XRD peaks due to ordered nanolayers) in contrast to the
former organoclay, which induced the formation of a highly ordered intercalated structure. The actual
presence of clay nanolayers in the nanocomposite specimen of I.30E was verified by the XRD peak
in the range 60◦–65◦ 2θ, which was attributed to the crystalline structure of the aluminosilicate clay
layers (not shown here for brevity). The basal spacing of I.28E increased from 24.5 Å in the powder
organoclay to 32.2 Å in the nanocomposite, thus indicating that single or double layers of epoxy
polymer chains were intercalated between the organo-functionalized clay nanolayers. The positive
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effect of the primary alkylammonium ions versus quaternary ions was attributed to the catalytic
effect of the acidic protons from the primary alkylammonium ions, which initiate polymerization
within the gallery space, thus facilitating exfoliation of the nanolayers and their dispersion in the bulk
polymer [18].

The structure of the nanocomposites and the dispersion of the clay layers in the coatings were
further studied with high resolution TEM (HRTEM) images. Representative images of the glassy
epoxy-clay nanocomposites prepared by 6 wt % organoclay I.30E and 6 wt % organoclay I.28E are
shown in Figure 4A–C, respectively.

Figure 4. Representative TEM images of partially exfoliated glassy epoxy—clay nanocomposites
prepared by 6 wt % I.30E (A,B) and of intercalated epoxy—clay nanocomposite prepared by 6 wt %
I.28E (C). Scale bar = 20 nm.

The main difference between the I.30E and I.28E organoclays is that the first is modified with a
primary C18 alkylammonium ion while the second is modified with the same alkylammonium ion but
in its quaternary form. Although their powder XRD patterns seem very similar due to the successful
incorporation of these two onium ions with similar size, when mixed with the epoxy resin a substantial
difference in their dispersion has been identified, resulting in two different nanocomposite structures.
The primary ammonium ions (I.30E) provide acidic H+ ions which can catalyse the fast opening of the
epoxy rings, thus enhancing the cross-linking polymerization of the epoxy monomers by the amine
curing agents. As a result, a partially exfoliated clay nanolayer structure is formed with enhanced
interfacial interactions. On the other hand, quaternary ammonium ions are significantly weaker proton
donors. So, when in contact with the epoxide, they react with a slower rate thus resulting in an overall
slower cross-linking polymerization and eventually leading to intercalated nanocomposite structures.

The above suggested clay dispersion and nanocomposite structures are supported by the XRD
patterns, where in the case of I.30E no diffraction peaks can be observed even in the case of the 6 wt %
filler (the actual presence of clay in the XRD specimens was verified by the high angle XRD peaks
owing to the crystalline structure of the clay). On the other hand, clear distinct XRD peaks are observed
in the pattern of the I.28E nanocomposite. From the increase of the d-spacing when compared to
the pattern of the I.28E organoclay, it is clear that polymer chains have been inserted within the clay
galleries and have induced a further broadening of the interlayer space.

The exfoliated or at least partially exfoliated clay nanolayer structure of the 6 wt % I.30E
nanocomposite has been also verified by the TEM images (Figure 4). The presented images are
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representative of the bulk nanocomposite and show the presence of either isolated single clay
nanolayers or bundles of ca. less than 7–8 layers, with varying interlayer distance. It is also known
from the literature that, when the distance among the galleries is higher than 50–70 Angstrom and the
number of layers is less than 8–10, no diffraction peak can be observed in the XRD. These observations
apply also for the 6 wt % I.30E nanocomposite in our study. On the other hand, as can be seen in
Figure 4C, the nanocomposite prepared with the organoclay I.28E consists mostly of bundles with more
than ca. 20 highly oriented and stratified nanolayers, capable of inducing the XRD profile observed in
the respective patterns.

3.2. Properties of Epoxy-Clay Nanocomposites

The mechanical and thermomechanical properties of the pristine epoxy polymer as well as the
glassy epoxy nanocomposites are summarized in Table 3.

Table 3. Tensile and thermo-mechanical properties of glassy epoxy–clay nanocomposites.

Sample

Tensile Properties Dynamic Mechanical Analysis

Stress at
Break (MPa)

Elongation at
Break (%)

Elastic Modulus
(MPa)

Storage Modulus
at 40 ◦C (MPa)

Storage Modulus
at 100 ◦C (MPa)

Tg (◦C)

Pristine 62.5 7.9 3026 1660 16 84.5
3% Na+-PGW 64.9 7.3 3139 1750 19 86.9

3% I.30E 69.7 6.4 3315 2847 26 82.6
3% I.28E 57.5 6.0 3030 2540 27 85.5
6% I.30E 55.8 3.7 3514 2635 34 78.5
6% I.28E 47.3 3.4 3279 2395 31 81.3

As can be seen from the data in Table 3, the glassy epoxy nanocomposites prepared by 3 wt %
inorganic sodium MMT (Na+-PGW) exhibited slightly improved tensile strength and elastic modulus
with a concomitant small decrease of the strain at breaking point. Although the XRD data (Figure 3)
showed that the clay nanolayers were not intercalated by the epoxy resin in the (nano)composite
sample, it can still be suggested that the observed changes in mechanical properties, with even
3 wt % filler, were derived from the interaction of the epoxy matrix with the external surfaces of the
micro-particles of the inorganic clay. The absence of organic modifiers in the inorganic clays allows
direct adhesion of the polymer chains to the stiff inorganic external surfaces of the clay particles.
In the case of the epoxy nanocomposite prepared using 3 wt % of the I.28E organoclay (modified with
quaternary C18 alkylammonium ions), the stress and elongation at breaking load were slightly reduced
(the elastic modulus remained unchanged), while with the I.30E organoclay (modified with primary
acidic C18 alkylammonium ion), the tensile strength was increased by 12% (with a slight reduction of
elongation at the breaking load) and the elastic modulus increased by 10%. In the exfoliated structure
of this nanocomposite, the nanolayers were highly dispersed, thus increasing the polymer volume
fraction that was being affected by the presence of the stiff clay layers. In addition, the catalytic
function of the acidic/primary alkylammonium ions in initiating the epoxy polymerization via the
epoxy ring opening led to a stronger interaction of the polymer chains with the surface of the clay
layers, compared to the case of the non-reactive quaternary ion modifiers such as those in the I.28E
organoclay. An increase in the organoclay concentration from 3 to 6 wt % led to an increase in the
elastic modulus with both organoclays (up to a 16% increase compared to the pristine glassy epoxy),
with a concomitant decrease in the stress and strain at breaking load, most pronounced in the case of
the I.28E organoclay. This behavior was typical for glassy polymer matrices such as the glassy epoxy
resins, as increasing the stiffness of the nanocomposite (increase of the modulus) due to the effect of
the clay nanolayers leads to more brittle materials that break at lower strain [27,28].

The storage modulus (DMA measurements, Table 3) of the glassy epoxy matrix at 40 ◦C
(glassy region) changed slightly (±5%) with the addition of 3 wt % (silicate basis) of the inorganic
sodium MMT, but increased remarkably with the addition of 3 wt % (silicate basis) of both the C18
alkylammonium modified organoclays (70% increase with the I.30E organoclay modified with primary
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C18 alkylammonium ions and 50% increase with the I.28E organoclay modified with quaternary C18
alkylammonium ions). Both the organoclays also exhibited substantial improvement of the storage
modulus at 100 ◦C (elastic region) (≥60% increase compared to the pristine polymer). The Tg generally
showed a slight fluctuation (up to ±2 ◦C) compared to that of the pristine glassy epoxy polymer
with the addition of the inorganic and organo-modified clays. The small decrease of Tg in the case
of the nanocomposite prepared by the I.30E organoclay can be attributed to the plasticizing effect
induced by the chains of C18 alkylammonium ion modifier, which becomes more pronounced in
this exfoliated clay nanocomposite compared to the intercalated structures formed with the I.28E
organoclay. As mentioned above, in the exfoliated nanocomposite structure a larger volume of
the polymer matrix is affected by the organo-modified clay surfaces due to the high dispersion of
isolated clay layers. The direct interaction with the stiff inorganic layers increases the modulus of
the nanocomposite while, on the other hand, penetration of the modifier’s dangling chains within
the polymer network reduces the Tg. A greater decrease of the Tg is observed as the organoclay
loading increases, due to the increasing concentration of the C18 alkylammonium modifier within
the polymer matrix. The storage modulus at 40 ◦C decreased with the addition of 6 wt % organoclay
compared to the nanocomposites with 3 wt % clay, but it was still higher compared to that of the
pristine epoxy polymer. The addition of a small percentage of organoclay (≤3 wt %) is improving
the thermo-mechanical properties without causing a distortion of the epoxy crosslinked network
in the glassy region. A further increase of the organoclay content (≥6 wt %) may cause defects in
the polymer network, increase the stiffness substantially, and restrict the flexibility of the polymer
chains (glassy region). While the temperature increases, a small degree of elasticity (polymeric chains
movement) is induced in the system thus allowing the organoclay sheets to penetrate among the epoxy
chains without interrupting the epoxy network (rubbery state). The result of this thermo-mechanical
behavior is a small deterioration of the storage modulus values in the glassy region when increasing
the organoclay content and in contrast, an increase of these values in the rubbery region.

The TGA curves of the pristine glassy epoxy polymer and the respective epoxy nanocomposites
are shown in Figure 5.
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Figure 5. Thermogravimetric analysis (TGA) curves of (A) glassy epoxy (EPON 828RS + D-230
Jeffamine) and epoxy—clay nanocomposites with (B) Na+-PGW, (C) I.30E, (D) I.28E (3 wt %, silicate
basis), and (E) I.30E (6 wt %, silicate basis).

From the curves in Figure 5, it can be seen that the presence of the clay filler had a minor effect
on the thermal stability of the epoxy polymer, which can be evaluated by comparing the percent
weight loss at a certain temperature (for instance at 350 ◦C, as can be seen in the inset of Figure 5).
This behavior can be attributed to the relatively low clay loading, at least for the nanocomposites with
3 wt % clay, which is not sufficient to significantly affect the thermal stability and decomposition rate of
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the polymeric matrix. The addition of 6 wt % I.30 organoclay induced a slightly faster decomposition,
as can be seen in the inset of Figure 5, possibly due to the acidic function of the primary alkylammonium
ions of this organoclay, which can catalyze the pyrolysis/decomposition of the polymeric chains.

With regard to the barrier properties of the epoxy polymer and the epoxy-clay nanocomposites,
a 30% and 40% reduction of oxygen permeability was observed for the nanocomposites prepared by
the addition of I.28E and I.30E organoclays (6 wt %), respectively, compared to that of the pristine
polymer (oxygen permeability: 105 cc mm/m2 day). The reduction of permeability with the addition
of the inorganic clay was not significant.

3.3. Salt Spray Corrosion Tests

The results of the weight loss of the steel specimens (bare and covered with pristine epoxy
and nanocomposites) upon salt spray exposures are summarized in Figure 6. Optical images of the
specimens are shown in Figure 7, while representative scanning electron (SEM) images of the bare and
coated specimens are shown in Figure 8.

From the weight loss results (Figure 6) it can be seen that after 1 day of exposure the weight loss of
bare steel was about 0.16 wt % and was raised to 1 wt % after 4 days. The neat epoxy polymer showed
a relatively good protection efficiency by reducing the weight loss, at 0.07 wt % and 0.4 wt % for the
first and fourth day, respectively. A greater improvement in protection was offered by both the epoxy
nanocomposites (with I.28E and I.30E organoclays) which inhibited the weight loss, exhibiting similar
very low values of ca. 0.03–0.04 wt % and 0.15–0.18 wt % after 1 and 4 days of exposure. These latter
values correspond to 75% and 80–90% less weight loss, after 1 and 4 days of exposure, by the use of the
epoxy nanocomposites compared to the pristine steel specimens. The differences in corrosion between
the bare steel specimen and those covered by the thin epoxy polymer or the epoxy nanocomposites,
can be also clearly observed in the respective optical photographs, after 1 and 4 days of exposure, as
shown in Figure 7. From these images it follows that the corrosion of coated specimens, especially I.28
and I.30 coated steel—Figure 7c,d, after 1 or 4 days of exposure, is less intense than the corresponding
bare steel specimens. The SEM images of the various specimens before the salt spray test (no exposure)
and after 1 or 4 days of exposure are shown in Figure 8. In the same figure the cross-section image of
I.30 coated steel is shown. In these images the differences in the initial morphology and the corrosion
behaviour of the bare and coated steels as well as the coating thickness and the coating-steel interface
can be observed.

(a) (b)

Figure 6. Weight loss results from salt spray experiments for bare steel and steel coated with pristine
epoxy resin, and nanocomposites with I.28 and I.30 organo-clays, after 1 day (a) and 4 days (b) of
exposure in a corrosive environment of 100% saturated moisture + 5 wt % NaCl solution.
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(A)

(B)

Figure 7. Salt spray corrosion test samples after 1 day (A) and 4 days (B) of exposure in a corrosive
environment of 100% saturated moisture + 5 wt % NaCl solution: (a) bare steel; (b) coated with pristine
resin; (c) coated with I.28E nanocomposite; (d) coated with I.30E nanocomposite.

(A) No exposure

(B) Cross section

Figure 8. Cont.
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( )

(C) 1 day

(D) 4 days

Figure 8. Scanning electron micrographs of initial (no exposure) (A), cross section of steel coated with
I.30E (B), and salt spray tested specimens after 1 day (C) and 4 days (D) of exposure in a corrosive
environment of 100% saturated moisture + 5 wt % NaCl solution: (a) bare steel; (b) coated with pristine
resin; (c) coated with I.28E nanocomposite; (d) coated with I.30E nanocomposite.

3.4. Electrochemical—Open Circuit Potential Measurements

The results of the open circuit potential measurements (OCP) of all types of bare or coated
specimens after 1 or 4 days of exposure are shown in Figure 9.
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(a) (b)

Figure 9. Open circuit potential measurements of all types of bare or coated specimens after 1 day (a)
and 4 days (b) of exposure in a corrosive environment of 3.5 wt % NaCl solution.

Open circuit potential measurements were used for a preliminary and indicative prediction of the
corrosion behavior. As it is known, the general criterion for the estimation of corrosion behavior, based
on open circuit potential values, is that the more anodic (lower negative value) the OCP, the lower
the corrosion susceptibility. However, this criterion is not absolute. The estimation depends on the
variations of the potential during the monitoring period and an indication of better corrosion behavior
is the stability of the corrosion potential with time [2,16,23,29]. From the open circuit potential with
time diagram, after 1 day of exposure (Figure 9), it can be seen that the more anodic value of OCP was
obtained for the I.30E nanocomposite coating (−595 mV) and the corresponding more cathodic value
was obtained for bare steel (−670 mV). All curves moved linearly towards the cathodic direction and
oscillations were observed mainly in the case of the I.28E nanocomposite coating. This decrease of
OCP indicated a continuous dissolution of the surface layers of the steel specimens. From the open
circuit potential with time diagram, after 4 days of exposure (Figure 9), it can be seen that the more
anodic value of OCP was obtained for both the I.30 and I.28 nanocomposite coatings (−625 mV) and
the corresponding more cathodic value was obtained for bare steel (−680 mV). OCP curves of bare
and resin coated specimens move initially in the anodic direction and after that continuously towards
more cathodic values, indicating the formation of a non-passive oxide layer (in the case of the bare
specimen) or the non-passive behavior of the coating (in the case of the resin coated specimen) that
cracks and so the potential decreases and corrosion increases. The I.30 nanocomposite coating curve
only decreased slightly (from −605 to −625 mV), indicating an increased stability of the coating and
better corrosion behavior.

The electrochemical impedance response is a fundamental characteristic of an electrochemical
system. Knowledge of the frequency dependency of impedance for a corroding system enables a model
equivalent electrical circuit describing that system to be created [29–32]. Processing of the experimental
data and fitting of the electrochemical impedance measurements was based on the equivalent circuit
shown in Figure 10 for bare and coated steels, using a non-linear regression analysis. The results are
presented in Figures 11–16 (Nyquist diagrams) and Table 4 (Resistance values).
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Figure 10. Electrical equivalent circuit model simulating a corroding system metal/coating/electrolyte,
Rs = solution resistance, R1, R2 = ohmic resistances, CPE1, CPE2 = constant phase elements with
admittance Y0(jω)n.

Figure 11. Nyquist plots of impedance spectra, Re (Z), real part of impedance, and Im (Z), imaginary
part of impedance, for bare specimens after 0, 1, 2, or 4 days of exposure in a corrosive environment of
3.5 wt % NaCl solution.

Figure 12. Nyquist plots of impedance spectra, Re (Z), real part of impedance, and Im (Z), imaginary
part of impedance, for epoxy coated specimens after 0, 1, 2, or 4 days of exposure in a corrosive
environment of 3.5 wt % NaCl solution.
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Figure 13. Nyquist plots of impedance spectra, Re (Z), real part of impedance, and Im (Z), imaginary
part of impedance, for I.28 nanocomposite coated specimens after 0, 1, 2, or 4 days of exposure in a
corrosive environment of 3.5 wt % NaCl solution.

Figure 14. Nyquist plots of impedance spectra, Re (Z), real part of impedance, and Im (Z), imaginary
part of impedance, for I.30 nanocomposite coated specimens after 0, 1, 2, or 4 days of exposure in a
corrosive environment of 3.5 wt % NaCl solution.

65



Coatings 2017, 7, 84

Figure 15. Nyquist plots of impedance spectra, Re (Z), real part of impedance, and Im (Z), imaginary
part of impedance, for bare and coated specimens after 1 day of exposure in a corrosive environment of
3.5 wt % NaCl solution.

Figure 16. Nyquist plots of impedance spectra, Re (Z), real part of impedance, and Im (Z), imaginary
part of impedance, for bare and coated specimens after 4 days of exposure in a corrosive environment
of 3.5 wt % NaCl solution.
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Table 4. Resistance values (Ω cm2) for bare and coated specimens.

