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Preface

The corrosion of materials leads to about 3 to 4% economic losses of GDP in an industrial nation

and also significantly contributes to greenhouse emissions and climate change, as the production

of materials is one of the largest greenhouse emitters. Corroded material replacement leads to

increasing demands in materials production. Therefore, from economic and environmental points

of view, it is highly necessary and important to enhance the corrosion and tribocorrosion resistance

of materials. Since corrosion and tribocorrosion are surface- and subsurface-related material

degradation phenomena, surface engineering and coating technologies are the most effective to tackle

such problems. This reprint is a collection of the papers published in the Special Issue “Surface

engineering & coatings technologies for corrosion and tribocorrosion resistance” in the Materials

journal. The Special Issue aims to collate the latest developments in this technologically, economically,

and environmentally important area. It provides a forum for researchers to share their original work

or insight reviews in this field. This reprint contains an Editorial by the Guest Editor and 12 original

research papers and reviews related to this topic contributed by researchers from around the globe.

The editor acknowledges the contributions of all the authors and the Editorial team in making this

Special Issue a success.

Yong Sun

Editor
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Editorial

Surface Engineering & Coating Technologies for Corrosion
and Tribocorrosion Resistance
Yong Sun

School of Engineering and Sustainable Development, Faculty of Computing, Engineering and Media,
De Montfort University, Leicester LE1 9BH, UK; ysun01@dmu.ac.uk

Corrosion of materials not only accounts for about 3 to 4% of economic losses in
GDP in an industrial nation, but it also contributes significantly to greenhouse emissions
and climate change because material production is one of the largest greenhouse emitters.
According to a recent research study [1], steel production will account for 27.5% of carbon
emissions worldwide by 2030 and corroded steel replacement will account for up to 9% of
these emissions. Therefore, from economic and environmental points of view, it is highly
necessary and important to enhance the corrosion and tribocorrosion resistance of materials.
Since corrosion and tribocorrosion are surface- and subsurface-related material degradation
phenomena, surface engineering and coating technologies are the most effective to tackle
the corrosion and tribocorrosion problems of a wide range of engineering materials.

This Special Issue aimed to bring together the latest development in this techno-
logically, economically and environmentally important area, encompassing coating de-
velopment, corrosion and tribocorrosion characterization and industrial applications. It
provides a forum for researchers to share their original work or insight reviews on “Surface
engineering and coating technologies for corrosion and tribocorrosion resistance”.

This Special Issue contains 12 original research and review papers related to this topic,
which have been contributed by researchers from around the globe. A brief description
of these published works, which I am honored to edit as a Guest Editor, is given below to
highlight the quality and significance of these original research studies.

Coating technologies have been widely used for corrosion protection of automobile
bodies made of steel sheets. Steel sheet surfaces are usually treated by phosphating before
painting. Advanced high-strength steels (AHSS) that are currently used in automobiles for
weight reduction contain a significant amount of Si. A Si oxide film on an AHSS surface
can act as a barrier to phosphating. In the work reported in [2], Cho et al., studied the
effectiveness of different pickling solutions for removing Si oxide from the surface and
improving the phosphatability of AHSS. The results show that the optimal pickling solution
was HNO3-based solution with a HNO3 concentration higher than 13%. The corrosion
resistance of phosphate-treated AHSS was better using the HNO3-based pickling condition
than using the HCl-based pickling condition. This research highlights the importance of
pre-treatment in affecting the quality and corrosion performance of the final coating prod-
uct. In the work reported in [3], Ulbrich et al. studied the tribocorrosion and abrasive wear
behaviour of another AHSS steel, i.e., hot-formed 22MnCrB5 steel. The steel was coated
with an AlSi coating to prevent oxidation during the hot-forming process. The results show
that, compared to the cold-formed state, hot forming followed by appropriate cooling re-
sulted in the formation of a hard and tough martensitic/bainitic structure, which possessed
much better corrosion resistance and tribocorrosion resistance in 3.5% NaCl solution.

Surface engineering and coatings are commonly applied to tool steels to improve the
performance and service life of cutting and forming tools. In the work reported in [4],
Wang et al., prepared Mo coatings on H13 tool steel via the electrospark deposition (ESD)
process and studied the mechanical and corrosion properties of the resultant coatings.
Under optimal conditions, it was possible to produce a coating of about 35 µm thick
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without severe cracks. The coating possessed a high hardness of nearly 1400 HV and a
good wear resistance that was seven times higher than that of the substrate. In particular,
the corrosion resistance of the coating was much better than that of the substrate due
to the excellent corrosion resistance of Mo. The combination improvement in hardness,
wear resistance and corrosion resistance would be beneficial in enhancing the working
performance of H13 steel dies and molds in practice.

In many applications, composite coatings with multiple elements and phases are
used. The electrochemical responses of different elements and phases will affect the
corrosion properties of composite coatings. In the work reported in [5], Parchovianská et al.,
investigated the hydrothermal corrosion behavior of double-layer glass/ceramic composite
coatings with passive fillers. The coatings were produced using the polymer-derived
ceramic (PDC) synthesis route, and this type of PDC-produced glass/ceramic coatings are
suitable for the protection of stainless steel from oxidation at temperatures up to 950 ◦C [6].
It was found that the composite coating containing polycrystalline Al2O3-Y2O3-ZrO2 (AYZ)
as an additional filler performed the best. This indicates the potential of PDC coating with
AYZ passive filler for applications in harsh environmental conditions.

Galvanizing, or zinc coating, has been commonly used to provide long-term protec-
tion against corrosion of steels. However, one of the weaknesses of zinc coating is its
relatively low hardness, which affects its sustainable use. Jedrzejczyk and Szatkowska [7]
investigated the influence of heat treatment on the hardness and corrosion resistance of
hot-dip zinc coating on steel bolts. The Design of Experiments (DOE) approach was used
to design the heat treatment experiments. The heat treatment led to the formation of
Fe-Zn intermetallic compounds in the coating and, thus, an increased coating hardness
from 52 to 204 HV. The authors of [7] demonstrated that through proper selection of the
heat treatment conditions, an increase in coating hardness did not lead to a reduction
in corrosion resistance, thus maintaining the protective ability of the coating. In many
application situations involving the use of galvanized steels, the joining of steels is required
and adhesive bonding has become increasingly used. In the work reported in [8], Li et al.,
studied the interfacial interaction and corrosion resistance between epoxy adhesive and
metallic oxide on galvanized steel through a combination of experiments and molecular
dynamics (MD) simulation. Their work [8] provided experimental and theoretical evidence
regarding atomic bonds at the joint interface.