Parameters of
Equivalent

Circuit

Bare—
0 day

Bare—
1 day

Bare—
2 days

Bare—
4 days

Epoxy—
0 day

Epoxy—
1 day

Epoxy—
2 days

Epoxy—
4 days

Rsol 1.27 4.00 2.22 9.08 3.14 × 102 2.00 4.00 1.62 × 10
R1 1.42 × 103 9.93 × 102 6.55 × 102 3.67 2.15 × 103 5.43 × 10 1.87 × 10 5.27 × 103

Y01 3.93 × 10−4 1.08 × 10−2 3.97 × 10−2 3.51 × 10−2 1.62 × 10−6 4.43 × 10−3 1.05 × 10−3 2.33 × 10−3

n1 8.08 × 10−1 8.72 × 10−1 7.01 × 10−1 4.79 × 10−1 6.26 × 10−1 2.93 × 10−1 4.86 × 10−1 6.76 × 10−1

R2 2.48 × 10 – – 1.03 × 102 6.78 × 105 7.26 × 103 5.38 × 103 7.21 × 101

Y02 1.26 × 10−3 5.92 × 10−2 4.22 × 10−2 9.99 × 10−2 2.10 × 10−6 1.03 × 10−3 2.31 × 10−3 1.34 × 10−3

n2 7.10 × 10−1 3.37 × 10−1 3.17 × 10−1 7.61 × 10−1 5.68 × 10−1 6.93 × 10−1 6.19 × 10−1 4.60 × 10−1

Rtot (R1 + R2) 1.44 × 103 9.93 × 102 6.55 × 102 1.03 × 102 6.80 × 105 7.31 × 103 5.40 × 103 5.34 × 103

Parameters of
Equivalent

Circuit

I.28E—
0 day

I.28E—
1 day

I.28E—
2 days

I.28E—
4 days

I.30E—
0 day

I.30E—
1 day

I.30E—
2 days

I.30E—
4 days

Rsol 1.38 × 10 1.37 × 10 1.51 × 10 1.40 × 10 7.67 × 10 9.66 1.11 × 10 1.50 × 10
R1 9.36 2.12 × 102 8.12 × 103 7.35 × 103 4.93 × 104 1.80 × 104 1.09 × 103 6.03 × 102

Y01 1.37 × 10−4 7.18 × 10−4 8.98 × 10−4 2.33 × 10−3 9.74 × 10−6 2.63 × 10−6 4.08 × 10−5 4.26 × 10−5

n1 1.00 3.15 × 10−1 4.94 × 10−1 6.38 × 10−1 1.00 6.53 × 10−1 3.79 × 10−1 2.96 × 10−1

R2 7.99 × 104 8.99 × 103 6.24 4.81 × 10 1.54 × 105 2.63 × 104 3.02 × 104 2.90 × 104

Y02 3.02 × 10−5 8.25 × 10−4 1.63 × 10−4 1.44 × 10−3 8.72 × 10−6 7.49 × 10−5 1.15 × 10−4 3.59 × 10−4

n2 7.69 × 10−1 6.41 × 10−1 7.01 × 10−1 4.38 × 10−1 7.10 × 10−1 4.31 × 10−1 6.95 × 10−1 5.79 × 10−1

Rtot (R1 + R2) 7.99 × 104 9.21 × 103 8.12 × 103 7.40 × 103 2.03 × 105 4.43 × 104 3.13 × 104 2.96 × 104

From the results of the electrochemical impedance measurements (Figures 11–16 and Table 4),
it follows that all the coatings used increased the total resistance and both nanocomposites had
greater total resistance values than the pristine glassy epoxy polymer, indicating improved protection
properties. Thus, the total resistance value, Rtot, after 4 days exposure in the corrosive environment,
increased from 1.03 × 102 of bare steel, to 5.34 × 103 in the case of pristine resin, to 7.40 × 103 in the
case of I.28E, and to 2.96 × 104 (Ω cm2) in the case of I.30E coated specimens. In the case of bare steel,
the total resistance values decrease continuously with exposure time and the relation between these
two factors was observed to be linear, indicating a constant corrosion rate. A high total resistance
value in the case of pristine resin coated steel in conditions of no prior exposure in the corrosive
environment (0 days) was observed, 6.80 × 105 Ω cm2, that decreased quickly in any conditions of
exposure, 5.34 × 103 Ω cm2 after 4 days, indicating high corrosion rate values and the fast evolution
of corrosion. In the case of nanocomposite coated steel, the total resistance values decreased after
four days of exposure, from 7.99 × 104 to 7.40 × 103 Ω cm2 in the case of I.28E and from 2.03 × 105

to 2.96 × 104 Ω cm2 in the case of I.30E, as it was expected due to corrosion initiation. However,
the decrease is much smaller and so the corrosion evolution is also lower.

The superior protection performance, indicated from the higher total resistance value, of the
epoxy nanocomposite with the I.30E organo-clay compared to that with the I.28E organic-clay, can be
attributed to the higher dispersion of the clay nanolayers in the former nanocomposite (XRD and TEM
results), which also induced slightly improved barrier properties.

4. Conclusions

The mechanical, thermomechanical, and barrier properties of all the epoxy—organoclay
nanocomposites were improved compared to those of the pristine epoxy polymer. Both the pristine
epoxy and the epoxy nanocomposite coatings offered substantial protection to steel from corrosion.
The protective properties of the nanocomposite coatings were superior compared to those of
the pristine epoxy polymer, as it was revealed from the weight loss results, the optical and
microscopy examination of the specimens after the exposure in the corrosive environment, the open
circuit potential measurements, and the electrochemical impedance spectroscopy measurements.
The protective properties of the nanocomposite coatings varied with the organo-clay used.
The epoxy—montmorillonite clay modified with primary octadecylammonium ions, Nanomer I.30E,
had a better behaviour than the clay modified with quaternary octadecylammonium ions, Nanomer
I.28E. This was attributed to the higher dispersion of the nanolayers in the nanocomposite formed

67



Coatings 2017, 7, 84

with the I.30E organoclay compared to that formed with I.28E. The enhanced mechanical properties
and thermal stability of both epoxy—clay nanocomposites, in combination with their high protection
efficiency, renders them as attractive candidates for various demanding coating applications.
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Abstract: Corrosion is a deterioration of a metal due to reaction with environment. The use of
corrosion inhibitors is one of the most effective ways of protecting metal surfaces against corrosion.
Their effectiveness is related to the chemical composition, their molecular structures and affinities
for adsorption on the metal surface. This review focuses on the potential of ionic liquid, polyionic
liquid (PIL) and graphene as promising corrosion inhibitors in emerging coatings due to their
remarkable properties and various embedment or fabrication strategies. The review begins with a
precise description of the synthesis, characterization and structure-property-performance relationship
of such inhibitors for anti-corrosion coatings. It establishes a platform for the formation of new
generation of PIL based coatings and shows that PIL corrosion inhibitors with various heteroatoms in
different form can be employed for corrosion protection with higher barrier properties and protection
of metal surface. However, such study is still in its infancy and there is significant scope to further
develop new structures of PIL based corrosion inhibitors and coatings and study their behaviour in
protection of metals. Besides, it is identified that the combination of ionic liquid, PIL and graphene
could possibly contribute to the development of the ultimate corrosion inhibitor based coating.

Keywords: ionic liquid; polyionic liquid; graphene; hybrid coating

1. Introduction

Corrosion of metal is a significant problem, costing worldwide industries more than $300 billion
annually. The inhibitors minimize the rate of corrosion by forming a thin adsorbed film on metal.
In the last decades, much attention has been focused on the need to design and develop new and
emerging materials for corrosion protection. As an example, nanomaterials, biomaterials, corrosion
inhibitors, sol-gel coatings, self-healing and smart materials. Out of these, self-healing coating and
corrosion inhibitors are an emerging and broad field.

A self-healing system is inspired from biological systems that have inherent ability to repair
damage via healing mechanisms and is categorized into three types; namely, microencapsulation,
vascular based and intrinsic materials [1]. These systems have the ability to repair the damage caused
due to mechanical stress or energy and to recover their functionality using resources inherently
available to them. On the other hand, corrosion can be inhibited or controlled by introducing a stable
protective layer of inert metals, conductive polymers, inorganic compound or monolayers of graphitic
or heterocyclic structure between a metal and a corrosive environment. A corrosion inhibitor is a
chemical constituent which, when added in small amount to the metal environment, diminishes or
controls and prevents corrosion. In the oil and chemical industry, inhibitors are considered as the first
line of defense against corrosion.
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In simpler words, corrosion can be defined as failing of materials by chemical process.
Among them the most significant is electrochemical corrosion of metals, in which oxidation process
(M → Mn+ + ne−) is helped by the presence of a suitable electron acceptor, sometimes referred to in
corrosion science as depolarizer. In general, corrosion is a two-step electrochemical process having
both anodic and cathodic sites, with flow of charges (electrons and ions), it is conventional in both wet
and dry conditions. Wet corrosion is a major problem to tackle; it is a dominating corrosion at or near
room temperature and in presence of an electrolyte, or even in presence of water.

Since corrosion process is a surface reaction, addition of corrosion inhibitor in very small
concentration to an interfacial layer can prevent or reduce the corrosion rate of a metal exposed
in aggressive environment. Generally there are three mechanisms of the corrosion inhibition as given
below [2,3]:

• Adsorption: the inhibitor is chemically adsorbed on the surface of the metal and forms a protective
thin film with inhibitor effect.

• Surface layer: formation of an oxide film for protection of the metal surface.
• Passivation: the inhibitor reacts with corrosive elements of aqueous media, forming

protective precipitates.

Based on the above mechanism of corrosion inhibitors, they can be classified to three different
types; cathodic, anodic, and mixed or adsorption type inhibitors. Corrosion inhibitors that cause the
delay in the cathodic reaction are known as cathodic inhibitors. Similarly, the anodic inhibitors slow
down the anodic reaction. Those inhibitors that affect both the cathodic and the anodic reactions are
known as mixed inhibitors, and these inhibitors generally work by an adsorption mechanism and
known as adsorption inhibitors. In general, inorganic inhibitors have either cathodic or anodic actions,
while organic inhibitors have both cathodic and anodic actions [2] (Figure 1).

Figure 1. Classification of corrosion inhibitors [2].

Due to the toxicity of inorganic inhibitors, a variety of organic compounds have been used as
corrosion inhibitors for the protection of steel specifically in acid medium [4]. In general, organic
corrosion inhibitors are more effective than inorganic compounds for protection of steels in acid media.
Organic inhibitors work by an adsorption mechanism in which the adsorption of the inhibitor molecule
at the metal-solution interface results in formation of a film of inhibitor molecules to protect the surface
from the corrosive environment either by physically blocking or by delaying the electrochemical
processes [5]. Organic inhibitors generally contain heteroatoms (S, O, or N) and their efficiency is
related to the presence of these atoms in the molecule as well as heterocyclic compounds and π

electrons [6,7]. This is due to the fact that O, N, and S are found to have higher basicity and electron
density and are the key active centres for the adsorption process on the metal surface.
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Adsorption inhibitors protect the metal following three possible ways: (1) physical adsorption,
(2) chemical adsorption and (3) film formation (Figure 1). Physical (or electrostatic) adsorption is
a result of electrostatic attraction between the inhibitor and the metal surface. Physically adsorbed
inhibitors interact rapidly, but they are also easily removed from the surface. The most effective
inhibitors are those that chemically adsorbed (chemisorbed). Chemisorption occurs as a result of
charge sharing or charge transfer between the inhibitor molecules and the metal surface. However,
chemisorption is slower than physical adsorption process and is not completely reversible [8].

Film formation mechanism is based on the surface reactions of inhibitor molecules and formation
of thin film on the surface with blocking both anodic and cathodic areas. Organic inhibitors are able
to form a protective hydrophobic film, adsorbed on the metal surface. In fact, the polar group of the
organic molecule is directly attached to metal and the nonpolar end is oriented in a vertical direction to
the metal surface. Thus, they can prevent diffusion of corrosive species and establish a barrier against
chemical and electrochemical attack [6].

Most organic inhibitors contain at least one functional group. The strength of adsorption of
organic inhibitors relies on the charge of this group rather on the hetero atom present in the organic
molecule. The structure of the rest of the molecule influences the charge density on the functional
group [6]. Most common organic inhibitors belonging to different chemical families such as fatty
amides [9,10], pyridines [11,12], imidazolines [13,14], other 1,3-azoles [15,16] and polymers [17] have
showed excellent performance as corrosion inhibitors.

While a variety of different inorganic and organic compounds can be used as inhibitors,
however, the practical application of many of those inhibitors poses risk for environmental protection
standards, cost and toxicity. Thus, there is a strong need to develop efficient and environmentally
friendly corrosion inhibitors. Among various classes of compounds, ionic liquids (ILs) have attracted
considerable attention in recent years as “green material,” because of their attractive properties such as
chemical and thermal stability, nonflammability, very low or negligible vapour pressure, high ionic
conductivity, a wide electrochemical potential window. They can be used as potential inhibitors whose
specific interactions with metal can be tailored through choice of their amphiphilic structures or using
them in various forms such as microcapsule, gel, emulsion, nanoparticles or using them in synergistic
combinations. Due to high sensitivity of the metal-IL interactions, careful design and tailoring of ionic
liquid materials play a crucial role for successful corrosion inhibition application.

Another promising material, graphene a single-atom-thick sheet [18], a flat monolayer of carbon
atoms tightly packed into hexagonal honey comb lattice in which carbon atom is sp2 hybridised has
been identified as a next generation inhibitor material for shielding of metal from corrosion as it
possesses matchless properties such as excellent thermal and chemical stability, high strength, chemical
inertness, permeability to molecules and gases, extremely high aspect ratio, high theoretical specific
surface area. From the point of permeability, the hexagonal network of carbon atoms in graphene is
so dense that no known material can penetrate through it. However, there are a number of critical
challenges related to application of graphene on various metals, which needs significant attention.
To date, graphene coatings on metals have been employed using chemical vapour deposition (CVD) or
transfer techniques involving high energy consumption, special expensive tools, high temperatures,
careful treatments and multistep processes. Such techniques (CVD or transfer) are cumbersome,
uneconomical and not very practical for large scale application. On the other hand, there are significant
advantages if graphene can be deposited from preformed ink, which is reproducible, and can be used
to coat objects of any dimensions as in conventional paints or coatings.

Thus, the key focus of this review is to present and discuss some important results on the
physico-chemical properties of the emerging corrosion inhibitors based on IL and graphene to advanced
coating applications. Before the presentation of these results, a precise description of the synthesis,
characterisation, structure-properties relationship and performance of IL and graphene based inhibitors
suitable for anticorrosion applications is given below.
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2. Ionic Liquid (IL) Based Corrosion Inhibitors

Among all the different types of synthetic materials, a new class of low toxicity organic compounds
known as Ionic liquids (ILs) deserves particular attention due to their rapid growth in a number of
applications, they have shown effective performance as inhibitors for various metals and alloys [19,20].
In this section, an insight into ionic liquids will be discussed in detail.

ILs are the low-melting organic salts that are composed of cations and anions that melt below
100 ◦C [21,22]. The first IL was investigated in 1914 by Paul Walden with his observation on
ethylammonium nitrate ([EtNH3][NO3]) with very low melting point of 13–14 ◦C [21]. Due to
the unique properties such as low toxicity, negligible vapor pressure, high thermochemical and
electrochemical stabilities, non-flammability, and their ability to act as catalyst, ILs have been used in
a large number of applications as an eco-friendly alternative to substitute volatile organic solvents
including catalysis [23], separation processes [24,25], analytics [26], lubricants [27], and electrochemical
applications [28]. Common ionic liquids are formed by an organic cation (i.e., ammonium, imidazolium,
pyridinium, pyrrolidinium, phosphonium, sulfonium) in combination with a complex anion
(Scheme 1) [29].

 

Scheme 1. Most commonly used cations and anions in various ILs.

The common configuration of ILs consists of an amphiphilic group with a long chain, hydrophobic
tail, and a hydrophilic polar head [30]. Therefore, due to their molecular configuration, they are able
to form micelles and lowering interfacial tension of aggressive media, resulting in an enhancement
in surface wetting and adsorption [30–32]. These properties of ILs have a useful effect on surface
exposure and may be responsible for the corrosion inhibition of metals. ILs compounds are reported
to show corrosion resistant behavior on copper, mild steel and aluminum. Here some of the literature
examples will be discussed.

Espinosa et al. [31] studied the corrosion rate and surface interaction of oxygen-free high
conductivity (OFHC) copper with two protic ammonium ionic liquids and four aprotic imidazolium
species in order to investigate the best candidate for lubricant applications or as precursors of surface
coatings. The protic ILs, with no heteroatoms in their composition, are the triprotic di[(2-hydroxyethyl)
ammonium] succinate (MSu) and the diprotic di[bis-(2-hydroxyethyl)ammonium] adipate (DAd).
The four aprotic ILs contain imidazolium cations with short or long alkyl chain substituents and reactive
anions: 1-ethyl-3-methylimidazolium phosphonate ([EMIM]EtPO3H); 1-ethyl-3-methylimidazolium
octylsulfate ([EMIM]C8H17SO4); 1-hexyl-3-methylimidazolium tetrafluoroborate ([HMIM]BF4) and
1-hexyl-3-methylimidazolium hexafluorophosphate ([HMIM]PF6). As it has been depicted in summary
of results in Figure 2, the lowest corrosion rate is observed for the DAd, which gives low mass (Δm)
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and surface roughness changes (ΔSa) and forms adsorbed layers on copper, while MSu forms a dark
blue corrosion product by reaction with copper.

 

Figure 2. (a) The OFHC copper change during the tests; (b) Contact angles, mass (Δm) and surface
roughness (ΔSa) changes of MSu and DAd after 168 h (Reprinted with permission from [31]. Copyright
2013 Elsevier).

Results show that DAd IL remains colourless during the corrosion tests (Figure 2a) and no
precipitates are formed on the copper surface, while MSu forms a dark blue corrosion product that
completely covers the copper surface at the end of the test. SEM observation showed more roughness
in the case of use of MSu and the presence of oxygen and carbon peaks in EDX analysis. Nevertheless,
EDX analysis of DAd shows only the presence of copper. They concluded that the presence of proton
donor and acceptor sites in the DAd molecules can form a hydrogen bonded network which as a result
will improve their lubricating performance. Moreover, all imidazolium aprotic ILs react with copper,
with different results as a function of the anion.

Zhang et al. [20] reported the corrosion inhibition effect of 1-butyl-3-methylimidazolium chlorides
(BMIC) and 1-butyl-3-methylimidazolium hydrogen sulfate ([BMIM]HSO4) on mild steel in 1 M
HCl. As a result, it has been concluded that the inhibiting efficiencies decreased in the order of
[BMIM]HSO4 > BMIC. Potentiodynamic polarization studies indicated that addition of both ILs affects
both anodic metal dissolution and also cathodic hydrogen evolution reactions. Thus, those ILs could
be classified as mixed type inhibitors. Also, they found that the mechanism of ILs corrosion inhibition
is following the Langmiur adsorption isotherm with the high value of adsorption equilibrium constant.
Since, the absolute values of standard free energy of adsorption (ΔGads) in presence of the studied
inhibitors were calculated to be less than 40 kJ mol−1, it has been expected the inhibitors to be physically
adsorbed on the metal surface. The corrosion inhibition properties of three different imidazoline based
ILs on aluminium in 1 M HCl and 0.5 M H2SO4 were investigated by Quraishi et al. [33] The weight
loss study indicated that the inhibition efficiency increased with increase in the concentration of the
inhibitor. Moreover, the mechanism of adsorption followed the Langmuir isotherm and behaved as
mixed type inhibitors. The most extensively studied IL is based upon the imidazolium cation [31,34,35].
It was observed that the high inhibition efficiency of such inhibitors depends on the specific interaction
between the functional groups of IL and the metal surface, due to the presence of the –C=N– group
and electronegative nitrogen in the structure of the imidazolium coating [36]. Our indepth review
of recent literatures shows that it is important to understand and establish the relation between ILs
molecular structure, the counterion, the length of substituted alkyl chains and the functional groups
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adsorbed on the metallic surface and corrosion inhibition. In next section, the effect of ILs’ structure on
the inhibition performance has been presented with literature examples.

2.1. Effect of IL Structure on Corrosion Inhibition

2.1.1. Cation Effect

Among many kinds of ionic liquid, imidazolinium and pyridinium cations based ILs have
been investigated intensively. Shi et al. [37] synthesized a series of new imidazolium ionic liquids
and investigated the relationship between the alkyl connecting with N(3) of imidazolium ring and
corrosion inhibition performance in acidic solution. The inhibition efficiency was found to increase with
increasing the carbon chain length of the alkyl connecting with N(3) of imidazolium ring. In another
study, the corrosion inhibition behaviour of three synthesized imidazolium ionic liquids with similar
chemical structure (namely 1-butyl-3-methylimidazolium chlorides, 1-hexyl-3-methylimidazolium
chlorides and 1-octyl-3-methylimidazolium chlorides) on aluminum in hydrochloric acid has been
investigated [36]. It has been reported that corrosion of aluminum in aqueous solution depends on the
concentration of anions in solution. A general mechanism for the dissolution of aluminum as reported
in the literature is [38]:

Al(s) + H2O � AlOHads + H+ + e− (1)

AlOHads + 5H2O + H+ � Al3+ + 6H2O + 2e− (2)

Al3+ + H2O � [AlOH]2+ + H+ (3)

In the presence of chloride ions the reaction corresponds to:

[AlOH]2+ + Cl− → [AlOHCl]+ (4)

It is well known that imidazolium group as well as nitrogen atom in heteroaromatic ring of
imidazolium compounds can be protonated in acidic solutions. Thus, the interaction of the protonated
imidazolium ionic liquid molecules on the aluminum surface competes with the interaction of the ions
in the solution. The adsorption of inhibitors on the aluminum surface removes or depletes some of the
water molecules originally adsorbed on to the surface, which blocks the formation of AlOHads. Thus,
both the oxidation reaction of AlOHads to Al3+ and the complexation reaction between the hydrated
cation [AlOH]2+ species and chloride ions can be prevented. Moreover, these protonated molecules also
compete with the hydrogen ions that can reduce hydrogen evolution. In this case, adsorption would
have occurred through polar centers of nitrogen atom in the –C=N– group. Meanwhile, the presence
of the electron donating group (Cl) on the imidazolium base IL increases the electron density on the
nitrogen of the –C=N– group, resulting in high inhibition efficiency [20]. This particular effect is
evidenced more with the increase in chain length of the alkyl connecting with N(3) of imidazolium
cationic ring.

In another study, Likhanova et al. [29] reported the inhibition action of imidazolium and
pyridinium bromide ILs on mild steel in 1 M H2SO4 at room temperature. Since these ILs affected
both anodic and cathodic reactions they are classified as mixed type inhibitor. Scheme 2 represents
the inhibition mechanism of the interaction between the ionic liquids and the metallic surface.
The adsorption of hydronium (H3O+) ion and desorption of hydrogen gas (H2) occurs on the
cathodic sites whereas the adsorption and desorption of Br− and SO2−

4 ions occurs on the anodic sites.
The protonated imidazolium or pyridinum molecules are electrostatically adsorbed on the cathodic
sites in competition with the hydronium ions available to reduce hydrogen evolution [29].

Since cations of ILs are bigger than hydrogen cations, alkyl chain and aromatic ring cover
a large part of the metallic surface and lead to the water molecule displacement from surface.
Both imidazolium and pyridinum based ILs show a reasonable corrosion inhibition with average
corrosion efficiency within 82%–88% at 100 ppm to protect the mild steel corrosion in the aqueous
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solution of sulphuric acid; their efficiencies are increased with the inhibitor concentration in the range
10–100 ppm. However, due to the larger steric effect of imidazolium ion in comparison to pyridinium,
which results in a higher surface coverage area during the chemical adsorption process, imidazolium
based IL provides a better inhibition effect than pyridinium.

 

Scheme 2. Corrosion inhibition mechanism of imidazolium and pyridinum molecules on steel surface
in 1 M H2SO4 (Reprinted with permission from [29]. Copyright 2010 Elsevier).

2.1.2. Anion Effect

For carbon steel and aluminium, the corrosivity of IL media strongly depends on the chemical
structure of the cationic moiety and the nature of anion in the IL molecule. Specifically, the corrosion
resistance of carbon steel in water-free ILs strongly depends on the IL anion. Depending on the
type of IL, carbon steel may undergo severe corrosion in diluted IL media. Anions like tosylate and
dimethyl phosphate generally trigger higher corrosivity specifically in water-diluted ILs. In this regard,
Uerdingen et al. [39] investigated the behaviour of carbon steel, austenitic stainless steel, nickel-based
alloy, copper, brass and aluminium in presence of various diluted ILs with different concentrations
under flow conditions at temperatures up to 90 ◦C. The effect of the chemical structure of the IL cation
and the nature of anion on the corrosivity of the metals has been studied. It is observed that diluted ILs
(with water) could result in hydrolysis of IL’s anions. As a result, they can produce acids (e.g., sulfuric
acid, phosphoric acid) and, hence, cause a considerable increase of medium corrosivity, whereas in
water-free ILs, most of the metals exhibited a high corrosion resistance.

Ashassi-Sorkhabi et al. [40] studied the effect of IL anion in corrosion inhibitor behaviour of two
synthesized imidazolium ionic liquids with chlorides and hydrogen sulphate anion on mild steel in
hydrochloric acid. In the structure of the imidazolium bases, the atoms of the imidazolium ring and
the –C=N– group can form a big π bond. Then, in addition to the π electron of the imidazolium, bases
enter unoccupied orbitals of iron. The π* orbital can also accept the electrons of d orbitals of iron to
form bonds, that produce more than one center of adsorption action. Moreover, the presence of the Cl
and S on the imidazolium structure, which are electron donating groups, increases the electron density
on the nitrogen of the –C=N– group, resulting in high inhibition efficiency. Therefore, in this study
hydrogen sulphate counter-anion showed better inhibiting effect of mild steel in HCl compared with
chloride anion.

2.2. Synergistic Corrosion Inhibition Using ILs

As it has been discussed, one of the important advantages of ILs is the ability to select both the
anion and cation to have useful properties for a particular application. Due to this feature of ILs and
organic salts, they could be used as new organic inhibitors, ideally with synergistic effects. A number
of publications have investigated the use of biologically safe anions and cations to produce a salt that
could approach the performance of chromates, while being environmentally friendly.
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Recently, Somers et al. [41] described such a family of ILs and organic salts that target dual activity
by incorporating both anions and cations with proven evidence of effective inhibition. These salts
were based on the imidazolinium cation with carboxylate anions. The imidazolinium has a similar
structure to imidazolium with a difference in the C4−C5 double bond saturation on the core ring of
the imidazolinium. Depending upon the nature of the anion in the salts, these materials were found to
have interesting physical properties such as facile ion transport, as well as demonstrating synergistic
corrosion inhibition on mild steel. In this study, the influence of pH on the corrosion inhibiting
performance of the organic salt for mild steel in chloride environments has been investigated.

It has been shown that this environmentally friendly organic IL remains highly active at pH 2
and 8, which are common environments in which corrosion protection is required. Also at higher
pH, the inhibition was controlled by the anion, and the solution showed a high level of protection.
Although both the IL’s components were mainly ineffective on their own at low pH, the combined
salt still had an inhibition efficiency of 72%, indicating a strong synergy between the two ionic species
under these conditions. Figure 3 shows an optical microscope image of mild steel samples with
corrosion product intact after immersion for 24 h in salt solutions at different pH. Also, at a pH of 8,
Figure 3a,b show much less corrosion product, but still show some local attack on the sample in the
inhibitor containing solution. At a pH of 2 many bubbles have been observed due to the hydrogen gas
evolution, where the sample at pH 2 with inhibitor does not show any bubbles, suggesting a significant
reduction in the rate of reaction. The samples immersed in the neutral condition show a similar trend
to those at a pH of 8, where the inhibited solution showed much less corrosion product but still with
signs of localized attack.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 3. Optical images of the surfaces of mild steel samples after immersion for 24 h in (a) NaCl at
pH 8; (b) NaCl and inhibitor at pH 8; (c) NaCl at pH 2; (d) NaCl and inhibitor at pH 2; (e) NaCl neutral;
and (f) NaCl and inhibitor in neutral (Reprinted with permission from [41]. Copyright 2016 American
Chemical Society).
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Such synergy, however, is not always achievable due to some limitation of ILs. One main
disadvantages of ILs is unfavourable transport properties of these solvents, which generally present
higher viscosity and surface tension than conventional organic solvents [42,43]. Also, once ILs are
applied into a coating, they pose problem of miscibility with a coating formulation. For these reasons,
polymerized ionic liquids or poly (ionic liquid)s (PILs) are considered more favorable than their
monomers in the field of corrosion inhibitor. This is due to their low sensitivity to salts, high shear
and thermal stability, high resistivity to strong acid and their efficiencies at lower concentrations.
Moreover, such PIL could act as reservoir for IL with controlled release characteristics, such as the
microcapsulation of inhibitor which can prevent miscibility issue with other components of coating
formulation. Also, they act as controlled release type inhibitor. In the following section detail study of
PILs structure and chemistry will be reviewed.

3. Poly Ionic Liquid (PIL) Based Corrosion Inhibitor

A special type of polyelectrolytes which carry an IL species in each of the repeating units are
referred to polymerized ionic liquids or poly (ionic liquid)s (PILs), and have been proposed as
alternative inhibitor materials. Thus, PILs consist of the cationic or anionic centres on their repeating
units in the polymer chain (Figure 4) [29]. Although ILs are in a liquid state near room temperature,
PILs are in fact solid in most cases, except a couple of exceptions [44]. Nevertheless, opposite to
solid polyelectrolytes, PILs have a reportable glass transition temperature in most cases, being well
below usual ionic glasses. The major advantages of using a PIL instead of an IL are the enhanced
mechanical stability, improved processability, durability, and spatial controllability over the IL species.
The combination of properties of ionic liquids with the flexibility and properties of macromolecular
structure results in the unique properties for PILs, which can be used in various applications including
solid ionic conductor, powerful dispersant and stabilizer, absorbent, premises for carbon materials,
permeable polymers, etc. [45–47]. The initial research of PILs goes back to the 1970s. The major
design efforts towards developing novel PILs are focused on vinylimidazolium based PILs with
diverse functional substituents due to the positive charge being on an aromatic ring and adjacent
to the vinyl groups [48–51]. Intensive studies on PILs significantly expanded the research scope of
PILs. New structures, properties and applications have been spotted, which generate several valuable
branches for researchers. Meanwhile, there are numbers of reviews, which discussed the synthesis of
some PILs and introduced the application of PILs, especially imidazolium based PILs in the field of
polymer science [45,52].

(a) (b) (c) (d) (e) 

Figure 4. Basic polymerizable IL monomers. “p” represented of a polymerizing unit in an IL monomer.
One polymerizable unit located on the cation (a) or anion (b). Two polymerizable units separated in
the cation and anion (c), or located on the cations (d,e).
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It should be noted that despite the very interesting properties of PILs and their wide range
of applications, these eco-friendly compounds have received little interest as corrosion inhibitors.
It has been reported that some ILs based on imidazolium, pyridinium and pyridazinium exhibited
corrosion inhibition properties for the corrosion of various metals [21], however; there is very limited
investigation for application of PILs as a corrosion inhibitors. Here, a few recent work in this area will
be discussed. Olivares-Xometl and co-workers reported the poly(ionic liquid)s (PILs), derived from
imidazole with different alkylic chain lengths for corrosion inhibition of aluminum alloy in diluted
sulfuric acid [53]. Figure 5 shows the likely mechanism of PILs’ interaction with both the metallic
surface and the aggressive environment. The interaction among the hydrophobic parts of the PILs
molecules could support the protective action. However, it is more likely that the main chains of
the polymer form an obstacle, which may have a supportive action on inhibition, as they hinder the
passage of water and aggressive ions, in agreement with their hydrophobic nature. When the alkyl
side chain is composed of 12 carbons, more effective steric hindrance prevalent, as it can interact with
the other lateral alkylic groups to slow molecular diffusion.

 

Figure 5. Schematic representation of corrosion and inhibition of aluminum alloy before and after PIL
addition in diluted sulfuric acid [53].

However, in this study PILs displayed a short protection range for the alloy. Thus, these PILs are
not suitable to be applied in acidic media, as they are not easily adsorbed due to ionic competition,
which leads to the formation of a non-uniform corrosion inhibitor film on the aluminum alloy surface.
In another study, by Ayman et al. [54,55] PIL based on 2-acrylamido-2 methylpropane sulfonic acid,
showed an excellent corrosion inhibition performance for steel in 1 M HCl medium. The adsorption of
IL on steel surface blocked the active centers, which lowered the corrosion rate of steel. It has been
reported that introducing oxyethylene ammonium counter ion into the ionic liquid polymer system
promotes the wetting characteristics to form anticorrosion protective layer at the solid surfaces [54].
Also, it has been indicated that PIL in this system behaved as a mixed type inhibitor and acted via
adsorption on steel surface by hindering and retarding the active centers from the corrosion reaction.

3.1. PIL Structure Diversity

There have been persistent efforts devoted to the preparation of PILs in various forms and
dimension scales like spherical micro-/nanoparticles, micro-/nanogels, vesicles, nanoworms, etc. [56].
Therefore PILs have a diverse chemical structure reservoir. The most recent forms of PILs, which have
been mostly used in different applications, are PIL colloidal particles and PIL gels. An insight into
these types of PILs and their characteristic features is presented in the following section.

3.1.1. PIL Colloidal Particles

Since colloidal systems have a close connection with nature and human life, PIL colloids
are a new platform to investigate the unique properties of ILs with the rather small dimension
and the superior dispersity of colloidal particles. Moreover, they setup a powerful platform for
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a variety of studies on PIL functions and applications. A colloidal system is defined as a state
of subdivision dispersed in a medium with at least one dimension between approximately 1 nm
and 1 μm [57]. Recently, nanostructured PILs, and especially colloidal nanoparticles, have received
significant interest as functional polymer nanoparticles. This is due to the fact that small particle
sizes increase surface effects on the interfacial interaction and mass/energy transport. Moreover,
a small particle size and the charged character of PILs improve the colloidal stability in aqueous
as well as non-aqueous dispersions. So far, a few synthetic routes have been developed to prepare
PIL nanoparticles including suspension polymerization [58], water-in-oil concentrated emulsion
polymerization [59], and precipitation polymerization in water without stabilizers using ionic liquid
monomers with long alkyl chains has been recently reported [60,61]. Among PIL nanoparticles a
significant focus in this field is on the nanostructured imidazolium-type PILs [47,62]. One of the
examples of this type of applications is the work by Yang et al. [63], which reported the preparation of
the crosslinked poly(1-butyl-3-vinylimidazolium bromide) microspheres with the diameter of about
200 nm synthesized via miniemulsion polymerization for application as metal scavenging and catalysis.

In another work by Zhou et al. [64], a thermosensitive type ionic microgels was obtained
via the surfactant-free emulsion copolymerization of 1-vinylimidazole and 4-vinylpyridine with
thermosensitive monomer N-isopropylacrylamide. The obtained microgels were spherical in shape
with narrow size distribution and exhibited thermosensitive behaviour with unique features of PILs in
aqueous solution (Figure 6).

 

Figure 6. Schematic summary of synthesis of thermosensitive ionic microgels via quaternized
crosslinking reaction and their properties (Reprinted with permission from [64]. Copyright 2014
American Chemical Society).

One of the most common methods used for the fabrication of polymer nanoparticles with the
droplet sizes typically in the range of 20–200 nm is miniemulsion. The use of water as the dispersion
medium is one of the main advantages of this system, which makes it environmentally friendly
and also allows excellent heat dissipation during the polymerization process [65]. On the other
hand, very recently, “click” polyaddition reactions in miniemulsions, specifically thiol-mediated
chemistry (i.e., thiol-ene/yne, thiol-Michael); have attracted attention as one of the facile methods
for synthesis of polymer nanoparticles, and nanocapsules dispersion in heterophase media with high
efficiency [66,67]. For example, for the first time Jasinski and co-workers reported the preparation
of poly (thioether ester) latex nanoparticles using miniemulsion thiol-ene photopolymerization.
Their synthesis was performed in water, at ambient temperature, and without the use of any organic
solvent. The resultant linear poly (thioether ester) particles had an average diameter of 130 nm [68].
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In another recent work, sub-100 nm crosslinked polythioether nanoparticles were synthesized via
thiol-ene photopolymerization in miniemulsion using high-energy homogenization [65]. Our group
recently reported the facile preparation of cross-linked PILs based nanoparticles via thiol-ene
photo-polymerization in miniemulsion [69]. In this study, the PIL nanoparticles exhibited improved
corrosion inhibition properties to the sol-gel coating due to the interaction between the –C=N– group
and electronegative nitrogen in the PIL with the metal surface.

3.1.2. PIL Gel

As described above, PIL gels are one form of PILs which recently have been used in a number of
applications such as electrolytes for batteries and supercapacitors [70], drug delivery [71], agriculture,
and biomedical fields [72]. Indeed, they are showing a multitude of characteristics that make them very
versatile materials with tuneable properties. Gordon and co-workers pioneered the synthesis of large
PIL beads in the micron meter size scale through direct polymerizations of 1-butyl-3-vinylimidazoium
TFSI in presence of a 1,8-di(vinylimidazolium)-octane TFSI as a crosslinker. Furthermore, the resulting
gel-type beads were swelled in acetone, and loaded with palladium nanoparticles to catalyze
C–C coupling reactions [58]. The authors suggested the application of such gel beads in catalysis,
separation technology, and ion-exchange resins. Xiong and co-workers [73] reported a facile one-step
synthetic strategy for the preparation of cross-linked polymeric nanogels by the conventional radical
copolymerization of a phosphonium-based IL for use as catalysts. Recently, Rahman et al. used a
microfluidic method to fabricate monodisperse spherical PIL microgel beads [74]. The authors showed
the anion exchange can enable fine-tuning of size and swellability of these beads. By incorporating
diverse anions, they were able to impart a multitude of functionalities to these beads, ranging from
redox capabilities, controlled release of payload, magnetization, toxic metal removal and robust,
reversible pH sensing. These chemically switchable stimulus-responsive PIL beads have potential
applications in portable and preparative chemical analysis, separations and spatially addressed sensing
(Figure 7) and also have potential for use as cargo for corrosion inhibitors or slow release inhibitor.

Figure 7. Schematics illustrating microfluidic method to generate switchable stimulus-responsive
PIL microgels. (Reprinted with permission from [74]. Copyright 2013 American Chemical Society).
(a) Stereomicroscope image of a prepolymer droplet flowing in the transparent capillary tube;
(b) Chemical structures of IL monomer and cross-linker; (c–e) Stereomicroscope images of PIL microgels
showing their monodispersity and transparency and (f) FESEM image of synthesized PIL[Br].

With the aim of using such PIL as corrosion inhibitors, we reported the novel and facile
fabrication of multifunctional PIL gel beads using vinyl imidazolium based ionic liquid through
click-type reactions (Figure 8) [75]. A detailed study into the effect of reactant ratios is examined.
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The gel formation is confirmed through fourier transform infrared spectroscopy (FTIR), thermal
analysis, and kinetic studies. These PIL gels exhibited multiple characteristics including (1) self-healing
characteristics due to their rubbery nature, (2) the ability to uptake active molecules which acts
as corrosion inhibitors, and (3) pH sensing through the incorporation of indicator molecules.
These functionalities demonstrate the potential of PIL gel family as multifunctional autonomous
platform material for the control, detection and inhibition of corrosion.