Surface engineering and coating technologies are also widely used to improve the
tribological behavior of titanium alloys, which may also impact corrosion resistance. In the
work reported in [9], Zhang et al., studied the corrosion behavior of nitride layer produced
on Ti6Al4V alloy through hollow cathodic plasma source nitriding. They found that the
nitride layer comprised several sublayers, including a TiN surface top layer, a Ti2N inter-
layer, and an interstitial solid-solution α-Ti(N) diffusion zone [9]. Detailed electrochemical
corrosion measurements were conducted in Hank’s solution. The results showed that the
TiN top layer had a better ability for passivation than the untreated alloy, thus leading to
a significant reduction in corrosion rate. On the other hand, the Ti2N interlayer showed
deteriorated corrosion resistance when compared to the top TiN layer. This work provides
a useful reference for controlled nitriding to achieved optimized corrosion resistance of
nitrided titanium alloy. Another category of techniques that has been applied to titanium
alloys is laser surface treatments. In the review paper contributed by Wu et al. [10], the
authors discussed the fundamentals of the laser shock processing (LSP) technique and
its applications to aeronautical materials for improving their wear and corrosion resis-
tance. LSP has many advantages over other mechanical surface-strengthening techniques
and can bring about several changes to material surfaces without altering the chemical
composition, including grain refinement in the surface region, generation of compressive
residual stress to a greater depth, and enhancement of hardness. This review [10] provides
a useful reference for researchers to further explore the LSP technique and its application
in engineering.
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Polymer electrolyte membrane fuel cells (PEMFCs) are one of the promising candidate
technologies in vehicles in the fight against greenhouse gas emissions. The bipolar plate
is one of the most important components in PENFCs and is exposed to an aggressive
environment and corrosive operating conditions. Surface engineering and coating technolo-
gies have been used to protect the surface of bipolar plates. In the work reported in [11],
Kim et al., deposited a Nb coating on stainless steel, followed by N+ ion implantation. The
authors studied the composition, structure and corrosion performance of the duplex-treated
material and found that N+ implantation effectively modified the deposited Nb coating to
form an improved protective film with much enhanced corrosion resistance for the metal
bipolar plate. This work provides new possibilities for surface modification to improve fuel
cell performance and for other applications [11].

There are two contributions relating to corrosion inhibitors in this Special Issue. In
the review paper by Wang et al. [12], the authors provided a review on the recent progress
of polymer corrosion inhibitors, including natural polymer-based inhibitors and synthetic
polymeric inhibitors, with more focus on the structure designs and applications of synthetic
polymeric and related hybrid/composite inhibitors. In another review paper contributed
by Shapagina and Dushik [13], the application of electrophoretic deposition (EPD) to form
an inhibited polymer film on metals for corrosion protection is discussed. The authors
highlighted the methods of forming protective films and coatings on metal surfaces from
aqueous solutions and demonstrated that EPD is a promising method for modifying metal
surfaces to fight against corrosion.

Conflicts of Interest: The author declares no conflict of interest.
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Improving the Wear and Corrosion Resistance of Aeronautical
Component Material by Laser Shock Processing: A Review
Jiajun Wu 1,* , Zhihu Zhou 1 , Xingze Lin 1, Hongchao Qiao 2, Jibin Zhao 2 and Wangwang Ding 3
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2 State Key Laboratory of Robotics, Shenyang Institute of Automation, Chinese Academy of Sciences,

Shenyang 110016, China; hcqiao@sia.cn (H.Q.)
3 Institute for Advanced Materials and Technology, University of Science & Technology Beijing,

Beijing 100083, China
* Correspondence: wujiajun@ustc.edu

Abstract: Since the extreme service conditions, the serious failure problems caused by wear and
corrosion are often encountered in the service process for aeronautical components. Laser shock
processing (LSP) is a novel surface-strengthening technology to modify microstructures and induce
beneficial compressive residual stress on the near-surface layer of metallic materials, thereby enhanc-
ing mechanical performances. In this work, the fundamental mechanism of LSP was summarized in
detail. Several typical cases of applying LSP treatment to improve aeronautical components’ wear
and corrosion resistance were introduced. Since the stress effect generated by laser-induced plasma
shock waves will lead to the gradient distribution of compressive residual stress, microhardness, and
microstruture evolution. Due to the enhancement of microhardness and the introduction of beneficial
compressive residual stress by LSP treatment, the wear resistance of aeronautical component materi-
als is evidently improved. In addition, LSP can lead to grain refinement and crystal defect formation,
which can increase the hot corrosion resistance of aeronautical component materials. This work will
provide significant reference value and guiding significance for researchers to further explore the
fundamental mechanism of LSP and the aspects of the aeronautical components’ wear and corrosion
resistance extension.

Keywords: laser shock processing; aeronautical components; wear resistance; corrosion resistance

1. Introduction

The aircraft engine is the power system for modern advanced aircraft [1]. At the
same time, as a highly complex and precise power machine, the aircraft engine is also
honored as “The crown jewel of modern industry” [2,3]. As for the modern advanced
aircraft engine, the aeronautical components such as blades, guide vanes, afterburners,
and casings will withstand the centrifugal stresses, thermal stresses, aerodynamic loading,
vibration load, wear, and hot corrosion. These extreme service conditions will be harmful
to the secure flight of aircraft. With the repaid development of the advanced aircraft, the
properties requirements for the aeronautical components are gradually becoming higher
and higher, the service conditions will be more extreme such as the increasing working
temperatures inside the aircraft engine, more serious centrifugal stresses and various loads,
the aeronautical components need to fulfill the requirement of a high thrust-weight ratio for
the new generation advanced aero-engines [4,5]. Wear and corrosion are the most severe
failure problems often encountered in the service process for aeronautical components [6].
It can easily lead to the cycle slip, plastic accumulation and fatigue cracks for aeronautical
components, resulting in the serious aircraft failure or even flight accident [7,8]. Generally,
these fatigue failures are caused by wear and corrosion, originating from materials’ surface
and extending to the inside, resulting in the serious failure for various components [9,10].
According to the existing literature reports, mechanical surface-strengthening technologies
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have been extensively investigated and applied to adjust the surface integrity parameters
such as enhanced microhardness, induced compressive residual stress for the aeronautical
components materials without changing any mechanical properties of basal materials,
which have essential engineering application significance for reducing the rate of the
growth of cracks and even the closing of cracks, and the prevalence of the serious failures
of aero-engine components caused by wear and corrosion [2,4,11].

The common mechanical surface-strengthening technologies mainly comprise shot
peening (SP) [12], ultrasonic rolling surface strengthening (URSS) [13], ultrasonic shot
peening (USP) [14], low plasticity burnishing (LPB) [15], water jet peening (WJP) [16],
ultrasonic nano structure modification (UNSM) [17] and so on. The mutual feature of
mechanical surface-strengthening technologies is introducing the beneficial compressive
residual stress layer, enhancing microhardness, and leading to the microstructure refine-
ment in near-surface layer of targeted material without changing any chemical structures
and properties [7]. So these mechanical surface-strengthening technologies can bring about
good results and reap some useful benefits for the metallic components. However, the
depth of beneficial compressive residual stress layer introduced by these common mechani-
cal surface-strengthening technologies can only be reached to 0.3 mm at most in general,
which cannot meet the ever-increasing requirement for the high properties materials and ad-
vanced modern equipment [18]. So it’s request researchers need to develop and apply more
advanced mechanical surface-strengthening technology to tackle the current challenges
and problems.

As one of the greatest inventions of natural science in 20th century, the laser has been
applied in many engineering fields due to its valuable and exceptional performance. At the
same time, many new or novel laser processing technologies utilizing laser are emerged,
and these processing technologies have brought great changes to the engineering fields.
Laser shock processing (LSP) is a novel mechanical surface-strengthening technology with
excellent strengthening effect, controllability, and adaptability [7,8,19,20]. Compared with
the common mechanical surface supporting technologies such as SP, URSS, USP and WJP,
the adequate beneficial compressive residual stress layer depth induced by LSP treatment
can reach over 1 mm. In addition, LSP treatment can obtain more smooth surface morphol-
ogy relative; that is, LSP can obtain a lower macroscopic surface roughness. For instance,
the superalloy FGH97 experimental samples were subjected to LSP treatment and SP treat-
ment; the adequate depth of the compressive residual stress layer of FGH97 caused by SP
is about 0.28 mm, while the effective depth of compressive residual stress layer of FGH97
induced by LSP is about 0.84 mm [21]. Gill et al. [22], investigated LSP, CSP, and UNSM
on the residual stress of Ni-based superalloy IN718 SPF. And the related experimental
results showed that the compressive residual stress layer depth induced by LSP treatment
could reach about 0.6 mm, while that caused by the CSP and UNSM treatment are below
0.3 mm. Apart from residual stress, surface topography is also an important parameter
to evaluate the qualities of the metallic components and materials treated by mechanical
surface-strengthening technologies. Aluminum alloy A356 was modified by LSP treatment
and SP treatment. The surface roughness for LSP experimental sample is about 1.1 µm,
less than that of SP experimental sample with a value of 5.8 µm [22,23]. So applying LSP
treatment to tackle the challenge of the serious failures of aeronautical components can be
regarded as a special significance.

LSP treatment has showed evident technical advantages in the fields of surface-
strengthening of aeronautical components and related materials. At present, the asso-
ciated researches mainly focus on the improvements about the fatigue and residual stress
of aeronautical components [24–27]. However, the researches, especially the associated
summaries about wear and corrosion resistance, are rare in relative. So it is necessary to
summary the related researches about the wear and corrosion resistance improvements of
aeronautical components by LSP. This work summarized the fundamental mechanism of
LSP in detail, and introduced several typical cases about apply LSP treatment to improve
the wear and corrosion resistance of aeronautical components materials. This work will
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provide fundamental reference values and guiding significance for researchers to further
explore the primary mechanism of LSP and the aspects of the aeronautical components’
wear and corrosion resistance extension.

2. Fundamental Mechanism of Laser Shock Processing

As the latest peening technology was initially introduced in the engineering fields, LSP
aims to improve the mechanical performances of aeronautical components [28]. Figure 1
shows the common fundamental mechanism schematic of LSP [29]. Based on the physical
interaction process between the pulsed laser and metallic material, LSP utilizes the stress
effect generated by high-pressure laser-induced plasma shock waves to treat the materials’
surface [30]. When a nanosecond pulsed laser beam irradiates the surface of metallic
material with the power density of GW/cm2 level, the surface layer of the metallic target
will absorb the pulsed laser energy and cause explosive vaporization [23]. The vaporized
particles will continue to absorb the pulsed laser energy and induce the plasma plume
formation at high temperatures (over 10,000 K) nearly simultaneously [30]. Since the
confined ablation mode in the LSP process, the laser-induced plasma will expand rapidly
and form super-high-pressure shock waves (GPa level) acting on the metal target’s surface
and propagating to the inside material [2,30–32].
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As shown in Figure 1, the LSP treatment process adopts the confined ablation mode
with a transparent constrained layer and an absorbing protective layer in general. The
shocked surface must be coated with absorbing protective layer such as black paint, black
tape, or aluminum foil, and then covered with a thin transparent constrain layer such as
water or optical glass [30]. It is well known that, the temperature for lasers in engineering
fields is very high. So the interaction between laser and material will inevitably lead to
the laser thermal effect, which harms the properties improvement of metallic materials.
So applying the absorbing protective layer can protect the metal target from laser thermal
ablation and create a pure mechanical stress effect in the metallic material [2,17]. The plasma
plume generated by the interaction of the laser and material contains enormous energy,
which will further induce the formation of shock waves. To improve the pressure of laser-
induced plasma shock waves, Clauer et al. [33], proposed the confined ablation mode, the
black coating layer coated on the shocked surface of the metal target and then covered with
a transparent constrain layer. The transparent constrain layer can be considered a confined
space, preventing the plasma from expanding extensively [23]. As a result, the pressure
of laser-induced plasma shock wave can be increased by up to two orders of magnitude
compared to the plasma generated in the vacuum (without constraint layer) [2,34]. Apart
from increase of laser-induced plasma shock wave pressure, the action time of the shock
wave can also be increased due to the restrictive effect of the constraint layer [35]. According
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to Fabbro’s theory [32], the action time for the laser-induced plasma shock wave is about
2–3 times of the pulsed width in general. Since the pulsed width for the laser generally
exceeds 30 ns, the laser-induced plasma shock waves’ action time is below 100 ns. Hence,
the strain rates for the LSP process can be reached to the magnitude of 107 s−1. And the
interaction mechanism of laser-induced plasma shock wave and target material can be
referred to the shock wave dynamics. Only when the pressure of the induced shock wave
exceeds the dynamic yield strength (σY

dyn) in a one-dimensional stress state, the severe
plastic deformation (SPD) of the metallic target can occur. When the internal stress over
the Hugoniot elastic limit (HEL), the one-dimensional strain state will be occurred [36].
According to the theory of Johnson and Rhode, the dynamic yield strength and HEL can
meet the following equations [37].