Figure 8. The facile fabrication of multifunctional PIL gel beads using vinyl imidazolium based ionic
liquid through click-type reactions. (Reprinted with permission from [75]. Copyright 2015 American
Chemical Society).

4. Graphene as Green Corrosion Inhibitor in Anticorrosion Coating

Graphene is a nanofiller with one-atom-thick planar sheet of two-dimensional carbon with
sp2 bonded carbon atoms that are densely packed in a honeycomb crystal lattice or an unrolled
single-walled carbon nanotube [76]. Different approaches for preparing graphene sheets have been
investigated like graphite exfoliation, including mechanical cleavage of graphite, chemical exfoliation
of graphite, thermal-induced exfoliation, and direct synthesis, such as epitaxial growth, and bottom-up
organic synthesis. Prasai et al. [77] studied the corrosion inhibition effect of copper and nickel by either
growing graphene on these metals by chemical vapor deposition (CVD) method, or by mechanically
transferring multilayer graphene onto them (Figure 9). Graphene grown by chemical vapour deposition
(CVD) technique has shown superior anticorrosion coating but it is also demonstrated that these coating
cannot be used over a long-term duration. It has been reported that transferring multiple graphene
layers onto the metal surfaces will increase the degree of protection with building thicker and more
robust films.

 

Figure 9. Schematic demonstration of thin layers of graphene as a protective coating that inhibits
corrosion of underlying metals. (Reprinted with permission from [77]. Copyright 2012 American
Chemical Society).
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High thermal conductivity, better gas barrier, extraordinary electronic transport properties, superior
mechanical stiffness combined with a wide set of other unusual properties of graphene-based composites
made them promising and cheaper alternative to carbon nanotubes-based composites [78–81]. Graphene
and graphene derivatives (e.g., graphene/graphite oxide, functionalized graphene, etc.) could be
used in various applications such as hydrogen storage [82], sensors [83], transparent conductive
films [84], batteries [85,86], super capacitors [87], solar cells [88] and nanocomposites coatings [89–91].
Due to the high surface area of graphene sheet (2630 m2/g), improvement of mechanical, thermal,
and electrical properties of composite graphene based coating could be achieved with very low
loading [92]. Chang et al. [93] applied polyaniline/graphene composites (PAGCs) for corrosion
inhibition of steel. The composites display outstanding barrier properties against O2 and H2O.
Figure 10 depicts the corrosion inhibition behaviour of bare steel and PAGCs coated steel with
different amount of graphene loading in a corrosive medium (3.5 wt % aqueous NaCl electrolyte)
under potentiodynamic polarization conditions. As it can be observed, as the PAGCs loading was
increased further, the corrosion inhibition ability was enhanced evidenced by the highest Ecorr and
lowest Icorr values (which corresponds to a lower corrosion rate). In fact, using graphene in coating
matrix could increase the length of the diffusion pathways for reactive gases such as oxygen and
water vapour in polymer coatings and lead to a remarkable improvement of the corrosion inhibition of
metallic substrate compared to normal polymer coating.

 
Figure 10. Tafel plots for (a) bare steel; (b,c,d,e,f) PANI-coated with different amount of graphene
loaded. Electrodes measured in 3.5 wt % NaCl aqueous solution (Reprinted with permission from [93].
Copyright 2012 Elsevier).

Wang et al. [79] suggested that incorporation of graphene sheets into the epoxy polymer composite
improved thermal conductivity and reduced coefficients of thermal expansion (CTEs). Their results
also indicate that due to the high thermal-stability of graphene, they can be used in microelectronics
coating applications. Since it is easy to obtain the graphene precursor, graphite, as it is naturally
abundant, and the functionalized graphene can serve as a conductive nanofiller for other polymers
(such as epoxy, polyimide, polyurethane, etc.), polymer/graphene based composite coatings will
emerge as a new area of corrosion inhibition technology.

Stronger interface have been achieved using graphene platelets (GP) comprising one or more
layers of a graphene plane. Yasmin et al. [94] have developed epoxy/graphite nanocomposites by
mixing epoxy with graphite in solvent; 4 wt % graphite increases Young’s modulus by 10% and
glass transition temperature (Tg) marginally from 143 to 145 ◦C. Better results have been obtained
using sonication and shear mixing, 1 wt % GP increasing modulus 15%, but leads to a reduction of
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tensile strength. The mechanical properties of epoxy/GP nanocomposites have been investigated by
Koratkar et al. [95] showing improvement in epoxy fracture toughness from 0.97 to 1.48 MPa m1/2 at
0.1 wt % filler fraction. Therefore, it could be used as toughening agent for coating.

Despite the tendency of graphene nano-sheets to re-aggregate and stack due to their high surface
area and strong van der Waals force has limited their applications in polymer nanocomposites.
However, several studies have focused on improving the dispersion and interface interaction of
graphene in a polymeric matrix using functionalised graphene. Novel method for functionalization
of GP has been presented by Miller [96] using a coupling agent to form covalent bonding between
fillers and soft matrix (0.78 GPa Young’s modulus), resulting in 50% modulus improvement at 1 wt %
filler fraction. Chiang and Hsu [97] have improved the fire resistance of epoxy/GP nanocomposite
following a similar method. Martin-Gallego et al. [98] studied the effect of functionalized graphene
sheets (FGS)/epoxy coatings which are prepared using cationic photopolymerization on mechanical
properties of coating. Their results indicate increased stiffness and Tg values of the cured epoxy
network with better storage modulus properties in higher temperature.

Jeong and co-workers [99] investigated the effect of graphene content on structures and electrical
properties of graphene/epoxy composite films which are prepared by solution casting and following
thermal curing of diglycidyl ether of bisphenol-A with an amine-functionalized agent mixed on a
polyimide film. The graphene/epoxy composite films can be utilized as high performance electric
heating elements in various applications. They found that the graphene content as well as the applied
voltage are two key elements in controlling the maximum temperatures of the composite films.
Bao et al. [100] enhanced the mechanical, electrical and thermal properties of the epoxy nanocomposites
utilizing functionalized graphene oxide. In situ thermal polymerization has been used to functionalize
graphene oxide (FGO) via surface modification by hexachlorocyclotriphosphazene and glycidol.
Strong interfacial interaction between FGO and epoxy matrix improved the thermal stability, storage
modulus and hardness in a polymeric matrix.

Thus, graphene as an anti-corrosive agent is very attractive as it may protect metals by keeping
their intrinsic properties, which cannot be achieved using three dimensional protective paints, oxides
or polymers. In the field of using graphene as corrosion protective material the biggest hurdle is
that the graphene sheets synthesised using current methods still contain too many defects. So the
main challenge in near future is to improve the quality of sheet produced, the poor quality of sheet
drastically reduces the performance as an anti-corrosive material. The keys factors affecting the quality
of sheets are defects or abnormalities in graphene sheets like:

• Missing bonds;
• Pentagonal and hexagonal lattices;
• Lattice distortion;
• Local thickness variations;
• Presence of impurities.

All these factors can represent the centre of damage accumulation also, other than altering the
properties of graphene. Local defects can lead to accumulation of oxygen which ruins the chemical
properties of sheet. Presently the functionalization of GO via non-covalent and covalent route with
organic compounds has become a matter of rigorous research for production of innovative hybrid
nano composites with new advanced functions and applications.

Quantum Chemical Methods as Efficient Tools to Study Corrosion Inhibitors

Quantum chemical methods are seen to be very effective in determining the molecular structures
as well as explaining the electronic structures and reactivity’s of molecules. Computational chemistry
is considerably used to assess the efficiency of corrosion inhibitors, this method helps to search
compounds of desired property employing computational modelling. Quantum chemical method and
molecular modelling techniques help in defining a large number of molecular parameters illustrating
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the reactivity, shape, and binding properties of complete molecules as well as of individual molecular
fragments and substituents. The prominent quantum chemical parameters are atomic charges,
molecular orbital energies (EHOMO, ELUMO and ΔEgap), dipole moment, charge distribution. Density
functional theory has successfully been applied to explain the importance of structure of corrosion
inhibitors and their adsorption efficiency on the metal surfaces, however the properties of corrosion
inhibitors like EHOMO, ELOMO, ΔEgap, dipole moment (μ), electronegativity (  ), and atomic charge
have by far achieved the appropriate correlation with corrosion inhibition efficiency.

5. Emerging Embedment Methods of Corrosion Inhibitors

Corrosion inhibitors can be incorporated into the coating formulation through different ways.
One of the most commonly used methods is the direct addition of inhibitors in the primer or topcoat.
However, a too high concentration or low solubility of the inhibitors often results in a deterioration of
the integrity and physical barrier properties of the matrix of the protection system [101]. In addition,
the existing interaction of the inhibiting agents with the protective matrix often leads to significantly
reduced stability of the protective layer and the deactivation of the inhibitors. Recently, different new
methods for inhibitor incorporation have emerged to prevent the direct interaction of inhibitor with
the matrix. One of the most common methods is application of inhibitor loaded coatings. Coatings
based on inhibitor loaded containers protect the metal by releasing corrosion inhibitor in response to
changes in the coating integrity (cracks) or local environment (pH shift) caused by corrosion attack.
These systems have been extensively investigated, because they are potential replacements for the
banned chromate-based coatings [102]. Out of these, self-healing coating is an emerging and broad
field to replace the chromate for corrosion control and autonomic repair of coatings (self-healing),
which is discussed in this section.

5.1. Self-Healing Coating

Coating with self-healing properties is an advanced application of emerging corrosion inhibitors.
The concept of self-healing which is initiated in the nineties by Dry [103] and Sottos [104] is the known
phenomena seen in the nature and refers to self-repair. Self-healing coatings can be classified into
two main classes’ namely (1) extrinsic and (2) intrinsic self-healing systems. In extrinsic self-healing
systems such as capsule-based and vascular systems, the healing agents are added as a separate
phase into the matrix, while intrinsic systems such as ionomers, hydrogen-bonded systems, etc.,
are those which are free from healing agent and do not require any external energy to trigger the
response [105,106]. They can repair the mechanical damage spontaneously due to the architecture
of the molecules themselves and avoiding rupture and corrosion of underlying substrate. Extrinsic
technique possesses several advantages over intrinsic, which will be discussed in this section.

In contrast to conventional anticorrosion coating, emerging corrosion inhibitor embedded in
self-healing coating can act in response to corrosion attack, decrease the corrosion rate thereby
enabling less maintenance and durability of the coating. For achieving this goal, the coatings have
to provide release of the active and repairing material rapidly after integrity changes in coating.
The main idea is to load active agents (e.g., corrosion inhibitors) into nanocontainers surrounded
by a shell which controlled the permeability and then to introduce them into the coating matrix.
Consequently, nanocontainers are keeping corrosion inhibitor in a “trapped” state and distributing
uniformly in the passive matrix. Thus, the undesirable interaction between the corrosion inhibitor
(active material) and the passive matrix which leads to spontaneous leakage could be prevented.
When the local environment undergoes changes or if the active surface is affected by the outer impact,
the nanocontainers respond to that signal and release encapsulated inhibitor. Various methods to
add the self-healing properties to coatings have been investigated including encapsulation, reversible
chemistry, microvascular networks, nanoparticle phase separation, polyionomers, hollow fibres,
and monomer phase separation [107]. Microvascular is a strategy in which material with interconnected
series of network channels has been designed. In this approach, circulatory system continuously
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transports the necessary chemicals and building blocks of healing to the site of damage. Therefore,
coating on a substrate containing a micro channel network is healed. This is the most biomimetic
approach and it is difficult to achieve practically and at large scales in synthetic materials. Nanotubes
are another approach that may be able to deliver larger amounts of liquid healing agent to the
crack plane. Halloysites (aluminosilicate nanotubes) which are one of the most abundant natural
nanotubes have recently been applied as containers in the automotive and maritime industries for
corrosion protection. They have been developed as an entrapment system for loading, storage,
and controlled release of corrosion inhibitor in coatings [108]. The drawbacks of using nanotubes lie in
its poorly defined composition and its narrow particle size [107]. So far the most successful approach
in self-healing the polymeric component of organic coatings is microencapsulation. This approach
has significant advantages including protection of reactive materials (inhibitors) from corroding
environment, controlled evaporation of inhibitors, safe handling of toxic inhibitors and controlled
release of the inhibitors for delayed release or long acting release [109].

5.1.1. Encapsulated Type Self-Healing

Corrosion inhibitors can be easily embedded into the capsules through variety of techniques.
These techniques can be merged into two main categories; physical and chemical (Figure 11) [1].
There are different chemical approaches for synthesizing the microcapsules such as interfacial
polymerization [110], coacervation, in situ polymerization [111,112], extrusion, and sol-gel methods.
The fastest and most convenient method among them is in situ polymerization. In this approach,
microcapsules containing healing agent (inhibitor) in a trapped state disperses uniformly in the matrix
containing a catalyst capable of polymerizing the healing agent and fracture upon loading of the
coating, releasing the low viscosity self-healing reagents to the damaged area for curing and filling of
the micro cracks (Figure 11) [113,114].

Brown et al. [112] are known as a pioneer of the micro-/nanocapsules synthesis with
their achievement of micro capsulation of dicyclopentadiene (DCPD) as a healing agent with
urea–formaldehyde (UF) shell using in situ polymerization. Most commonly used healing agents
as a core are dicyclopentadiene (DCPD), epoxy, linseed oil, tung oil, o-dichlorobenzene and
dimethyl siloxane. Shell materials are mainly limited to poly(urea–formaldehyde) (PUF) and
poly(melamine–formaldehyde) (PMF) or melamine modified poly(urea–formaldehyde) (MUF) [114].
Table 1 summarises recent work that has been carried out in microcapsulation based self-healing
system for coating applications.

Figure 11. Encapsulated type self-healing through in situ polymerization technique.
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Table 2 is the summary of characteristics which will be required for designing microencapsulation-
based self-healing polymeric materials [115]. It is crucial to consider four steps process of achieving
healing ability to obtain better functionality: storage, release, transport, and rebonding. Each of these
steps depends significantly on the chemistry and properties of the healing agent system [107]. Table 2
reveals the importance to develop capsules with good compatibility with the coating matrix and
considering the possibility to encapsulate and upkeep active material, and control of the permeability
properties of the shell through external stimuli. Shell permeability could be changed reversibly or
irreversibly by various stimuli: variation of the pH, ionic strength, temperature, ultrasonic treatment,
alternating magnetic field and electromagnetic irradiation.

As a result, different responses can then be observed, such as tuneable permeability or more
drastic ones like total rupture of the container shell. Also as it has been shown in this table, size of the
capsules is another important parameter which should be less than 300–400 nm; capsules of larger size
can reduce the protective performance of the coating [107].

Table 1. Summary of most recent work in microcapsule based self-healing.

Microcapsule Components
(Core and Shell)

Chemistry Specific Feature
Size of

Capsule
Ref.

Shell: polysulphone
Core: 1-hexyl-3-

methylimidazolium
bis(trifluoromethylsulphonyl)

imide [HMIM][NTf2] ionic liquid

Solvent
evaporation.

Chemically stable within the
high-temperature curing

conditions necessary for the
coating system (up to

approximately 380 ◦C).

Below 10 μm Magalhães et al.
[116]

Shell:
epoxy–amine(ethylenediamine

(EDA))
Core: epoxy

Interfacial
polymerization

improved compatibility and
adhesion with the coating matrix
especially if the coating is alkaline

100 μm Liu et al. [110]

Shell: poly(urea–formaldehyde)
Core: 1H,1H,2H,2H-

perfluorooctyl
triethoxysilane (POTS)

In situ
polymerization

good corrosion protection ability
to steel; self-healing behaviour

was realised under ambient
condition without any
manual intervention

100 μm Huang et al. [111]

Shell: poly(urea-formaldehyde)
Core: octyldimethylsilyloleate

In situ
polymerization

great potential of the silyl esters as
healing agents and good results in

corrosion protection
50 and 100 μm García et al. [117]

Shell: ethylene glycol
dimethacrylate (EGDM)

Core: ionic liquid,
1-hexyl-3-methylimidazolium

bis(trifluoromethane
sulfonyl)amide

Self-assembling of
phase separated

polymer
(SaPSeP method)

ionic conductivity; good results in
corrosion protection

Multi hollow
structure

Okubo et al.
[118,119]

Table 2. Characteristics required for designing microencapsulation-based self-healing polymeric materials.

Component Characteristics

Corrosion inhibitor

Stability and shelf-life
Deliverability
Reactivity
Shrinkage
Physical and mechanical properties
Thermal stability

Microcapsule shell wall

Chemical compatibility
Mechanical properties
Dispersion
Thermal stability

Catalyst, curing agent, or reaction initiator

Solubility
Chemical compatibility
Reactivity
Dispersion
Thermal stability

88



Coatings 2017, 7, 217

5.1.2. Effective Parameters and Challenges of Microcapsule Embedment for Corrosion Inhibition

It is evident that application of self-healing coatings will be the most common and cost
effective method of improving the corrosion protection. However, for the excellent fabrication of
self-healing coatings several parameters must be considered such as inhibitor material, microcapsule
diameter (size), microcapsule core and shell, microcapsules dispersion, presence of catalyst, coating
application, coating thickness and coating matrix. Therefore, there is a growing need for investigation
of effective parameters in microcapsule formation which is under intense study by various researchers.
For example, Nesterova et al. [120] found that an increase in stirring rate, stirrer geometry, correct choice
of temperature, and a high stabilizer concentration all can affect the microcapsule size. In capsules
with irregular shape mechanical stability will be compromised and capsules will be unacceptable for a
coating use. Another interesting and effective parameter which should be considered for obtaining
self-healing property is the position of capsules in the coating matrix. Therefore, Kumar et al. [121,122]
studied two methods of applying microcapsules in the primer layer: mixing to the primer before
applying and sandwiching the microcapsules in the primer during application. Experimental results
suggested that the microcapsules should be mixed into the paint formulations at the time of application.

In the other work by Cho et al. [113], two self-healing systems based on siloxane materials have
been studied. First system consists of phase-separated polydimethylsiloxane (PDMS) healing agents
and microencapsulated catalyst. The limitation of this system is the possible reaction between PDMS
healing agent and coating matrix. In order to overcome this drawback, in the second system both
catalyst and PDMS healing agent are encapsulated within urea-formaldehyde (UF) microcapsules.
Their dual-capsule PDMS healing system showed no evidence of corrosion in the damaged area even
after a long time exposure to the corrosive species. Although self-healing or autonomically healing
micro cracks is a promising approach for extending the life of coating, still there are significant of
unsolved challenges for optimization of the autonomous microcapsule system which is suitable for
multiple healing actions.