HEL = σ
dyn
Y

1− v
1− 2v

(1)

where ν is the Poisson’s ration. The dynamic yield strength can be computed by the
Cowper-Symond constitutive equation.

σ
dyn
Y = σsta

Y

[
1 +

(
ε′

D

) 1
q
]

(2)

where σY
sta is the static yield strength, D and q are the constants of material, and ε’ is strain

rates, which can be expressed as follows.

ε′ =
1
t0

(3)

where t0 is the action time of the stress wave.
During the LSP process, the deformation induced by LSP generated stress effect can

be considered to exist in a one-dimensional stress state, and the surface of the metallic
target exists in a one-dimensional strain state [36]. Since the peak pressure of the laser-
induced plasma shock waves can be reached to GPa magnitude, which is higher than
the dynamic yield strength, SPD will arise in the near-surface layer of metal targets and
accompany by the stress effect [38]. The stress effect induced by LSP treatment can lead to
cold working in the microstructure refinement evolution and the introduction of beneficial
compressive residual stress [2]. Compared with other laser processing technologies, LSP
treatment is characterized by using the laser-generated stress effect rather than laser thermal
effect; that is LSP utilizes the stress effect of laser-induced plasma shock waves to form a
gradient distribution of compressive residual stress, microhardness, and microstructure in
the near-surface layer of the metallic target, thereby improving the fatigue performance,
wear resistance, corrosion resistance, and tensile property, etc. [7,8].

The LSP process parameters mainly consists of laser parameters (pulsed laser energy,
wavelength, laser pulse duration, laser beam spot diameter, and overlap rate), absorbing
protective layer, and constrain layer. Generally, the absorbing protective layer and con-
strain layer is determined in most application. So the researchers usually adjust the laser
parameters to obtain the desired LSP effects or results. The laser power density can be
expressed as follows.

I =
4E

πd2τ
(4)

where I is laser power density, E is pulsed laser energy, τ is laser pulse duration. So it can
be indicated that laser power density is the comprehensive parameter for laser parameters.
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According to laser power density, the peak pressure of laser-induced plasma shock
wave can be expressed as follows.

P = 0.01

√
ξ

3 + 2ξ

√
Z
√

I (5)

where ξ is fraction of absorbed energy in the range between 0.1 and 0.5, Z is the reduced
acoustic impedance, which can be expressed as follows.

2
Z

=
1

Z1
+

1
Z2

(6)

where Z1 and Z2 are acoustic impedance for targeted material and constrained layer,
respectively. The acoustic impedance can be calculated by the following equation.

Zi = ρiDi (7)

where i = 1 or 2, ρi and Di denotes mass density and velocity of laser-induced plasma shock
wave, respectively.

According to the above equations, the peak pressure of laser-induced plasma shock
wave is proportional to laser power density. With the higher laser power density, which will
lead to higher peak pressure of laser-induced plasma shock waves and more severe plastic
deformation. As a result, the compressive residual stress, microhrdness, and the degree
of grain refinement will be increased, which means that the better LSP effect. However,
the excessive laser power density always lead to laser ablation phenomenon for absorbing
protective layer, which will reduce the LSP effect and lead to the surface thermal ablation.
So it should be select suitable laser parameters to obtain the optimal LSP effect.

Apart from laser power density, the overlap is an import parameter to affect the LSP
effect. The schematic of overlap rate is shown in Figure 2. And the overlap rate can be
expressed as follows:

η =
δ

2R
× 100% =

δ

d
× 100% (8)

where η is the overlap rate (0% ≤ η < 100%), δ is the overlap distance between two adjacent
laser spots, R is the radius of laser beam spot, d = 2R.
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Generally, the higher overlap rate can be regarded as the more shocked times in
the same LSP region. So the LSP effect such as induced compressive residual stress,
microardness will be increased with overlap rate. Apart from the enhanced mechanical
properties, the distribution of surface mechanical properties will be become more uniform.
For instance, the effect of overlap rate on the residual stress distribution was investigated
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by Hu et al. [39], and the related results is shown in Figure 3. The experimental results
showed that the increasing the overlap rate can improve the residual stress and also make
it more uniform. So select a higher overlap rate can be regarded as a good means to obtain
a better LSP effect.
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3. LSP Treatment for Wear and Corrosion Resistance Improvement

The serious failures of aeronautical components due to wear and corrosion are most
common phenomenon in aerospace industry. The common feature for these failures are
originating from the surface and subsurface of materials. As an advanced mechanical
surface-strengthening technology, LSP treatment shows tremendous advantages in improv-
ing mechanical performances for metallic materials and components. So applying LSP
treatment to enhance wear and corrosion resistance can significantly solve failure problems
for the aeronautical details.

3.1. Wear Resistance Improvement for Aeronautical Components Material

Since the operation speed of an aero-engine is very high, so the wear problems among
the aeronautical components are inevitable [40]. Therefore, improving the wear resistance,
especially the impact wear resistance for aeronautical components and related materials by
post-treatment is very important.

Since the excellent performance, such as low mass density, high specific strength
and excellent wear resistance, Ti-6Al-4V titanium alloy is widely used in the aerospace
industry [41]. In the aerospace industry, the blades of aircraft engines are constantly
subjected to heavy wear conditions caused by dusts, sands, and other particles entrained
by airflow [42]. And there are many investigations have studied the wear mechanism
and response of Ti-6Al-4V alloy by different surface-strengthening technologies. In the
aspect of LSP, the impact wear behavior of Ti-6Al-4V alloy subjected to LSP treatment was
investigated by Yin et al. [41]. In this LSP experiment, the laser parameters used were 5 J
and 7 J for pulsed laser energy, 1064 nm for wavelength, 3 mm for laser spot diameter, 10 ns
for laser pulse duration, and 33% for overlap rate. According to given laser parameters
and Equation (4), the laser power density for 5 J LSP treatment and 7 J LSP treatment
are 7.08 GW/cm2 and 9.91 GW/cm2, respectively. After the LSP treatment, the impact
wear test with initial impact velocities of 60 mm/s and 150 mm/s was conducted for these
experimental samples (before and after LSP treatment). The 3D-profile micrographs of the
worn scars of experimental samples in different impact wear test conditions are shown
in Figure 4. The width and maximum wear depth of the worn scars for the experiment
samples in other impact wear test conditions are presented in Figure 5.
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Figure 4. 3D-profile micrographs of the worn scars of experimental samples in different impact
wear test conditions: (a) prior LSP treatment with initial impact velocities of 60 mm/s; (b) 5 J LSP
treatment with initial impact velocities of 60 mm/s; (c) 7 J LSP treatment with initial impact velocities
of 60 mm/s; (d) prior LSP treatment with initial impact velocities of 150 mm/s; (e) 5 J LSP treatment
with initial impact velocities of 150 mm/s; (f) 7 J LSP treatment with initial impact velocities of
150 mm/s [41].
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Figure 5. Width and maximum wear depth of wear scars for the experimental samples at different
initial impact velocities: (a) width; (b) maximum wear depth [41].

At the determined initial impact velocities, the width and maximum wear depth of
worn scars have similar change laws. The lower width and maximum wear depth of worn
scars means a better wear resistance. With the initial impact velocity of 60 mm/s, the width
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of worn scars for the experiment samples before LSP treatment (untreated), and with 5 J
LSP treatment, and 7 J LSP treatment are 335.7 µm, 318.7 µm, and 280.1 µm, respectively.
While the maximum wear depth of worn scars for the experiment samples with prior LSP
treatment, 5 J LSP treatment, and 7 J LSP treatment are 2.0 µm, 1.79 µm, and 280.1 µm,
respectively. When with the initial impact velocity was increased to 150 mm/s, both the
width and the maximum wear depth of worn scars were increased. The width of worn
scars for the experiment samples with prior LSP treatment, 5 J LSP treatment, and 7 J
LSP treatment are increased to 479.2 µm, 448.4 µm and 409.7 µm, respectively. While the
maximum wear depth of worn scars for the experiment samples with prior LSP treatment,
5 J LSP treatment and 7 J LSP treatment are increased to 4.3 µm, 3.25 µm and 2.58 µm,
respectively. No matter the different impact wear test conditions, it can be indicated that
the wear resistance of Ti-6Al-4V titanium alloy is improved after the LSP treatment, which
is mainly caused by the microhardness improvement and the introduction of beneficial
compressive residual stress [6,43]. And the microhardness and residual stress distribution
of experimental samples are shown in Figure 6. In this work, the residual stresses was
measured by the Proto-LXRD X-ray diffractometer with sin2 ψ method, the microhardness
was measured by a standard Vickers indenter with an indentation load of 500 g and the
dwell time of 10 s.
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It is well known that wear resistance of metallic materials is well intimated with the
microhardness, which can be expressed as follows [44].

V = K
PL
HV

(9)

where V is the worn volume, K is the wear factor, P is the positive load during impact wear,
L is the impact wear distance, and Hv is the microhardness.

According to Figure 6, the microhardness of Ti-6Al-4V titanium alloy is increased after
LSP treatment. So it can be indicated that the experimental sample’s worn volume will
decrease after LSP treatment. Therefore, the wear resistance will be increased since the
shock wave is induced in the LSP process, which will introduce beneficial compressive
residual stress. As for metallic components, the compressive residual stress can release and
hinder more severe plastic deformation and delay microcracks initiation and propagation,
weakening the wearing effect [45].

Of course, the wear resistance improvement level is different in different LSP pa-
rameters. Interestingly, under the same initial impact velocity, the wear scars for the
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experimental sample with 7 J have the shortest width and the shallowest maximum depth.
The 5 J LSP treated sample, and finally, the untreated sample. So the wear resistance of
the experimental sample with 7 J is better than that with 5 J. The main reason is that the
microhardness and induced compressive residual stress are increased through the LSP
treatment. Higher laser pulsed energy can lead to higher pressure laser-induced plasma
shock waves and produce a more obvious strengthening effect. As shown in Figure 4, the
maximum microhardness and maximum compressive residual stress of all experimental
samples are presented at the material’s surface (e.g., surface microhardness or surface
compressive residual stress). In terms of microhardness, the surface microhardness of
the Ti-6Al-4V titanium alloy experimental sample prior LSP treatment is about 390 HV,
when with the LSP parameter of 5 J, the microhardness of the Ti-6Al-4V titanium alloy
experimental sample is increased to about 440 HV, which is about 12.8% higher than the
untreated sample. When the laser pulse energy is increased to 7 J, the microhardness of the
Ti-6Al-4V titanium alloy experimental sample is increased to about 470 HV, which is about
6.82% higher than the 5 J LSP treated experimental sample. Regarding residual stress, its
change law is similar to the microhardness. The surface compressive residual stress for the
untreated experimental sample, 5 J LSP treated experimental sample, and 7 J LSP treated
experimental sample are about 30 MPa, 495 MPa, and 625 MPa, respectively. All in all, the
wear resistance improvement of the Ti-6Al-4V titanium alloy after the LSP was attributed
to the enhancement of surface microhardness and beneficial compressive residual stress.

3.2. Corrosion Resistance Improvement for Aeronautical Components Material

With the rapid development of the aerospace industry, aeronautical components are
usually used in extreme conditions such as increasing working temperature, growing
working pressure, super-high-speed rotation, and beast corrosion environment (contain-
ing sodium, sulfur and chloride) [2,46]. Since the high-temperature strength, great anti-
oxidation, and excellent hot-corrosion resistance, the Ni-based superalloy has become a
super-excellent material to manufacture aeronautical components such as blades, guide
vanes, afterburners, turbine, and so on [47]. Since the complex working condition, the hot-
corrosion and high-temperature oxidation inevitably occur in the aeronautical components,
especially the hot-section components [48]. Hot corrosion and high-temperature oxidation
can degrade the material’s performance and reduce the service life of these components [49].
So the hot corrosion resistance and high-temperature oxidation resistance of superalloy
must be enhanced.

To enhance the hot-corrosion resistance of the aeronautical components’ material, Cao
et al. [50], selected Ni-based superalloy GH202 as experimental material and investigated
the hot corrosion behavior of GH202 treated by LSP. In this work, the LSP experiment was
performed in a Q-switched Nd3+:YAG laser with a repetition rate of 0.5 Hz and wavelength
of 1.6 µm, and the hot corrosion environment was selected as 800 ◦C and 900 ◦C at molten
salt. The corrosion kinetics curve of GH202 experimental before and after LSP treatment is
displayed in Figure 7 [50]. Since oxidation films were formed on the material’s surface at
high temperatures, the mass of experimental samples before and after LSP were increased.
After the hot corrosion time was over 1h, all experimental samples’ mass were decreased.
As observed from Figure 7, when the hot corrosion time is around 1 h, the mass gain of
the experimental sample after the LSP treatment is less than that of the experiment sample
before the LSP treatment. So it can be indicated that the mass loss of the experimental
sample after the LSP treatment is less than that of the observed sample before the LSP
treatment. So LSP treatment can significantly improve the hot corrosion resistance of
GH202 superalloy.
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Apart from superalloy GH202, the hot corrosion resistance of the Ni-based single-
crystal superalloy was also increased. The hot corrosion behavior of Ni-based single-crystal
superalloy treated by LSP was investigated by Geng et al. [46], and its hot corrosion kinetics
is shown in Figure 8. In this experiment, the laser parameters were 7 J for laser pulse
energy, 1064 nm for wavelength, 20 ns for pulse width, 3mm for spot diameter, and 50%
for overlap rate. According to the given laser parameters and the Equation (4), the laser
power density in this experiment is 4.95 GW/cm2. Figure 8 shows that the mass of the
non-LSP and LSP experimental samples are increased, reflecting the negative effect of harsh
conditions on the material. Interestingly, after two cycles, the mass gains of the LSP-treated
experimental sample were more stable during the subsequent cycles. In contrast, the mass
gains of non-LSP-treated experimental samples continue to increase.
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after the LSP treatment [46].