6. Evaluation of Corrosion Inhibitors Using Advanced Characterization Techniques

Electrochemical methods are most commonly used techniques for the evaluation of the efficiency
of corrosion inhibitors. The advantages of electrochemical methods are short measurement time and
mechanistic information that they provide which help not only in the design of corrosion protection
strategies but also in the design of new inhibitors. Although several electrochemical techniques may
be used to study the performance of corrosion inhibitors, potentiodynamic polarization method and
electrochemical impedance spectroscopy (EIS) can provide significant useful information, which makes
them the most useful method for such study and the number of reports used this method for study
of corrosion inhibition performance is limited. As an example, Otmacic Curkovic et al. studied
the mechanism of the protective action of three imidazole-based (4-methyl-1-(p-tolyl)-imidazole,
4-methyl-1-(o-tolyl)-imidazole, and 4-methyl-1-phenyl imidazole) corrosion inhibitors on copper in
3% NaCl, using quartz crystal microbalance measurements [123]. This study confirmed that even
slight changes in the molecular structure induce a significant effect on the inhibiting properties.
Both tolyl-substituted 4-methyl imidazoles rapidly adsorbed onto the copper surface and decreased
the copper corrosion rate while the phenyl-substituted 4-methyl imidazole slowly formed a protective
3D layer. On the other hand, the inhibiting effect of o-tolyl-substituted compound did not improve
with time, while the inhibiting efficiency of the phenyl-substituted inhibitor increased with immersion
time. Figure 12 presents the mass and the corrosion potential changes with respect to immersion period
measured by QCM-D in the presence of (a) 4-methyl-1-(o-tolyl)-imidazole and (b) 4-methyl-1-phenyl
imidazole. The use of better inhibitor (phenyl based imidazole) shows the increase of the mass of the
electrode which is due to the formation of protective layer on the copper surface. However, very little
work has been performed on GO/IL systems.
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Figure 12. Mass and potential change of copper electrode in 3% NaCl with the addition of (a) 4-methyl-
1-(p-tolyl)-imidazole and (b) 4-methyl-1-phenyl imidazole (Reprinted with permission from [123].
Copyright 2009 Elsevier).

On the other hand, the measurement of electrochemical reactions at the interface becomes a matter
of particular interest for the prediction of the service life of coating. To achieve such information,
new techniques that perform local measurements, such as scanning kelvin probe SKP are increasingly
applied [124,125]. This method is a non-destructive, non-contact mode technique based on a vibrating
capacitor to measure the surface work function (WF) distribution on the coating surface. Surface
work function is an extremely sensitive indicator of the surface condition and can be used to track
changes in the surface such as surface contamination and corrosive adhesion of polymers on metal
substrates [126].

Among many studies, Choudhury et al. [127] recently presented the sol-gel derived hybrid
coatings containing three different compositions of methacrylate-phosphosilicate on mild steel
substrates where SKP microscopy was used to evaluate the adhesion and corrosion protection
properties. Following equation can be used to correlate the absolute WF measured using SKP (VKP) to
the corrosion potential (Ecorr) [128]:

VKP = Ecorr + const. (5)

Phosphorus containing methacrylate hybrids were synthesized from 2-(methacryloyloxy)ethyl
phosphate (EGMP) and 3-[(methacryloyloxy)-propyl] trimethoxysilane (MEMO) via dual-cure process
involving sol-gel reaction and addition polymerization. Similar experimental procedures were used to
synthesize hybrids at other composition namely M:E–3:7 [129]. Figure 13 illustrates the SKP maps of
the gold-coated aluminum (reference), bare metal substrate (MS), MEMO, EGMP, M:E–1:1 and M:E–3:7
coated samples. The average WF values of the samples shift positively towards noble potential in the
order of bare MS < EGMP < MEMO < M:E–1:1 < M:E–3:7.

The deviation in WF values can be correlated to the interfacial interaction between the coating and
the substrate. The SKP measurements showed the presence of strong interfacial interaction, which is
attributed to the interaction of phosphate group with the metallic substrate [130].

An understanding of the correlation between the structure and observed corrosion inhibition
properties, such as mechanism of adsorption, is essential for designing corrosion inhibitors with
enhanced properties. Adsorption of an inhibitor on a metal surface depends on various parameters
such as the nature and the surface charge of the metal, the inhibitor’s chemical structure etc.
One of the most common scattering techniques used for corrosion and corrosion inhibition study is
surface-enhanced Raman scattering [131]. However, this technique studies the film that forms on the
metal and is a surface analysis technique.
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Figure 13. SKP maps of pristine gold on aluminum reference, bare MS, MEMO, M:E–1:1 and M:E–3:7
coated samples, respectively. (Reprinted with permission from [127]. Copyright 2010 Elsevier).

In the field of organic corrosion inhibitors, more attention is paid to the mechanism of adsorption
and also to the relationship between inhibitor structures and their adsorption properties. Neutron
scattering techniques including small angle neutron scattering (SANS) and ultra-small angle neutron
scattering (USANS) are valuable techniques to study the structure of corrosion inhibitors in different
forms including gels and nanoparticles. SANS and USANS are ideal and can be used to provide
information relating to the crosslink porosity of structure, which is directly related to the mechanical
properties of inhibitors. A literature survey of neutron scattering demonstrates that this technique has
been employed to study the microstructure of a range of different types of polymers, predominantly
from synthetic polymers. Furthermore, polymers studied by this method are classified into polymer
blends, block copolymers and polymer gels [132].

Shibayama et al. [133] studied the structure of tetra-arm polyethylene glycol (PEG) gels by SANS.
It has been investigated that there is no inhomogeneities appeared even by swelling. However, a
steep upturn was observed in SANS curves, indicating the presence of PEG chain clusters or defects
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where these inhomogeneities disappear in swelled sample. Furthermore, Bhatia and co-workers
designed a unique form of chemically cross-linked PEG gels to minimize defects in the network [134].
SANS was utilized to investigate the network structures of gels in two different solvents: D2O and
d-DMF. SANS results show the resulting network structure is dependent on PEG length, transitioning
from a more homogeneous network structure at high molecular weight PEG to a two phase structure
at the lowest molecular weight PEG. It has been shown that with qualitative analysis and model
fitting of SANS data, the highest molecular weight tetra-functional PEG hydrogels have a remarkably
homogeneous network structure with low junction functionality. However, there are still some small
indications of inhomogeneity for the lowest molecular weight networks even in d-DMF, suggesting a
higher level of defect formation during cross-linking for these systems. Despite the extensive research
on structural study of materials using SANS and USANS, to date there has not been any reports of
using a combination of SANS and USANS to study the effect of corrosion inhibitors’ structure on
their efficiency. Recently, using combined USANS/SANS tools, Taghavikish et al. [74] investigated
the hierarchical gel network structure and their relation to the observed bulk properties for polymeric
ionic liquid nanoparticle emulsion based corrosion inhibitor in anticorrosion coatings.

7. Conclusions and Future Outlook

The importance of physico-chemical properties of the emerging corrosion inhibitors based on IL
and graphene for corrosion prevention of metallic substrates were outlined. Despite the very interesting
properties of ILs and graphene for corrosion inhibition, there have been very few reports on their
application for corrosion protection of metals. On the other hand, in spite of the considerable progress
made in the chemistry of inhibitors, the inhibition study in a corrosion system presents the same
challenges today as it did in the past. The transport of the corrosion inhibitor from bulk solution to the
surface of the metal and the active inhibitor species that is available to interact with the metal are the
fundamental factors governing corrosion inhibition. In the case of inhibitors that adsorb on the metal
surface and inhibit the corrosion, there are two main challenges: (1) metal-inhibitor interactions and (2)
transport of the corrosion inhibitor from bulk solution to the surface of the metal. These challenges
could be overcome through immobilization of corrosion inhibitors into micro-/nanocontainers.

Although active corrosion inhibitors lead to sufficient temporary protection of the underlying
metal, in the case of local damage of the protective coating, to reach an even more extended lifetime
protection or to have repeatable healing at a specific location, an additional functionality of damage
closure is required. Therefore, there is a significant need to develop the new micro-/nanocapsules
family which are sensitive to pH, temperature, environmental conditions changes and dispersion of
them to coatings should be considered.

Further research should also be focused on using more advanced characterization techniques
and more fundamental studies in order to further clarify the mechanism of corrosion inhibitors and
investigate the correlation between the structure and observed corrosion inhibition. This understanding
will help us to tailor the inhibitor structure to obtain required corrosion inhibition properties.
This would be more pronounced in the case of appropriate chemical modifications, especially by
using eco-friendly inhibitors, which can render the coating with enhanced anticorrosive characteristics.
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Abstract: A deeper understanding of plasma electrolytic oxidation (PEO) can in turn shed light on
the evolution of coating structures during such oxidation processes. Here, a three-dimensional (3D)
structure of PEO coating was investigated based on the morphologies at different locations in a PEO
coating and on the elemental distribution along certain sections. The coating surface was dominated
by a crater- or pancake-like structure of alumina surrounded by Si-rich nodules. A barrier layer with
a thickness of ~1 μm consisting of clustered cells was present at the aluminum/coating interface.
As the coating thickened, the PEO coating gradually evolved into a distinct three-layer structure,
which included a barrier layer, an internal structure with numerous closed holes, and an outer layer
with a rough surface. During the PEO process, molten zones formed along with the plasma discharges.
The volume and lifetime of the molten zones changed with oxidation time. The diversities of cooling
rates around the molten zones resulted in structural differences along a certain section of the coating.
A growth and discharge model of PEO coatings was established based on the 3D structure of the
particular coating studied herein.

Keywords: plasma electrolytic oxidation (PEO); aluminum; three-dimensional structure;
aluminum/coating interface; growth model

1. Introduction

Plasma electrolytic oxidation (PEO) is a surface-modification technique for producing ceramic
coatings on light metals and their alloys (such as aluminum, magnesium, and titanium) [1,2].
PEO coating is considered to be amongst the most promising protective coatings for application
in a wide range of industry sectors because of its high microhardness and its good wear and corrosion
resistance [3,4]. However, the long-term protection performance of a PEO coating is limited by its
high porosity. Researchers have different opinions on whether the pores in the coating extend to the
substrate [5,6]. Hence, the three-dimensional (3D) structure and growth mechanism of PEO coatings
need to be studied.

In general, most information about the structure of PEO coatings is obtained from the conventional
surface and polished cross section. The coating surface is porous and coarse, consisting of pancake-like
structures with a central hole [7]. PEO coatings are divided into three layers, i.e., an outer loose
layer, an inner dense layer, and the barrier layer near the substrate [8,9]. A free-standing coating
detached from the substrate can be used to obtain more information about the PEO coating structure,
e.g., the structure of the coating/substrate interface. Some researchers have tried to use chemical
solutions to detach the coating from the aluminum substrate. However, chemical dissolution in NaOH
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may dissolve alumina coating [10,11], and chemical dissolution in CuCl2 may lead to a copper cover at
the coating surface [12]. Recently, free-standing coatings have been obtained via dissolving the coated
aluminum with an electrochemical method [13,14]. Moreover, 3D information about the porosity of
PEO coating structures has been obtained by X-ray computed tomography [6,15] and the resin replica
method [16]. Additional information on the 3D structure of PEO coatings, especially the evolution of
the 3D structure during the PEO process, is needed for a deeper understanding of the PEO mechanism.

For the growth of PEO coatings, the most commonly accepted mechanism is attributed to
an outward–inward growth mechanism [17–21]. The presence of inward growth has been confirmed by
18O element labeling [22], which is regarded as a process of repetitive breakdown and passivation of the
barrier layer at the coating/substrate interface [13]. Additionally, the outward growth of PEO coatings
has been shown by analyzing the elemental distribution in PEO coatings prepared on a substrate of Ti
covering Al [19]. The outward growth of coatings is usually considered a process of ejecting molten
oxide [18,23,24]. Another theory is that the outward growth of PEO coatings occurs because the outer
layer expands outwards under a squeezing effect owing to a thickening barrier layer [25]. Further
studies of the PEO mechanism are limited by a lack of understanding of the coating structure.

In this work, PEO coatings were prepared on 1060 aluminum alloy in the silicate-phosphate
electrolyte. The free-standing coating was obtained by the dissolution of substrate using
an electrochemical method. The 3D structure of the PEO coating was analyzed using a field emission
gun SEM (FE-SEM) and energy dispersive spectroscopy (EDS) by layer-by-layer thinning. The 3D
structure of the coating, including the surface, the internal structure, the aluminum/coating interface,
and the fracture cross-section structure, was studied in detail. Based on the above results, a growth
model of PEO coatings is proposed.

2. Materials and Methods

2.1. Materials and PEO Treatment

The 1060 aluminum alloy (99.6% purity) was used as substrate in this experiment. Specimens
with the dimension of 20 mm × 20 mm × 2 mm were polished using silicon-carbide abrasive paper up
to 1000 grit and cleaned with acetone for 5 min.

The PEO process was performed using a direct-current pulsed power supply (WHD-20, Harbin
Institute of Technology, Harbin, China) at a constant current density of 15 A/dm2, a frequency of
500 Hz, and a duty ratio of 60%. Electrolyte, mainly comprised of 8 g/L Na2SiO3·9H2O and 3 g/L
Na5P3O10, was prepared by deionized water and high-purity chemicals. A water-cooling system
was used to maintain an electrolyte temperature below 300 K. The specimens were subjected to PEO
treatment for 5, 15, 45, and 60 min, cleaned ultrasonically in deionized water and dried in warm air.

2.2. Specimen Characterization

The 3D structure of PEO coating, including a surface, an internal structure, an aluminum/coating
interface, and a fracture cross section, was obtained by an electrochemical dissolution method,
a layer-by-layer thinning method, and a cross-cutting method. Among them, the internal structure
was obtained by exfoliating the outer layer using a single scratch tester (WS-2005, Lanzhou Institute of
Chemical Physics, CAS, Lanzhou, China). The scratch tests were made with a diamond indenter (120◦

cone with a tip with a radius of 200 μm) under a loading rate of 50 N/min, a loading range of 0–100 N,
and a scratch length of 10 mm. The free-standing coating was obtained by removing the substrate
using an electrochemical method [13,14]. The specific operation process is as follows: specimens with
PEO coatings were firstly polished from one side to a ~0.5 mm thickness. The specimen was immersed
partly into a 3.5 wt % NaCl solution as the anode and a stainless-steel cell as the cathode, which was
connected with a direct-current power supply with an operating voltage of 15 V. The aluminum had
been dissolved completely when the current decreased to zero. A free-standing coating was obtained,
cleaned in deionized water, and left to dry naturally.

100



Coatings 2018, 8, 105

The surface, internal structure, coating/substrate interface, and fractured cross-sectional
morphologies of the PEO coatings were observed by a field emission gun SEM (FE-SEM, Nova
Nano SEM 450, Thermo Fisher Scientific, Hillsboro, OR, USA). Chemical compositions of the PEO
coatings were analyzed by energy dispersive spectroscopy (EDS, INCA 250, Oxford Instruments,
Oxford, UK) equipped on the FE-SEM system. The high voltage and spot size were set to 15 kV and
3.0, respectively. During EDS semi-quantitative analysis, five measurements were taken randomly,
and the average value was taken. The standardless quantitative analysis and the XPP correction
method were used for the atomic percent calculation of various elements during EDS analysis. For the
elements investigated in this study (O, Al, Si, and P), the total relative uncertainty was estimated to be
±5%. The phase composition of the coatings was analyzed by X-ray diffraction (XRD, D8-Advance,
Bruker, Karlsruhe, Germany) using Cu Kα radiation operated at 40 kV and 40 mA in a range from
10◦ to 80◦ with a step size of 0.02◦. Before XRD analysis, free-standing coatings were obtained using
the electrochemical method and then ground into powder samples using the mortar. The maximum
height difference between the peaks and valleys of the coating was characterized by a 3D digital video
microscope (KH-7700, Hirox Co., Ltd., Tokyo, Japan). The size of the 3D scanning region in this work
was 295 μm × 220 μm. The 3D scanning resolution was 1 μm. The resolution of Z-axis step motor was
0.05 μm/pulse.

3. Results

3.1. Fracture Cross-Sectional Morphology and Chemical Composition of the PEO Coating

Free-standing coatings were obtained by electrochemically dissolving the aluminum substrate in
the NaCl solution. Figure 1 shows the SEM images of the fracture cross-section of the free-standing PEO
coatings and the corresponding EDS results at different treatment times. Figure 1a–d shows that all
aluminum/coating interfaces had a wavy-jagged appearance, which may be a result of discontinuous
oxidation of the aluminum substrate. A dense barrier layer with a relatively constant thickness of
~1 μm existed near the aluminum/coating interface.

In the initial stage (Figure 1a), the coating was compact with a thickness of ~1.2 μm. At 15 min
(Figure 1b), the fracture cross-section displayed a clear longitudinal profile of the strip pores, which
was thought to be the residue of the discharge channels in the PEO process. As shown in Figure 1c,d,
the PEO coating with a three-layer structure was clearly revealed at 45–60 min, and large cavities were
present in the coating. Discontinuous nodules were distributed over the outer surface. The internal
structure was filled with a large number of micropores, and some cracks appeared to traverse the
entire outer-layer thickness.

EDS analysis was conducted to achieve a better understanding of the cross-sectional structure.
As shown in Figure 1e,f, the EDS point analysis (Point 4) revealed that the nodules were rich in Si.
A small amount of Si was also detected at the edge of the cavity (Point 2). Very little P was detected
at Point 2 (Figure 1d), since the oxides containing P were hard to deposit in the coatings [26]. It is
noted that the PEO coatings contain a certain amount of Si and P in addition to aluminum, and these
elements may also combine with oxygen, causing a higher O/Al ratio than expected. Electrolyte
evaporation, condensation, decomposition, and deposition were caused by the heat of the plasma
discharges, which resulted in the incorporation of the electrolyte composition into the PEO coating.

Figure 1g gives the typical EDS mappings corresponding to the cross section of the PEO coating
(Figure 1d). It can be seen that Si was higher in nodules at the surface, suggesting that the silicate
in the electrolyte was prone to be deposited to form Si-rich nodules at the surface of PEO coating.
However, the P mostly distributed around the cavity, showing that the electrolyte had been penetrated
into the cavity during the PEO process. The higher level of P in the inner coating might be related to
the short-circuit transport of electrolyte components through the outer coating, which would be left
inside the coating [27].
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Figure 1. (a–d) SEM images of fracture cross section of PEO coatings formed at (a) 5 min, (b) 15 min,
(c) 45 min, and (d) 60 min. (e,f) The corresponding EDS results to the coating of (c) and (d). (g) Typical
EDS mappings of PEO coatings marked in Figure 1d.

3.2. Surface Morphology and Chemical Composition of PEO Coating

Figure 2 shows the SEM and 3D images at the surface of PEO coatings prepared at various
oxidation times. As shown in Figure 2a–d, a large number of micropores and cracks were present
at the surface of PEO coatings. Moreover, there were two categories for all coating surfaces. One is
a loose nodule, and the other is a molten-shaped product with open or sealed micropores in the
center. The morphology and size of the molten-shaped products changed with the increase in
oxidation time. At 15 min, the molten-shaped products presented as craters with an open pore
in the center. After 45 min, the molten-shaped products looked like pancakes with a sealed pore in the
center. Additionally, 3D images displayed the evolution of the height difference at the coating surface
(Figure 2e–h), indicating that nodules also enlarged during the PEO process.

In the initial stage (5 min), the PEO coating was compact and flat. As shown in Figure 2a,e, many
fine nodules were present at the coating surface, but the molten-shaped product was not obvious.
At 15 min, a large number of striped and sub-circular pores appeared at the PEO coating surface,
and a group of nodules were present around these pores, as shown in Figure 2b. The 3D image
(Figure 2f) also shows many obvious peaks and valleys. However, the surface morphology of the
PEO coatings that formed at 45–60 min was obviously different from that of the thinner coatings.
As shown in Figure 2c,d, pancake-like structures with a central pore were the main feature of these
coatings, while larger nodules were also present. In addition, the height difference at the coating
surface increased slightly as the oxidation increased from 45 to 60 min, which mainly resulted from the
changes in nodules.

102



Coatings 2018, 8, 105

The elemental content of the PEO coatings were investigated by EDS analysis marked in Figure 2,
as presented in Table 1. All coatings were composed of O, Al, and Si. Al in the coatings originated
from the aluminum substrate, whereas Si was from the electrolyte. A small P peak was also detected
(as shown in Figure S1), this phosphorus might result from the residual electrolyte. With the increase
in oxidation time, the surface content of coatings had no obvious change. The EDS result was affected
by the aluminum substrate, because the penetration depth of the X-ray was ~3 μm under the present
conditions. Thus, the aluminum content in the thin coating formed in 5 min was unusually high.

 

Figure 2. (a–d) Surface SEM (back-scattered electron mode) and (e–h) 3D color maps of PEO coatings
formed at (a,e) 5 min, (b,f) 15 min, (c,g) 45 min, and (d,h) 60 min.

Table 1. Surface EDS analysis of PEO coatings formed at different times marked in Figure 2 (at.%).

Coating Location O Al Si P Si/Al P/Al

5 min Spec. 1 55.6 43.2 1.2 – 0.03 –
15 min Spec. 2 62.6 30.9 5.4 1.1 0.17 0.04
45 min Spec. 3 61.8 28.9 8.5 ≤1 0.30 ≤0.03
60 min Spec. 4 62.9 29.2 7.6 ≤1 0.26 ≤0.03

Figure 3 shows the XRD patterns of PEO coatings prepared at different times. Both the powder
sample and PEO coating sample with the substrate formed at 60 min were used for the XRD test.
As shown in Figure 3d,e, the only difference between the two was that the diffraction peak of Al
was present in the coating sample with the substrate. In order to reduce the effect of the aluminum
substrate on the XRD results, free-standing coatings were ground to powders for the XRD tests. During
the initial stages (5–15 min), the major crystalline phase in the coating was γ-Al2O3. The coatings
formed over a longer period (45–60 min) showed a presence of γ-Al2O3, α-Al2O3, and σ-Al2O3.

In addition, the element distribution at the surface of the typical coating (60 min) are shown in
Figure 4. As shown in Figure 4a, the surface of the PEO coating formed at 60 min was dominated by
the compact pancake-like structures that were surrounded by loose nodules. EDS mappings show that
Al and O were present in most regions of the coating, but the distribution of Al in the nodules was
relatively low. Si and P were the main components of the nodules. EDS point analyses (Figure 4f) also
revealed significant difference between the nodules and pancake-like structures.

Based on the above analysis, it can be deduced that the oxidation of aluminum and the deposition
of electrolyte composition contributed to the growth of PEO coatings [28,29] in the silicate-phosphate
electrolyte. The molten-shaped products resulted from the oxidation of aluminum, whereas the nodules
were caused by the deposition of electrolyte compounds. Interestingly, the molten-shaped products
were always surrounded by the nodules. Combined with the EDS and XRD results, the surface
structure of PEO coating could be described as a molten-shaped structure of alumina surrounded by
Si-rich nodules.
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Figure 3. XRD patterns of PEO coating powder samples formed at (a) 5 min, (b) 15 min, (c) 45 min,
and (d) 60 min. (e) XRD pattern of the PEO coating sample with a substrate formed at 60 min.

 

Figure 4. (a) Surface SEM images (secondary electron mode) of the PEO coating formed at 60 min. EDS
mappings of (b) O, (c) Al, (d) Si, and (e) P. (f) Semi-quantitative analysis of element content at different
locations marked in Figure 4a.

3.3. Internal Structure of PEO Coating

The internal structure of PEO coating was observed by exfoliating the outer layer using a single
scratch tester. Figure 5 shows the plan images of the internal structure during different PEO stages.
It can be seen in Figure 5 that the cohesion of the PEO coatings was poor and that spalling occurred on
the edge of the scratch. The internal structure of the coatings was obvious different from the outer
surface. Nodules and pancake-like structures were absent inside the coating. For the coating formed at
5 min (Figure 5a,e), the exposed internal structure was smooth. After 15 min, all the internal structure
showed obvious cracks and submicron pores with the different sizes and shapes.
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Figure 5. (a–d) SEM images (back-scattered electron mode) and (e–h) magnified SEM images of the
internal structure of PEO coatings formed at (a,e) 5 min, (b,f) 15 min, (c,g) 45 min, and (d,h) 60 min.

3.4. Aluminum/Coating Interface Morphology of PEO Coating

To understand the structure evolution of the coatings during the PEO process,
the aluminum/coating interface structures were obtained after the coatings were detached
from the samples. Figure 6 shows the 3D and SEM images of the aluminum/coating interface at
different oxidation times. The structure of the aluminum/coating interface was greatly different from
the outer surface and the internal structure of the PEO coating. The aluminum/coating interface was
irregular and uneven, and appeared as “hill”-like features.

 

Figure 6. (a–d) 3D color maps, (e–h) SEM image, and (i–l) magnified SEM images of aluminum/coating
interface for PEO coatings formed at (a,e,i) 5 min, (b,f,j) 15 min, (c,g,k) 45 min, and (d,h,l) 60 min.
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The 3D images (Figure 6a–d) displayed that the height difference at the aluminum/coating
interface raised as the oxidation time increased. This transformation indicated that the “hills” had
grown with the development of the PEO process. The sites of the hill-like protrusions reflected
the depression locations in the aluminum substrate. Thus, the depth of oxidation of the aluminum
substrate increased with the growth of the coating.

A similarly increasing trend could be observed in the corresponding SEM images shown in
Figure 6e–h. With the increase in oxidation time, the volume of the concave and convex regions at
the interface increased and the boundary became smoother. According to the magnification images in
Figure 6i–l, the aluminum/coating interface structure was more compact than the surface and internal
structure of the PEO coating. The aluminum/coating interface was formed by a high density of cells
within the cluster, and almost no pores or cracks were present. Moreover, the diameter of the cells
always maintained a constant size of ~1 μm with the increase in treatment time, although the volume
of the “hill”-like projections increased.

It can be inferred that the inward growth of the PEO coating was carried out such that
the aluminum transformed into oxide in many valley-shaped pools as oxidation time increased.
Both Figures 1 and 6 indicate that the aluminum/coating interface was a dense layer composed of
many small cells within clusters embedded into the aluminum substrate.

4. Discussion

4.1. The Formation Process for 3D Structures of PEO Coating

The surface morphologies of the PEO coatings (Figure 2) demonstrate that numerous nodules
surrounding the molten-shaped products were the main feature of the coating surface. The EDS results
(Figures 1e,f and 4) confirmed that nodules were Si-rich products of electrolyte deposits and that
the molten-shaped products were mainly oxides of the substrate. The different morphologies and
components at the surface were ascribed to various kinds of discharges in the integrated discharge
model [30–32]. Additionally, a ~1 μm barrier layer that consists of dense cells was present at the
aluminum/coating interface. Hill-like protrusions at the aluminum/coating interface enlarged
over time. According to the surface and the aluminum/coating interface, it can be deduced that
molten zones were present around the plasma discharge channels due to the high temperature
(~16000 ± 3500 K [33]). The molten zone was considered to be the basic unit for the formation of
the coating.

Figure 7 gives a schematic diagram of the discharge at the molten zone of local coating. When the
discharge occurred, the aluminum was melted and reacted with oxygen.

Al → Al3+ + e (1)

2Al3+ + 3O2− → Al2O3 (2)

The aluminum/coating interface was an important cooling region because of the extremely
high thermal conductivity (~230 W·m−1·K−1 [34]) of the aluminum substrate. The region of the
molten zone near the aluminum rapidly solidified and formed a hill-like protrusion, as shown in
Figure 7a. A part of the molten products was ejected along the discharge channel to the coating surface.
The coating/electrolyte interface acted as a vital cooling region, and the molten products rapidly
solidified. A molten-shaped product structure formed at the coating surface.

At local high temperatures of the discharges, electrolyte will evaporate, concentrate, transform,
and deposit at the coating surface to form nodules consisting of electrolyte constituents [8].
Thus, nodules rich in Si elements formed around the molten-shaped products.

In general, the following transformation process takes place.

H2O + SiO3
2− → SiO2 + 2OH− (3)
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This analysis is confirmed by Figures 2 and 4, which show that most nodules were distributed
around the molten zones and contained higher levels of Si.

 

Figure 7. A schematic diagram of the discharge at the molten zone of local coating: (a) molten zone;
(b) 3D structure.

Plasma discharges occurred repeatedly near the cooling region. The previously formed nodules
would be broken again and incorporated into the molten products. Thus, a fresh molten-shaped
product was formed after the molten zone cooling. A molten-shaped product structure of alumina
surrounded by the nodules containing some electrolyte constituents was finally produced. The molten
zone was generally considered to be a closed system during the cooling process. The escape of a large
amount of gas was impeded, and numerous closed holes were enclosed inside the coating.

4.2. Growth Model of PEO Coating

In general, mechanisms such as “dielectric breakdown”, “discharge-in-pore”, and “contact glow
discharge electrolysis” were the mainstream views about the plasma discharges during the PEO
process [35]. Various growth models were proposed based on these mechanisms to describe the
formation of the PEO coating [30–32,36]. These models illustrated the origins of plasma discharges and
the relationship between discharges and coating structure. However, the aluminum/coating interface
and the correlations between the growth mechanism and the 3D structure were not considered in
these models. Many studies have shown that the discharges become more powerful and extend as the
coating thickens [30,37]. Therefore, the molten zones caused by discharges will also enlarge and last
longer as the coating thickens.

According to the surface and aluminum/coating interface morphologies (Figures 2 and 6),
the molten-shaped products, the nodules at the surface, and the hill-like structures at the
aluminum/coating interface tended to decrease in number and increase in size as the coating thickened.
Since the molten zones were the main routes by which a new coating was formed at local regions,
continuous changes and overlaps of the molten zones would lead to the evolution of the coating
structure. Based on the above results, a growth model is here proposed to explain the correlations
between the molten zones and 3D structure evolution during the PEO process.
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Figure 8 provides the growth model of the PEO coating. The formation of a dielectric film on the
surface of the sample was a necessary condition for the plasma discharge. The dielectric film would be
damaged once plasma discharge occurred.

In the early stage (5 min), as the discharges were weak, the previously formed anodic film had
not been significantly damaged. The major crystalline phase in the coating was γ-Al2O3. The height
difference of the aluminum/coating interface was lower, as demonstrated by the weak hill-like features.
At this stage, obvious porosity defects were difficult to find, because the gas could easily escape from
the molten zone, as shown in Figure 8a.

With the increase in oxidation time, a thin and dense barrier layer near the coating/substrate
interface was clearly visible in the coating formed at 15 min (Figures 1b, 6f, and 7j). The higher height
difference of the aluminum/coating interface (Figure 6b) suggested an increased depth of the oxidation
of the aluminum substrate. The larger nodules at the surface (Figure 2b) indicated an increased area
and a longer duration of the molten zone, which was caused by a stronger discharge. Additionally,
as shown in Figures 1b and 2b, trench-like open pores were present in the center of the molten-shaped
products, which was very common and usually appeared in the thinner PEO coatings on Al [38],
Mg [31], and Ti [6]. A reasonable explanation for the open pores was that the amount of molten
products was insufficient to complement the plasma discharge channels in the cooling process. Now,
the model of the PEO coating and discharge was shown in Figure 8b. At this stage, the molten-shaped
product presented a “crater”-like morphology with an open pore in the center.

As the oxidation time increased, the dielectric breakdown of the thicker coating became difficult,
and the discharge events appeared to be more powerful. Longer cooling periods might occur in this
situation, and there is a strong tendency for discharges in the cascade [33]. It was reasonable to consider
that the long-lasting molten zones were easier to form in the later stages. As oxidation time increased,
the coating tended to form more high temperature phases of α-Al2O3 and σ-Al2O3. Consequently,
the larger pancake-like structures with closed center pores formed on the coating over 45 min, and the
hill-like protrusions at the aluminum/coating interface were further enlarged. Figure 8c,d illustrates
the model of these coatings.

 

Figure 8. A growth and 3D structure model of the PEO coating at different stages: (a) breakdown
of dielectric film under plasma discharges; (b) formation of PEO coating with open pores; (c) initial
formation of three-layer structure; and (d) further evolution of three-layer structure.
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It has been proven that excessive gas is released during discharge [39] and that gas might be
generated near the substrate/coating interface [9,15]. In this work, cracks or pores would form
when high-pressure gases escaped from the molten zone. Many gas bubbles could not escape in
time, which left the closed, spherical pores outside the coating. The volume shrinkage during the
solidification of the molten regions and the gas expansion left large cavities near the substrate/coating
interface. Different discharges occurred repeatedly at adjacent locations, which caused an overlap
of molten zones, implying in turn that channels, cracks, and large cavities formed in the coating.
Thus, a fine, interconnected porosity network structure was formed in the PEO coating. The porosity
network caused the electrolyte to penetrate into the large cavities, and a secondary coating/electrolyte
interface formed inside the coating. Further discharges were likely to initiate at the base of the cavities,
so a thinner, finely porous inner-layer coating was formed, as shown in Figure 2c,d. As the coating
grew, the thickness of the inner-layer continuously increased. It can be inferred that a series of reactions
(evaporation, dehydration, and deposition) occurred in the large cavities. Thus, a higher proportion of
electrolyte species was present at the edges of large cavities (Figure 1e,f).

5. Conclusions

The 3D structure of a PEO coating on aluminium, including the surface, the internal structure,
the aluminum/coating interface, and the fracture cross-section morphology, was obtained. The PEO
coating surface can be described as molten-shaped products of alumina surrounded by Si-rich nodules.
A barrier layer consisting of clustered cells was present at the aluminum/coating interface. The PEO
coating gradually evolved into a distinct three-layer structure as the coating thickened, including
a barrier layer, an inner layer with enclosed pores, and an outer layer with a rough surface. Interestingly,
obvious cavities appeared between the inner and outer layers in the thicker coatings.

PEO coatings were grown via the oxidation of aluminum and the deposition of electrolyte
compounds. The oxidation of aluminum resulted in a crater- or pancake-like molten-shaped product,
whereas the deposition of electrolyte compounds usually formed nodules at the coating surface.

During the PEO process, molten zones were formed around the plasma discharges. The thickening
of the coating mainly depended on the forming, closing, and repeated movement of molten zones.
The uneven cooling rates around the molten zones resulted in a distinction between the coating
surface and the aluminum/coating interface structure. At different discharge periods, the intensity
and duration of discharges determined the volume and lifetime of the molten zones, which resulted in
various 3D microstructures of the PEO coating.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-6412/8/3/105/s1,
Figure S1: the EDS spectrum of PEO coating formed at 60 min.
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Abstract: The distribution and chemical composition of inorganic components of a corrosion-inhibiting
primer based on polyurethane is determined using a range of characterisation techniques. The primer
consists of a Li2CO3 inhibitor phase, along with other inorganic phases including TiO2, BaSO4

and Mg-(hydr)oxide. The characterisation techniques included particle induced X-ray and γ-ray
emission spectroscopies (PIXE and PIGE, respectively) on a nuclear microprobe, as well as SEM/EDS
hyperspectral mapping. Of the techniques used, only PIGE was able to directly map the Li
distribution, although the distribution of Li2CO3 particles could be inferred from SEM through
using backscatter contrast and EDS. Characterisation was also performed on a primer coating that
had undergone leaching in a neutral salt spray test for 500 h. Overall, it was found that Li2CO3

leaching resulted in a uniform depletion zone near the surface, but also much deeper local depletion,
which is thought to be due to the dissolution of clusters of Li2CO3 particles that were connected to
the external surface/electrolyte interface.

Keywords: primer; Li-inhibited; AA2024; polyurethane; SEM; EDS; PIXE; PIGE; leaching; pigments

1. Introduction

Over recent decades, there has been a widespread search for alternatives to chromate inhibitors
in paints for many applications where corrosion is a threat to aesthetic and structural quality. Many
new inhibitor systems have been the subject of extensive research, including rare earths [1–14],
vanadates [15,16], organic compounds [17–23], sacrificial particles or functional properties in
coatings [24–28], double-layered hydroxides containing inhibitors [29–41] and, in many cases,
combinations of these. The search for alternatives is probably most intense for aerospace applications,
where chromate inhibitors have been the mainstay of corrosion prevention for many decades. This is
because chromate has a proven performance, particularly in the parts of aerostructures that are difficult
to access, where many years may pass between inspections. It is in these applications that chromate
has demonstrated its reliability [42].

Recently, Visser et al. reported on the promising potential of Li-based inhibitors as chromate
replacements for application to aluminium alloys used in the aerospace industry [43]. The successful
inhibition of Al, exposed at defects through a primer by Li inhibitors, was proposed to be due to
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the formation of a hydrated aluminium oxide incorporating Li [44–46]. The source of the Li was
from Li2CO3 particles added as a leachable inhibitor to the paint system. The successful application
of Li-based inhibitors in coatings, however, requires a detailed knowledge of how to incorporate
the inhibitor into a primer formulation, as well as an understanding of the mechanism of leaching.
Thus, detailed characterisation of the coating in the as-formulated state, as well as after exposure to
conditions where inhibitor leaching occurs, is required.

The objective of this work is to characterise a polyurethane primer, particularly its inorganic
components (Li2CO3 inhibitor, TiO2, BaSO4 and Mg-(hydr)oxide) in the as-formulated state, as well
as after neutral salt spray (NSS) exposure. Comparing the primer without NSS exposure to that
after NSS exposure will provide important insights into changes in the primer chemistry, including
changes to the inorganic components, particularly the Li2CO3 inhibitor, resulting from NSS exposure.
From a characterisation perspective, Li is one of the more difficult elements to detect in the periodic
table. This is due both to the small number of electrons as well as the low interaction cross section
for techniques based on electron or photon interaction. On the other hand, the Li nucleus has a
relatively high cross section for proton interaction (depending on the proton energy) resulting in γ-ray
emission. The method that utilises this interaction is called particle-induced γ-ray emission (PIGE),
and a preceding paper on the application of this technique on the Li2CO3-loaded primer studied here
has recently been reported [47]. Both PIGE and X-ray emission (PIXE) occur using proton beams, with
the X-ray emission resulting from the same transitions as can be seen using energy-dispersive X-ray
spectroscopy, but with proton excitation rather than electron excitation. The use of these techniques
is not widespread in the corrosion and coatings communities, since nuclear microprobes using MeV
ion beams from particle accelerators are rare compared to standard instruments available to research
and industry. However, PIXE has been used for corrosion studies [48,49], as well as studies into
inhibitor depletion at defects in coatings [50]. In this study, PIGE, supported by PIXE and SEM/EDS
has been used to characterise the inorganic components of the primer system, including the Li2CO3,
Mg-(hydr)oxides, BaSO4 and TiO2 particles. Of course, after NSS, the focus is on the change in the Li
distribution, since this is the leachable component of the system.