Compared with Figures 7 and 8, it can be seen that the phenomenon of superalloy
GH202 represented weight loss, while the phenomenon of single-crystal superalloy rep-
resented weight addition. But the two phenomenons all reflect the improvement of the
experimental sample’s hot corrosion resistance by the standard LSP treatment.

It is well known that the mechanical properties of near-surface layer can affect the
corrosion behaviour of metallic materials components strongly [51]. The hot corrosion
resistance improvement of the aeronautical components treated by LSP mainly result from
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the combine influences of the beneficial compressive residual stress, working hardening,
grain refinement, and crystal defects (eg., high-density dislocations) in the near-surface
layer [52–54]. The cross-section microstructures of superalloy GH202 experimental speci-
mens before and after the LSP treatment characterized by EBSD is presented in Figure 9 [50];
the different colors represents different orientations. From the Figure 9a, it can be seen
that the grains of the superalloy GH202 experimental sample before LSP treatment were
distributed unevenly, and some annealing twins can be seen trough the grains. Since the
high-pressure plasma shock waves induced by LSP treatment, an arc distribution of the
grains which was close to the near-surface layer of superalloy GH202 experimental sample
can be observed. Compared with the superalloy GH202 experimental sample before LSP
treatment, the grains of superalloy GH202 experimental sample after the LSP treatment
were refined significantly. In addition, the twins density for experimental sample after the
LSP treatment was also increased significantly.
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terized by EBSD before and after the LSP treatment: (a) before the LSP treatment; (b) after the LSP
treatment [50].

It is well known that the grain refinement of microstructures can lead to the increase of
dislocation density, which will contribute to the improvement of microhardness. According
to the Hall-Petch theory, the microhardness caused by grain refinement can be expressed as
follows [55].

HV = H0 + αGbρ (10)

where HV is the microhardness, H0 is the initial microhardness, G is the shear modulus, α is
the material’s constants, b is the Burgers vector, and ρ is the dislocation density. Hence, LSP
induce the dislocation density enhancement will contribute to enhance the microhardness
in near-surface layer. In addition, the dislocation density enhancement will facilitate the
formation of the homogeneous oxidation film and lead to the microstructure evolution,
thereby providing the diffusion paths for the elements such as Cr, Al, and Ti, further
producing a protective oxidation film. As a result, the hot corrosion resistance of metallic
materials can be improved evidently after the LSP treatment [49,50,52].

In addition, some studies [54,55] have proved that the dislocations in near-surface
layer plays an important role in the effect of grain refinement. The movement and accu-
mulation for the dislocations can lead to the grain refinement in the near-surface layer of
LSP treated samples, which also help to enhance the corrosion resistance. To reveal the fine
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structures of microstructures for the superalloy GH202 after the LSP treatment, the repre-
sentative top surface of experimental sample after the LSP treatment was characterized by
transmission electron microscopy (TEM) observation. The TEM image of top surface for
superalloy GH202 experimental sample before and after the LSP treatment are shown in
Figures 10 and 11, respectively.
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Figure 11. TEM image of top surface for superalloy GH202 experimental sample after the LSP
treatment: (a) Dislocation array; (b) γ’ phases; (c) Twins and dislocation lines; (d) Dislocation tangles
in the grain boundaries [50].

Compared with the superalloy GH202 experimental sample before the LSP treatment
(Figure 10a), the dislocation density of the superalloy GH202 experimental samples after
the LSP treatment was increased significantly (Figure 11a). In addition, the dislocation
array can be seen in Figure 11a, which is caused by the reaction and motion of dislocations
activated by the laser-induced plasma shock waves. The γ’ phases were dispersed evenly
after the LSP treatment. At the same time, many twins were present on the surface of
superalloy GH202 experimental sample after the LSP treatment, and a few dislocation lines
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through the twins were observed. And there are several dislocation tangles can be seen in
the grain boundaries, which will lead to the limitation of the dislocation motion and the
corrosion resistance improvement for the metallic materials or components [56,57].

4. Conclusions and Outlook

LSP is a novel surface-strengthening technology to modify microstructures and in-
duce compressive residual stress on the near-surface layer of materials, thereby enhancing
mechanical performance. The main LSP parameters mainly consists of laser parameters
(pulsed laser energy, wavelength, laser pulse duration, laser beam spot diameter, and over-
lap rate), absorbing protective layer, and constrain layer. Select the suitable LSP parameters
can obtain a better LSP effect. As an advanced mechanical surface-strengthening technology,
LSP treatment shows tremendous advantages in improving mechanical performance for
aeronautical components. This work summary the fundamental mechanism of LSP in detail
and introduce several typical cases of applying LSP treatment to enhance the wear and
corrosion resistance of aeronautical components materials, which will provide significant
reference value and guiding significance for researchers to explore further the fundamental
mechanism of LSP and the aspects of the wear and corrosion resistance extension of the
aeronautical components.

(1) LSP utilizes the stress effect of laser-induced plasma shock waves to form a gradient
distribution of compressive residual stress, microhardness, and microstructure in the
near-surface layer of the metallic target, thereby improving the mechanical properties.

(2) The wear resistance improvement of metallic material treated with the LSP treatment
is attributed to the enhancement of microhardness and beneficial compressive residual
stress.