2. Experimental

2.1. Materials and Sample Preparation

The primer (coating) was a high-solids formulation based on a polyurethane resin with polyisocynate
crosslinker, and formulated to a pigment volume concentration (PVC) of 30%, as described
elsewhere [43]. The inorganic pigments included Li2CO3, Mg-(hydr)oxide and BaSO4 fillers and
TiO2. Trace element analyses of the various inorganic components of the paint indicated that the BaSO4

contained 0.9%m/m Sr, and small amounts of Si, Ca, Al and Ti. The MgO contained 1500–1900 ppm by
weight of Ca, 400–700 ppm by weight K and lesser amounts of other elements (Table 1). The Li2CO3

contained alkali metals (Na, K) in the range 400–800 ppm by weight. Particle size distributions
for these additives were determined by dispersing in a solvent, which was methylethylketone for
Mg-(hydr)oxide, TiO2 and Li2CO3, where water was used for the BaSO4. The BaSO4 particles had
the largest particles (up to 50 μm) and the largest spread in particles size. The TiO2 particles were the
smallest (up to 14 μm) and slightly smaller than the Mg-(hydr)oxide. The Li2CO3 had the largest size
at the lowest end of the distribution and ranged up to 18 μm.

AA2024-T3 was used as a substrate for coating; typical breakdown for this alloy is reported
elsewhere [51]. The AA2024-T3 was prepared by standard anodising according to aerospace
requirements (AIPI 02-01-003) at Premium AEROTEC, Bremen Germany. This included the following
steps: degrease, alkaline clean, acid desmutting followed by anodising in tartaric-sulphuric acid
to produce a 2–3 μm thick oxide layer. Subsequently, the primer was applied by spraying using
a high-volume, low-pressure (HVLP) spray gun in a single pass to achieve a dry film thickness of
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approximately 30 μm. In practice, the coating was typically 30 to 40 μm. Finally, the primer was cured
for 16 h at 23 ◦C/55% RH, followed by a 30 min baking cycle at 80 ◦C.

Table 1. Chemical composition of inorganic additives used in this study.

Element Li2CO3 (mg/kg) TiO2 (%m/m) MgO (mg/kg) BaSO4 (%m/m)

Al 5 1.4 70–77 0.1
Ca 91–98 – 1500–1900 0.1
Na 660–810 – 180–210 0.4
Ba 2 – 2–5 res
Si – – – 0.4
Sr – – – 0.9
Ti – – – 0.1
Zr – 0.4 – –
Fe 2 – 73–78 –
Mn – – 13–15 –
Ni – – 5–6 –
K 400–700 – 200–300 –

Mg 39–40 – – 1

2.2. NSS Exposure

The primer was exposed to neutral salt spray (NSS) for 500 h in a test chamber operated according
to ASTM B117 [52].

2.3. Particle Induced Υ (PIGE) and X-ray Emission (PIXE)

PIXE and PIGE were performed on the CSIRO beamline attached to a pelletron at the University
of Melbourne [53]. Three MeV protons were focussed at the target plane to around 2 μm using a
separated quintuplet lens designed for optimal balance between high spatial resolution and maximum
beam current. For this work, beam currents were typically in the 0.5–1.0 nA range. A large area Ge(Li)
γ-ray detector was placed approximately 5 mm directly behind the sample for a maximum acceptance
solid angle. A LiF crystal and pure Al were used for the calibration of the γ-ray detector energy
axis. For PIXE, the 100 mm2 Ge(Li) detector was mounted at 45◦ to the incident proton beam, and
around 3 to 4 mm from the sample. A 100 μm thick pure Al filter was placed in front of the detector to
accommodate trace level heavy element detection limits. Scan areas chosen for analysis varied, but
generally ranged from 10 to 50 μm × 200 μm. The analysis depth was approximately 10–20 μm for
both methods. A schematic for data collection using MicroDAQ [54] is presented in Figure 1. For data
collection, the sample is moved in a grid of points under the proton beam. At each point, PIGE and
PIXE spectra were collected, forming a pixel in a map and making a hyperspectral data set.

After collection, further data analysis was performed using GeoPIXE [55] where regions of
interest (ROI) such as the primer, aluminium alloy or depletion zones were examined in more detail by
extracting spectra from each of these ROIs. Both the Li 429 and 478 keV lines were considered for PIGE
Li analysis, but only the 429 keV peak was employed due to its greater surface sensitivity [47]. In this
case, inelastic proton scattering from the nucleus (written 7Li(p, p’, γ) generates a clear 429 keV γ-ray
signature, making PIGE an excellent technique for following changes in the Li distribution, since Li
comes only from the primer in this study [56]. For PIXE, the signature K and L-series X-ray emission
lines were used for element identification.
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Figure 1. (a) Flowchart and schematic representation of the collection and analysis of X-ray emission
(PIXE) and γ-ray emission (PIGE) data. The sample is scanned under the beam, and at each step a pixel
is generated containing a PIGE and PIXE spectrum, thus forming a hyperspectral dataset; (b) After the
end of the data collection, a total spectrum for the sample must be analysed to extract the regions of
interest (ROI), from which quantitative analysis can be performed if standards have been collected.
Examples of maps, ROI in plan view and PIGE and PIXE spectra from the green region within the
primer; (c) Samples can be examined in section or plan view, depending on how they are mounted.

2.4. Scanning Electron Microscopy

Scanning electron microscopy was performed on a FEI Quanta 400 field emission, environmental
SEM (ESEM) under high vacuum conditions. The samples were examined in a number of configurations.
All samples were coated with around 200 Å of carbon. Samples examined in sections were first cut
using sheet metal cutters, mounted in conducting bakerlite ground, and then polished. Grinding
started with SiC papers (320 through to 2400 SiC), followed by polishing on diamond (8, 3, 1, 0.25 μm)
under a non-aqueous medium. Secondary electron and backscattered electron imaging were performed
using beam energies of 10 kV, and probe currents of approximately 140–145 pA. Some additional
imaging was performed at higher energies to obtain information on subsurface particles, as described
in the Results section. Quantmaps were generated using standardless approaches; however, the
quantmaps were only used to separate the overlapping signals of the Ti K-series lines from the Ba
L-series lines by curve fitting rather than for quantitative analysis.

3. Results

The results section of this paper is divided into the characterisation of the inorganic components
in a polyurethane coating without exposure to NSS and after 500 h NSS exposure. Of particular interest
is the Li distribution in the coating, since this is the active inhibitor component that is expected to leach
out of the coating during NSS exposure.
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3.1. Characterisation of the Primer Prior to Leaching

3.1.1. SEM/EDS

Figure 2 gives an overview of a section through the primer. In this section, the primer had a
thickness in the vicinity of 35 ± 5 μm, contained a high level of solids and was applied to an anodised
layer that was around 2–3 μm, as described in the Experimental section. The primer itself had a high
level of inorganics (PVC was approximately 30%), which is reflected in the high density of particles in
Figure 2. The brightest particles in the backscatter image are BaSO4, which are the easiest inorganic
components to identify. They are generally angular with a range of sizes (slightly less than 1 μm to
over 10 μm, which is consistent with around 90% of the particle sizes for this additive (Table 2)), and
an aspect ratio slightly larger than one (Figure 3b). There were another group of particles with very
little contrast difference from the polyurethane containing Mg, which were assumed to be a mixture
of Magnesium oxides and hydroxides, and will be referred to as Mg-(hydr)oxide in the rest of the
paper. In many instances, they appeared to have a layered structure where the layers had a thickness
typically 250 nm and lengths with a minimum size of around 1 μm, and typically 5–10 μm (Figure 3c),
which was again consistent with the particle size distribution determined from the dispersed particles
(Table 2). Mg-(hydr)oxide particles without this structure were assumed to be rotated so that the layers
were viewed from the top (Figure 3a). The TiO2 was not easily distinguished on the basis of backscatter
contrast, as it was similar to the smaller particles of BaSO4. Finally, there are dark particles (indicated in
Figure 3a) in the film that show C and O peaks, but no significant levels of Ba (from BaSO4), Mg (from
Mg(hydr)oxide) or Ti (from TiO2), implying that they are probably the Li2CO3 particles (Li cannot
be detected in standard EDS). The sizes of these particles were similar to those of the free particle
size distribution for the Li2CO3 particles (Table 2). This last category of particles has similar greyscale
contrast to voids in the coating, making it difficult to distinguish the two without closer examination.

Figure 2. Backscattered electron images of sections of the primer prior to exposure to NSS. The mounting
medium is at the top of the image, the primer is in the centre, and the AA2024-T3 is at the bottom of
all images.

Table 2. Inorganic additive size distribution presented as the percentage of particles at a particular size
in microns.

Additive 10% 50% 90% 99%

MgO 3.91 8.48 14.58 20.23
Li2CO3 4.78 8.87 13.44 18.26

TiO2 3.22 5.64 8.84 13.94
BaSO4 3.82 6.48 10.19 49.68

Positive identification of each of the inorganic phases using EDS alone is not straightforward.
The inorganic particles sizes ranged from less than a micron up to 10 μm for larger particles, which
meant that only the large particles could be sampled using EDS, with some certainty that interaction
volume effects had been minimised. This can be seen in their respective spectra, where each type
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of particle typically contains some signal from other particles due to the interaction volume effect
(Figure 4). This effect is largest for the smallest particles, which are the TiO2 particles. Compositions
(expressed as ratios of major elements) for the larger BaSO4 and Mg-(hydr)oxide particles are presented
in Table 3. The analyses indicate for BaSO4 that the composition is close to stoichiometric, with perhaps
a small underestimation of O. For Mg-(hydroxyl)oxide, the data indicates a mixture of MgO and
Mg(OH)2. Only C and O were detected in any significant amount for the particles thought to be
Li2CO3, but, given that the samples were carbon-coated prior to analysis, it was not possible to
conclude anything definitive from the quantitative analyses of these particles. It was not possible to
determine the composition of the TiO2 particles because of their small size (Figure 3d). This was not
just due to the sampling volume containing some of the polymer matrix, but it might also contain
other subsurface inorganic particles (see Appendix A).

Figure 3. Examples of inorganic particles that make up the sample configurations for measuring
Li depletion. Examples of (a) MgO and Li2CO3 partticles, (b) BaSO4 particles, (c) Mg-containing
particles and (d) mixed TiO2 and BaSO4 particles. The dark areas spots show where point analyses
have been performed.

Figure 4. Typical X-ray spectra for the different inorganic components of the primer system. The arrows
either point to that indicated the elements positions or sit above them. It can be seen that for each
compound, there is some level of “contamination” due to sampling volume effects or small particles.
This is most evident for the small TiO2 particles that show significant Mg levels as well as S, Ba and a
little Al.

118



Coatings 2017, 7, 106

Table 3. Composition (at %) from EDS analysis of inorganic particles in the primer. Each datum is an
average of five determination on large particles. (Data overaged over four analyses).

Particle Type No NSS 500 h NSS

BaSO4 (Ba:S:O) 1.00:1.04 ± 0.05:3.89 ± 0.71 1.00:0.98 ± 0.01:3.51 ± 0.26
Mg-(hydr)oxide (Mg:O) 1.00:1.64 ± 0.11 1.00:0.93 ± 0.15

Li2CO3 (O:C) 1.72 ± 0.21 2.02 ± 0.32

Therefore, as discussed in the appendix, quantitative mapping derived from standardless
fitting of the EDS spectra from hyperspectral data was used to generate elemental maps (Figure 5).
The backscatter electron contrast shows several different types of particles in the primer cross section
in Figure 5a, and the phases are identified in Figure 5b, which is a four-colour map of O (red) Mg (blue),
Ba (green) and S (yellow). Figure 5c shows the Ti-containing particles (pink), the BaSO4 particles, and
highlights the Mg-(hydr)oxide particles. In both Figure 5c,d, there are particles containing O, but none
of Ti, Mg or Ba; these particles are attributed to Li2CO3. Figure 5a–d all show an oxide at the interface,
which is the anodised coating. S was detected in this layer, presumably due to the incorporation of
SO4

2− ions from the anodising process (Figure 5c) [57].

Figure 5. EDS mapping results for sample without exposure to neutral salt spray (NSS). (a) Backscattered
electron image and maps derived from quantitative analysis, and composite maps for (b) O-Mg-Ba-S
with phase labelling (c) O-Mg-Ti, (d) O-Ba-S and (e) Cl-Ti map. (N.B. colour mixing is not the same as
three-colour mixing). The Li2CO3 was assigned on the basis that only O and C were detected at any
significant levels. The arrow tip in (e) indicates where a very low amount of chlorine was detected.

From Figure 5c, it can be seen that there was a homogeneous distribution of Mg-(hydr)oxide
particles in the coating, with larger particles appearing to be randomly distributed throughout the
coating. The smaller Mg-(hydr)oxide particles also appear homogenously distributed within the
coating. Similarly, Figure 5c suggests a homogeneous distribution of TiO2 particles. The large BaSO4

particles tend to be present as small clusters of two or three particles, which are randomly distributed
throughout the coating, whereas the smaller BaSO4 particles appear more evenly distributed. Finally,
Figure 5e is a map showing the Ti and Cl distribution. There is only one region where a very small
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Cl signal was detected (in the vicinity of the tip of the white arrow in Figure 5e at the periphery of a
BaSO4 particle). The rest of the contrast is due to the presence of Ti. This image is included for later
comparison with the samples that had undergone 500 h exposure to NSS, and is discussed later.

3.1.2. PIXE/PIGE

As reported in the experimental section for the PIXE and PIGE, data analysis begins with the
summed spectrum for the complete mapped region. In PIXE, maps are generated by fitting the X-ray
spectrum, removing the background, and mapping the net counts under the peaks for the elements
of interest. In PIGE, elemental maps were generated by determining the net counts under respective
peaks after a local linear background subtraction.

A typical X-ray spectrum (PIXE) extracted for the primer is presented in Figure 6a. The position
of the X-ray peaks are the same as in normal EDS, since they involve normal K- and L-series lines;
however, the lines are generated by proton interaction rather than electron interaction as in normal
EDS. The PIXE spectrum of the AA2024-T3 is shown in Figure 6b. In the spectrum from the primer
(Figure 6a), the major peaks are Ti, Ba, Fe, Cu, Zn and Zr. Since the primer includes additives such as
TiO2, BaSO4 (and SrSO4 as impurity) and Li2CO3, the Ti, Sr and Ba peaks can be attributed to these
species. The Zr may arise from a coating applied to the TiO2, since Al and Zr compounds are used
to stabilise the TiO2 particles (Table 1). While the Ba and Ti signals overlap in EDS spectra and maps
from the SEM, this effect is considerably reduced in PIXE, because the Ba Kα lines dictate the intensity
in the Ba Lα lines in the 5.0–7.5 keV region of the spectrum. Thus, there is only a small residual signal
of Ba in the Ti map arising from residual fitting errors.
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Figure 6. PIXE (X-ray) spectra of the (a) primer and (b) AA2024-T3. Corresponding PIGE (γ-ray)
spectra of the (c) primer and (d) AA2024-T3. The red lines in (a) and (b) are the fitted curves to the
spectra. The dashed lines in (a) and (b) are backgrounds used in the fitting.

Individual PIGE spectra for the primer and the AA2024-T3 can be extracted from the maps, and
typical examples are shown in Figure 6c,d, respectively. The Υ-ray spectrum (PIGE) shows Li (peak
positions), Al and Mg. Peaks labelled “back” arise from laboratory background signals and are not part
of the sample. The Li peak at 429 keV was used for the determination of the Li distribution. For the
AA2024, Figure 6d only shows the Al and Mg signals.
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The combined PIXE and PIGE maps for a region of a sample prior to leaching is shown in Figure 7.
The Li, Ba, Sr and Ti maps clearly show that these elements are present in the coating. Sr is an impurity
in the BaSO4, and is probably present as SrSO4 (Table 1). It should be pointed out that some of these
elements are present in very low levels, and it is only through the sensitivity of PIXE that they are
detected at all.

Figure 7. Combined PIXE and PIGE maps for a sample that has not been exposed to NSS. The PIGE
maps (Li-PIGE and Al-PIGE) are labelled as such, and the rest are PIXE maps. The schematic on the
top shows the sample configuration and indicates the direction and interface from which leaching has
occurred. The colour scale is thermal, with warm colours representing higher concentrations.

With respect to the AA2024-T3, the PIXE spectrum of the AA2024-T3 substrate (Figure 6b) shows
Al, Cu, Mn, Fe, Zn, Ga and Zr. The Zr may be an additive used in the formation of ZrAl3 used for
grain refining [58]. Cu and Mn were detected both in the matrix and constituent IM particles, and Fe
only in the constituent particles [59–67]. The presence of Cu and Mn in the matrix can be explained
by a small but significant solubility of Cu in Al, as well as Cu and Mn being present in a number of
IM particles (hardening precipitates (Cu) and dispersoids (Al20Mn3Cu2)), which are much smaller
than the resolution of the technique [68]. Elements such as Ga have been reported before when using
Rutherford Backscattering spectroscopy (RBS) to examine aluminium alloys [69]. In some Al-alloys, Zn
is used for precipitate hardening using the η-phase (Zn2Mg) in 7xxx series alloys [70] but, again, it is
not expected as an alloy addition here, even though Zn is detected in the AA2024-T3 sheet product [60].
In this study, it is associated with Cu-containing constituent particles, and may be present as an
impurity from a mixed stock starting material used to manufacture the AA2024.

Figure 8 shows three-colour maps of the primer region, where Li is in red and Ba is in blue for all
these maps, and green reflects the changing element. The Li-Cu-Ba map indicates the distribution of
the Li2CO3 (red) and BaSO4 (green) particle distributions within the primer, and the Cu (green) reveals
relationship of the primer to the AA2024-T3 substrate. The dark band separating the AA2024-T3 from
the primer in the Cu map coincides with a purple strip in the Al map on top of the metal. In the middle
and top maps, blue is the anodised layer. In the Li-Sr-Ba map, Ba-containing particles are light blue,
indicating a mixing of the colours associated with the Sr (green) with the Ba (blue), which confirms the
presence of SrSO4 in the BaSO4. From these maps, it is clear that there are regions that are rich and
poor in Li2CO3 particles. These regions can be as deep as the coating itself (e.g., point A in Figure 8a)
and 20–30 μm wide. There was no suggestion of layering in these maps.
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Figure 8. Three-colour maps. (a) Li-Cu-Ba, (b) Li-Ti-Ba and (c) Li-Sr-Ba. In all cases, the Li is red, the
barium is blue, the middle element is green; i.e., green changes from top to bottom as Cu, Ti and Sr.

3.2. NSS Exposure and Li Depletion in the Primer

3.2.1. SEM/EDS

As can be seen from Figure 9, exposure to NSS for 500 h resulted in the generation of voids in the
primer, which is assumed to be due to the loss of Li2CO3 particles. At low magnification, it is difficult
to determine the depth of depletion due to the contrast similarity between the Li2CO3 particles and
voids created by their dissolution. On closer examination of individual sites, however, it was clear
that the depth of Li2CO3 depletion varied considerably from place to place along the section of the
primer. In some places, the removal of Li2CO3 particles was from quite deep into the primer to near the
metal/primer interface. Examples in Figure 9a shows the presence of voids due to partial/complete
dissolution of particles, and is magnified in Figure 9c. These voids appear approximately halfway
through the depth of the coating. Figure 9d shows the development of interfacial voids between
the Li2CO3 particles and the polyurethane matrix, in this instance near the primer/anodised/metal
interface. Moreover, channels were often observed at the base of some of these voids, suggesting
that they are not isolated, but connected to other voids. The delamination between the inhibitor
particles and the polyurethane indicates the possible development of further transport networks
within the coating system, as well as changes in chemistry at the interface between these particles and
the polyurethane.

Figure 10a shows a backscatter image of a section of the primer with the various inorganic
additives as discussed above. The quantitative maps in Figure 10b and c show that there is an absence
of large particles near the surface, which only have an oxygen (and carbon) signal and inferred to be
Li2CO3. The Mg-(hydr)oxide, TiO2 and BaSO4 distributions appear to be similar to those of the primer
without NSS. However, the quantitative analyses show that S and O decrease after NSS exposure
of the BaSO4, perhaps suggesting a loss of sulphate ions (the loss of S is roughly 25% the reduction
of O) (Table 2). The Mg-(hydr)oxide data shows that the Mg:O ratio has decreased from 1:1.6 to 1:1,
suggesting that a mixture of MgO and Mg(OH)2, present prior to NSS, may have been transformed to
MgO after NSS exposure. The origin of this transformation is unclear, since MgO is more soluble than
Mg(OH)2 under a range of conditions [70], and it would be expected that exposure to the electrolyte
would result in an increase in the hydroxide. Lastly, it is worth noting that Cl was detected in the
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coating after NSS exposure, whereas it was not detected prior to NSS (Figure 11). In the sample after
NSS exposure, the chloride appeared to be confined to the polyurethane and was not in either the
voids left by the dissolution of the Li2CO3 particles or delamination around them (Figure 11). As,
an example the spectrum from the region indicated by the circle in Figure 10a is shown in Figure 11.
The implications of these results will be discussed in more detail below.

Figure 9. (a) Secondary and (b) backscattered electron images of voids resulting from the dissolution
of Li2CO3 inhibitor particles after 500 h NSS exposure; (c) Magnification of (b); (d) Interfacial voids
between the primer and the Li2CO3 inhibitor particles deep in the primer near the primer/anodised
layer interface. Dashed box in (a) indicates the region in (c).

Figure 10. EDS mapping results for sample with 500 h exposure to NSS. (a) Backscattered electron
image and maps derived from quantitative analysis and composite maps for (b) O-Mg-Ba-S with
phase labelling (c) O-Mg-Ti, (d) O-S-Ba and (e) Na-Ti-Cl map. (N.B. colour mixing is not the same as
three-colour mixing).
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Figure 11. Sample spectra from X-sections of the polyurethane coatings without exposure to (from
Figure 5) and 500 h exposure to NSS (Figure 10), respectively. The points from which the spectra have
been taken are indicated in each figure by the dashed circle.

3.2.2. PIXE/PIGE

PIXE and PIGE maps are presented in Figure 12 for Li, Sr and Ba sections of the samples prior
to NSS and after 500 h NSS. The PIGE results represent an average over approximately 60 μm depth
perpendicular to the X-section of the coating, and thus the average over several particle diameters.
The maps show that Li is locally concentrated into small regions typically 2–10 μm in size, reflecting
the particle size distribution. There is also some suggestion that these features are themselves
interconnected, since the smaller features tend to form larger extended structures, suggesting the
presence of clusters of Li2CO3 particles [71]. In the sample that has not been exposed to NSS, there is a
clean boundary between the primer and the mounting medium. After 500 h NSS exposure, there is a
zone completely depleted of Li2CO3 particles in the surface of the primer, as determined by comparing
the Li distribution with the Ba distribution, and indicated by the parallel white lines. The depth of this
depleted zone is 11 ± 8 μm (Table 4). However, there are also regions where there is a local, selective
removal of individual particles or clusters of particles of Li2CO3 that penetrate much deeper into the
coating. While this cannot be directly confirmed from the PIXE/PIGE, since the Li2CO3 distribution
prior to NSS exposure is unknown for any particular region, the SEM clearly shows voids quite deep
within the coating, suggesting selective dissolution paths (Figure 9).

Figure 12. Three-colour maps of sections of the coating prior to NSS exposure and after 500 h exposure
to NSS. These maps are combined PIGE (Li–Red) and PIXE, (Sr in Blue and Ba in green). Three colour
elemental maps for Li-Cu-Ba (a) without NSS exposure and (b) after 500 h NSS exposure.
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3.3. Measurement of Li-Depletion

The above data show that Li depletion manifests itself in several separate ways, meaning that
there isn’t a single metric to describe it. Thus, the depletion depth needs to be determined by inference
from the different types of data collected here. In this section, three different approaches to measuring
depletion depth are presented.

The first method is based on elemental line profiles across the coating using traverse profiles by
analysis of the PIXE/PIGE data as displayed in Figure 13. These are constructed by first choosing a
region for the profile, as shown by the green box in Figure 13a. The average counts along a number
of lines (e.g., the red line) at fixed spacing are then determined to produce a point (red point) in the
line profile. Thus integrated elemental profiles for Ti, Ba, Li and Al across sections of the primer are
generated and presented in Figure 13b for the sample without exposure to NSS and that exposed for
500 h (Figure 13c). In this case, Ba and Ti profiles were used as indicators of the coating thickness
based on the assumption that their distributions were unaffected by NSS exposure. (The thicknesses
determined using the Ti maps tended to be slightly larger than those determined from the Ba maps,
which may be due to the Ti particles being finer and closer to the surface of the film). The width of the
profiles shown in Figure 13 are larger than would be obtained from individual line profiles, because
the traverse method averages along a line (red line) at a particular depth through the cross section of
the primer, and thus incorporates surface variation, such as roughness. Figure 13b shows Ti, Li, Ba and
Al traverse profiles for the sample without NSS exposure. The average thickness was 33.7 ± 2.4 μm,
which was determined from five measurements across the coating. (Note: This is different from the
SEM measurement since it is a different region of the sample.) In repeated measurements, the Li
profiles showed that there was a region near the surface where there was a lower concentration of Li
for the sample without NSS exposure. Such a region is indicated in Figure 13b and labelled the “skin
layer”. This may be due to fewer smaller Li2CO3 particles compared to the other additives (Table 2).
The thickness of this zone of lower concentration (skin layer) appeared to be in the vicinity of 3–5 μm,
as determined from line scans (not the traverse method).

The thickness for the sample exposed for 500 h to NSS was 45.4 ± 6.5 μm, which was determined
in the same fashion as the sample without NSS exposure. In this instance, the depleted zone near
the surface was in the vicinity of 11 μm (Table 4). As stated in the experimental section, the actual
Li concentrations are difficult to determine in a complex matrix such as the polyurethane with a
heterogeneous distribution of inorganic additives. However, in Figure 13c the Al PIGE profiles have
been adjusted to have the same level of counts in the metal, which allows a qualitative comparison of the
Li profiles. The position of the surface is indicated for both profiles, remembering that the two samples
have different coating thicknesses. It can be seen that there is depletion of Li from a greater depth into
the primer for the coating exposed to NSS for 500 h. Moreover, there is significant Li depletion from
the body of the coating to around 30% of the level in the sample without NSS, indicating a depletion
of Li from within the coating. This is probably due to dissolution of the surface on Li2CO3 particles,
which are deeper in the coating.

Table 4. Characteristic thickness of Li-depletion zones in microns.

Sample
Total Thickness

(μm)
Skin Layer

(μm)
Homogenously

Depleted Zone (μm)
Deepest

Depletion (μm)

SEM No NSS 33.5 ± 5 3–4 – –
PIXE/PIGE No NSS 33.7 ± 2.5 Up to 5 – –

PIXE/PIGE 500 h NSS 45.4 ± 6.5 – 11 ± 8 25
SEM 500 h NSS 32.6 ± 1.0 – 9–12 Film thickness

A second method for determining the depletion depth was applied based on the local absence of
Li from the PIGE Li map of the cross section of the film. In this method, the local depletion of Li was
assessed compared to the thickness of the primer coating, as shown in Figure 14a (white dashed line).
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A drawback of this method is that the Li2CO3 distribution prior to the NSS exposure is unknown, so,
while the absence Li2CO3 particles in any particular region of the primer coating is assumed to be due
to inhibitor loss, in reality it will include regions where there were no Li2CO3 particles to start with.
As expected, the depletion measured using this method shows a larger zone of depletion for the 500 h
NSS exposure sample than the sample without exposure to NSS (“SEM 500 h NSS” under “Deepest
Depletion” Table 4). The absence of Li at the top of the coating with 500 h NSS exposure is inferred
from the EDS measurements presented in Figure 10b. This provides the second method for depletion
thickness determination being in the region 9–12 μm, which is similar to that measured using the PIGE
traverse approach.

Figure 13. Traverse elemental profiles. (a) Example of a traverse profile where a region is chosen for the
profile (green box) and individual elemental intensities are averaged along a line (red line) to produce
a point on a line profile (red point); (b) Profiles for Ti (PIXE), Ba (PIXE), Li (PIGE) and Al (PIGE) across
the without NSS. Ti and Ba signals are multiplied by five to show the skin layer. (c) PIGE profiles for Al
and Li without salt spray and after 500 h NSS. Note the thickness of the coatings are different and the
surface is indicated by markers. The 500 h NSS results have been adjusted so that the Al intensity from
both conditions is the same, thus allowing qualitative comparison between the two Li profiles.

A third approach is to use SEM to determine the deepest point where there are voids (assumed to
be due to Li2CO3 dissolution) in the coating. An example of void distribution for the sample exposed
for 500 h to NSS is shown in Figure 14b, and voids can also be seen in Figure 10a. Summary depletion
depths for the deepest depletion are presented in Table 4. Figure 14c is a higher magnification image
of the region near the surface showing the extent of interconnection between the voids, which indicate
a cluster formation, as previously reported by Hughes et al. for chromate clusters in an epoxy-based
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coating [72–74]. These data show that local depletion within the coating can be considerably deeper
than the homogeneous depletion depth.

Figure 14. (a) Example of the local dissolution front on the three-colour map of the sample exposed
to NSS for 500 h; (b) Secondary electron image of the distribution of voids within a region of the
sample exposed to NSS for 500 h; (c) Enlargement of the region within the square in (b) showing
the connectivity between the voids. The voids are assumed to be due to the dissolution and loss of
Li2CO3 particles.

4. Discussion

In this paper, the combination of SEM/EDS and PIXE/PIGE have been used to investigate the
distribution and chemical composition of inorganic components in a polyurethane coating prior to and
after NSS exposure. The SEM/EDS results show that particle sizes observed in the coating are similar
to those measured on free particles. They also show that the smaller particles of each type tend to be
more homogenously dispersed than the larger particles. In the case of Li2CO3, which has fewer small
particles, this appears to result in a “skin layer” near the surface where there are far more smaller TiO2,
BaSO4 and Mg(hydr)oxide particles.

It was shown that (semi-) quantitative analysis can be used to separate the distribution of TiO2

from BaSO4 in SEM/EDS, and in PIXE these are separated using the Ba Kα line. PIXE was also
able to identify the presence of Sr in BaSO4. Upon exposure to NSS, SEM/EDS was able to provide
useful information on the loss of Li2CO3, even though Li could not be directly detected. This was
achieved using a combination of PIXE and PIGE to show that there was loss of Li accompanied by a
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change in the morphology of the coating through the formation of voids via dissolution of Li2CO3

particles. Moreover, there were other changes in the coating, such as the change in the Mg:O ratio of
the Mg-(hydr)oxide upon NSS exposure.

The results presented here show that the determination of a Li2CO3 depletion depth in organic
coatings is complicated by the types of technique available to detect Li, as well as the morphology of the
depletion itself. In the former case, none of the techniques presented here can be individually be used
to determine the level of leaching. In the case of the PIGE, while it is possible to map the Li distribution
and show that there is a region of homogeneous depletion as well as possible local depletion, this data
needs to be supplemented by SEM and PIXE. In the case of SEM, it is necessary to ensure for regions of
apparent depletion that voids, which indicate the depletion, have been created through the dissolution
of Li2CO3 particles. This is to distinguish leaching phenomena from inhomogeneous distributions of
Li2CO3 particles. PIXE is also required to supplement the PIGE results, since other inorganics in the
coating act as markers for the coating thickness. Examples include the Ba and Ti distributions, which
have been used here to determine the coating thickness.

The combination of PIGE/PIXE and SEM/EDS reveal that depletion of Li from the Li2CO3 loaded
primer after 500 h NSS exposure is a complex process. First, there is the development of a uniform
depletion zone from the surface. The changes to Mg-(hydr)oxide may lead to additional pathways for
the release of Li2CO3 that has not been released up to that point. The presence of local depletion of
Li2CO3 penetrating further into the coating below this zone, rather than uniform depletion, suggests
that clusters of Li2CO3 particles are involved in the release process. Release from a cluster involves (i)
direct connection of the cluster to the external electrolyte and (ii) gradual dissolution from the cluster.
The gradual dissolution need not necessarily move as a “front” through the cluster (i.e., particles
nearer the surface must completely dissolve before the next particles can dissolve), but may occur
through the simultaneous dissolution of particles at different depths in the clusters, which is dictated
by transport of the inhibitor through the electrolyte in the cluster/void structure. The creation of these
voids generates a fractal network that acts a porous medium. Small voids and delamination from the
polyurethane observed around Li2CO3 particles support this hypothesis. The detailed dynamics of
the release would need to be determined as a function of time and cannot be revealed here, since only
two times were examined. These concepts are summarised in Figure 15. It should be noted that in
the chromate case, these pathways were important because the size of the chromate ion meant that it
could not diffuse through the epoxy, only through channels created by the dissolution of the chromate
particles. In the case of Li2CO3 dissolution, while it is possible that the Li ion might be small enough to
diffuse through the polyurethane by itself, it is much more likely to diffuse through channels connected
to the external electrolyte and created by the dissolution of clusters of Li2CO3 particles themselves.

Finally, Figures 5e and 10e show a Ti-Cl and a Ti-Cl-Na map for 0 h NSS and 500 h NSS, respectively.
Neither Na nor Cl was detected in the primer coating without exposure to NSS; however, both were
detected in the sample exposed to NSS for 500 h (Figure 10). The intensity of Na and Cl varied across
the sample exposed to 500 h NSS, which suggested separate pathways for the diffusion of each of
these ions. It was not significant in any of the larger inorganic particles, and only appeared in the
polyurethane matrix. Significantly, it was not observed near channels created by the dissolution of the
Li2CO3. In a model where the leaching is via transport paths created by the dissolution of the Li2CO3

particles, the role of the external electrolyte needs to be considered. The voids created by the interfacial
interaction of inhibitor particles or their complete dissolution appear to be clean in the SEM studies
presented here. This suggests that there must be liquid in the voids that is lost during the sample
preparation process, for if there were precipitates in these voids, the preparation procedure would
capture it (non-polar solvents were used for preparation, so dissolution of precipitates is unlikely).
Na and Cl were only detected away from the Li2CO3 particles, either in the polyurethane matrix or in
other pathways originating from interfaces between the polyurethane and the non-inhibitor inorganic
components. This suggests that only water without the salt components (Na or Cl) diffuses into
the inhibitor pathways. This is probably because these pathways, generated by Li2CO3 dissolution,
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quickly become saturated with ions from the inhibitor phase, providing an ionic barrier to ions of the
external electrolyte. It could also be concluded from these observations that the transport of electrolytes
through the coating is complex, with multiple and separate pathways for the external electrolytes and
the “internal electrolytes” (water with inhibitor ions): an area that warrants further investigation.

AA2024

Primer

Electrolyte
Uniform Depletion zone

Local Depletion zone

No Depletion zone

Leaching Direction

Figure 15. Model of leaching from the Li2O3-inhibited primer based on the observations for 500 h
exposure to NSS. Leaching appears to occur both uniformly as well as locally. The uniform depletion
appears to be associated with changes in coating, whereas the local depletion appears to be associated
with selective removal of Li2O3 particles.

5. Conclusions

PIGE, PIXE and SEM/EDS have been used to study the distribution and chemistry of inorganic
components in a polyurethane coating prior to and after 500 h NSS exposure. Prior to NSS exposure, the
PIGE results revealed that there was a zone (3–4 μm deep) near the surface of the primer that appeared
to have less Li2CO3, thus forming a type of “skin” layer. This “skin” layer had smaller particles of TiO2

and BaSO4. After NSS exposure, the PIGE results indicated that there was a homogeneously depleted
zone extending from the electrolyte/primer interface into the primer (in this case around 11 μm),
plus local depletion penetrating much deeper into the primer with a maximum measured depth of
around 25 μm. The deeper local penetration was confirmed using SEM, where voids created by partial
and complete dissolution of Li2CO3 particles were observed extending deep into the primer towards
the metal/primer interface. Magnesium hydroxide/oxide particles also appeared to undergo some
change with exposure to NSS, with the Mg:O ratio moving closer to 1. The other inorganic particles
(TiO2 and BaSO4) appeared unchanged upon NSS exposure. There was some evidence of chloride
penetration into the polyurethane component of the primer, but not within the channels created around
the Li2CO3 particles.
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Appendix A

The influence of subsurface particles can be seen in Figure A1, which shows images of the same
region collected at different accelerating voltages. The ellipses, highlighted using dashed lines in
Figure A1a, show two regions where, with increasing voltage, subsurface BaSO4 particles become
evident. Thus, the contribution from subsurface particles may distort the analysis of small particles.

EDS maps for a section of the primer are displayed in Figure A2. These maps highlight the
difficulty of using EDS mapping alone to study the distributions (and redistribution after leaching) of
all the phases that comprise the primer coating. Elements such as Cu and Fe result from changes in
the background level in the spectral region of the Kα lines of these transition metals. Of course, the
presence of an element in a particular region of the map can and should be checked using EDS spectra
where a change in background is easily distinguished from a peak. However, overlapping lines are a
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different issue. This is important from the perspective of following the changes in primer additives,
such as with Ti and Ba, where overlapping lines give misleading information on the distribution
of these particles. In this case, the overlapping lines show a co-incidence of Ti- and Ba-containing
particles on their respective maps (Figure A2). The overlap in the X-ray lines themselves is clearly seen
in Figure 4, where the Ti Kα lines overlap with the Ba L-series lines, and the Si Kα overlaps with the Sr
Kα lines. This can only be resolved using a fitting of the EDS spectra, such as that which is achieved
when quantifying the spectra. This approach has been used in this paper.

Figure A1. Backscatter electron images collected at (a) 10 kV, (b) 15 kV, (c) 20 kV and (d) 25 kV. Dashed
ellipses highlight regions where the backscatter contrast changes significantly with accelerating voltage.

Figure A2. Elemental maps collected from the section of the primer prior to exposure to NSS.
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