(3) The increased hot corrosion resistance of metallic materials treated by LSP is mainly at-
tributed to the introduction of beneficial compressive residual stress, grain refinement,
and crystal defects.
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Abstract: The epoxy adhesive-galvanized steel adhesive structure has been widely used in various
industrial fields, but achieving high bonding strength and corrosion resistance is a challenge. This
study examined the impact of surface oxides on the interfacial bonding performance of two types
of galvanized steel with Zn–Al or Zn–Al–Mg coatings. Scanning electron microscopy and X-ray
photoelectron spectroscopy analysis showed that the Zn–Al coating was covered by ZnO and Al2O3,
while MgO was additionally found on the Zn–Al–Mg coating. Both coatings exhibited excellent
adhesion in dry environments, but after 21 days of water soaking, the Zn–Al–Mg joint demonstrated
better corrosion resistance than the Zn–Al joint. Numerical simulations revealed that metallic oxides
of ZnO, Al2O3, and MgO had different adsorption preferences for the main components of the
adhesive. The adhesion stress at the coating–adhesive interface was mainly due to hydrogen bonds
and ionic interactions, and the theoretical adhesion stress of MgO adhesive system was higher than
that of ZnO and Al2O3. The corrosion resistance of the Zn–Al–Mg adhesive interface was mainly due
to the stronger corrosion resistance of the coating itself, and the lower water-related hydrogen bond
content at the MgO adhesive interface. Understanding these bonding mechanisms can lead to the
development of improved adhesive-galvanized steel structures with enhanced corrosion resistance.

Keywords: galvanized steel; adhesive bonding; interfacial interaction; corrosion resistance; molecular
dynamics (MD); density functional theory (DFT)

1. Introduction

Galvanized steel is utilized in various intricate shapes and structures, such as automo-
bile bodies, due to its outstanding corrosion resistance [1–3]. In industrial manufacturing,
adhesive bonding of metal materials is increasingly replacing conventional joining methods,
including welding, diffusion bonding, and riveting, owing to its merits of balanced load,
high joint stiffness, and reduced galvanic corrosion between jointed components [4–6].
However, the adhesive interface may fail in a humid environment due to moisture-induced
desorption [7]. To design high-performance adhesive bonding structures for galvanized
steel, it is crucial to understand interfacial interaction and corrosion resistance mecha-
nisms at the atomic and molecular levels. This understanding can also provide theoretical
guidance for coating preparation to achieve superior interfacial bonding strength and
joint durability.

In recent years, molecular dynamics (MD) simulation and density functional theory
(DFT) research has become essential to understand the complex interfacial phenomena
between metal and polymer [8–11]. Bahlakeh et al. [12] investigated the effects of a new
cerium–lanthanum (Ce–La) nanofilm-treated steel surfaces on the interfacial bonding mech-
anism of an epoxy adhesive. They found that the electrostatic interactions between epoxy
adhesive and the nanofilm (consisting of CeO2 and LaO3) were stronger than those on
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an untreated steel surface. In addition to investigations on flat metal surfaces, some re-
search focuses on the interfacial interactions of metal–adhesive interfaces in nanostructures.
Liu et al. [13] used MD simulations to calculate interfacial interactions and bonding pro-
cesses between polymers and metals (aluminum and copper). They proposed that the
viscoelasticity and polarity of the polymers influence the interfacial interactions, which
determines the final performance of the bonded structure by influencing the wall-slip
behavior. Li et al. [14] investigated the influence of nanopit structures on the interactive be-
havior and bonding performance between metal and polymer. Compared with rectangular,
cylindrical, and pyramidal nanopits, the conical nanopits were found to be beneficial for the
bonding performance of the Cu-PPS interface due to their enhanced interfacial energy and
wettability. According to the DFT calculation results of Lee et al. [15], the horizontal orien-
tation of epoxy adhesive on Fe (100) metal surface is stronger than the vertical orientation,
and the hydroxyl group and benzene ring of the epoxy adhesive are main functional groups
that generate adhesion forces in metal–adhesive interface. Moreover, adhesive components
adsorbed on the oxide surface significantly affect the minimum energy path and reaction
energy. Knaup et al. [16] found that the adhesion promoter, 3-aminopropylmethoxysilane,
exhibits a preference for adsorption over bisphenol A diglycidyl ether on the Al2O3 surface,
whereas the adsorption of the curing agent (diethyltriamine) is poor. To better understand
the dynamic behavior of polymers on metal surfaces, Semoto et al. [17] showed that hy-
drogen bonds were generated between the hydroxyl groups of the epoxy polymer and
aluminum oxide, which are the main forces contributing to the adhesion force. Addition-
ally, Tsurumi [18] found that the epoxy cresol novolac and phenol novolac fragments form
physical bonds to the Cu surface through dispersion forces, while chemical bonds to the
surface of Cu2O through σ-bonds and hydrogen bonds. The maximum adhesion stress
was 1.6 and 2.2 GPa for the Cu and Cu2O surfaces, respectively. The hot-dip Zn–Al or
Zn–Al–Mg coatings on steel sheets can provide excellent corrosion resistance and alter the
adhesion of the steel sheet to adhesive [1,19]. However, existing research is insufficient to
explain the interfacial phenomena between the epoxy adhesive and the galvanizing coating,
and there is a lack of understanding of the adhesion mechanism of the adhesive interface
on the galvanized steel sheet at the molecular level.

Water at metal–adhesive interface is a common cause of adhesion loss in moist envi-
ronments, but its effects on metal–adhesive adhesion are not fully understood [7,20–23].
Semoto et al. [24] proposed that the water molecules in the interface generate a hydrogen
bond network and interact with the epoxy resin and the substrate surface, providing a weak
adhesion interaction. However, the study of Higuchi et al. [24] on the interface between
silica and epoxy resin revealed that adsorbed water molecules reduced the interfacial adhe-
sion energy and force. This reduction may be due to the deformation and flexibility of the
H2O molecules and the hydrogen bond network. In addition, some scholars have studied
the influence of the thickness of water layer on interfacial adhesion energy and force [25].
DFT calculations of the effect of water molecules on the interface between aluminum oxide
and epoxy resin revealed that when an H2O molecule resides in close proximity to the
Al–O bond, it enhances the dissociation of the O atom from the epoxy group, causing the
water layer in the interfacial area to become alkaline. This alkaline environment damages
the interfacial bonding and breaks the bisA ether groups, leading to a significant reduction
in adhesion strength [26,27]. Galvanized steel sheets have complex elements, making it a
significant research topic to use the density functional theory (DFT) method to explore the
effect of surface oxides on the adhesion loss of the coating–adhesive interface caused by
H2O molecules.

In this study, it is intended to assess the effect of surface oxides on the interfacial
interaction and corrosion resistance between epoxy adhesive and galvanized steel. The
physical and chemical properties of Zn–Al and Zn–Al–Mg galvanized steel surfaces were
characterized, and the adhesion strength in dry and wet condition between the coatings
and the epoxy adhesive was investigated. Molecular models of the adhesive interface were
established based on the surface characterization. Through MD simulations, nonbonded
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interactions between epoxy adhesive molecules and oxide surfaces (consisting of ZnO,
Al2O3, and MgO) were elucidated. Periodic DFT calculations were then carried out on
slab models consisting of epoxy fragments and the three oxide surfaces, with and without
water molecules at the interface. The calculation results provided electronic characteristics,
chemical bonding, and adhesion force information for the interfaces between the adhe-
sives and the oxides. Finally, by combining DFT calculation with EIS test, the corrosion
resistance of ZnO, Al2O3, and MgO adhesive interfaces was compared and analyzed under
water conditions.

2. Experimental Procedures
2.1. Materials

Two types of zinc galvanized steel sheets, with Zn–Al and Zn–Al–Mg coatings and
a thickness of 0.8 mm, were selected as the bonding materials in this study. The zinc
galvanized steel sheets were cut into 100 × 25 × 0.8 mm3 substrates by laser cutting.
All specimens were cleaned with anhydrous ethanol before adhesive bonding. Henkel
TEROSON EP 5089 (Düsseldorf, Germany), a hot-cured epoxy adhesive (mixing bisphenol
A diglycidyl ether, DGEBA, and modified polyurethane resin, MPUR) was selected to
prepare the joints.

2.2. Characterization

The chemical compositions of the zinc galvanized steel surfaces were analyzed by
using an X-ray photo electron spectroscopy (XPS, ESCALAB 250, Thermo Fisher Scientific
(Waltham, MA, USA)). An Al-Kα source operating at 15 kV and 30 mA was used to obtain
the XPS spectrum. The basic pressure of the analysis chamber was 1 × 10−9 Torr.

A scanning electron microscope (SEM, Nova NanoSEM 450, FEI (Hillsboro, OR, USA))
was used to observe the surface physical morphology of the zinc galvanized steel sheets.
Element concentration detection was conducted using an energy dispersive X-ray spectro-
scope (EDS).

The open circuit potential and electrochemical impedance spectroscopy (EIS) tests
were performed on the Zn–Al and Zn–Al–Mg coating samples using the CorrTest CS310
electrochemical measuring system. A three-electrode system was used, with the galvanized
steel sample serving as the working electrode, a platinum sheet electrode (20 mm × 20 mm)
as the counter electrode, and Ag/AgCl (saturated KCl) as the reference electrode. The
frequency range for the EIS was 105–10−2 Hz, during which the open circuit potential
(OCP) remained stable. The EIS data were further fitted using the ZView 3.0a software.

2.3. Water Soak

To simulate the effect of interfacial water on the interfacial bonding performance, the
fully cured galvanized steel/adhesive joints were soaked in deionized water at 55 ◦C for
21 days, following the standard GMW15200. After the 21-day immersion period, the joints
were immediately removed from the water and subjected to lap-shear strength testing.

2.4. Lap-Shear Strength Testing

Lap-shear strength testing was performed to determine the interfacial bonding perfor-
mance of the joints. The joints were prepared in accordance with ISO4587 with a lapped
area of 12.5 × 25 mm2. Glass balls with a diameter of 0.25 mm were used to control the
thickness of the adhesive layer. Due to the low thickness of the galvanized steel sheet, to
avoid its plastic deformation during the joint strength testing, a 1.0 mm thick TC4 titanium
alloy sheet was bonded to the back of the lapped side to strengthen the joint. To prevent
adverse effects on the adhesive interface caused by corrosion mediums of the galvanized
coating in non-lapped area during the water soak, the non-lapped area on the lapped side
was painted to protect the galvanized coating. The joints were cured at 170 ◦C for 20 min to
ensure full curing of the adhesive. The schematic diagram and photograph of the joints are
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shown in Figure 1. Five repeat joints were pulled off on a universal testing machine (MTS
E45.105) at a speed of 10 mm/min.
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Figure 1. (a) Schematic diagram and (b) photograph of the galvanized steel joints.

3. Modeling Details

The simulation of this work was completed with Materials Studio 2018 software. The
Henkel adhesive is a complex epoxy system consisting of epoxy monomers/oligomers, cur-
ing agents, and additives. According to the references [9,28,29], the molecular structure of the
Henkel adhesive was simplified into two main components: the epoxy monomer/oligomer
(DGEBA) and the curing agent (MPUR). The optimized geometries of the monomers of
DGEBA, MPUR, and the reaction product of MPUR and DGEBA (abbreviated as MUPR-
modified DGEBA) are shown in Figure 2a–c. Surface models of ZnO (10-10), Al2O3 (100),
and MgO (100) were constructed with similar number of atoms of 1296, 1200, and 1296, re-
spectively. After adding a vacuum layer with a thickness of 35 Å on top of the oxide surfaces,
the dimensions of the three models were 29.2 Å × 31.2 Å × 50.0 Å, 27.9 Å × 25.2 Å × 49.5 Å,
and 26.8 Å × 26.8 Å × 49.7 Å for ZnO (10-10), Al2O3 (100), and MgO (100), respectively.
All adhesive molecular chains were placed 10 Å above the surfaces to ensure a similar
initial distance between the adhesive molecules and the oxide surfaces. The main chains
were oriented parallel to the surface to maintain the same distance. All oxide–adhesive
geometries were optimized and equilibrated for 500 ps with fixed oxide surface atoms
at room temperature to ensure that the oxide–adhesive system reached equilibrium. The
simulations were carried out under the NVT ensemble and the COMPASS force field [30].
The Andersen thermostat was used for temperature control. By using atom-based cutoff
and Ewald methods, nonbonded van der Waals (vdW) and electrostatic interactions were
considered, respectively.
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Figure 2. Optimized geometries of the monomer of (a) DGEBA, (b) MUPR, and (c) MUPR-modified
DGEBA in MD simulation, and (d) DGEBA segment in DFT calculation [16,28,29].

A DGEBA molecule segment was used as the adhesive model in DFT calculations, as
shown in Figure 2d. Supercells of ZnO (10-10), Al2O3 (100), and MgO (100) with 128, 120,
and 120 atoms, respectively, and a vacuum layer thickness of 15 Å were placed above the
oxide surfaces. The final dimensions of the ZnO (10-10), Al2O3 (100), and MgO (100) super-
cells were 13.0 Å × 10.4 Å × 24.4 Å, 12.6 Å × 8.4 Å × 23.4 Å, and 11.2 Å × 8.4 Å × 26.3 Å,
respectively. Two adsorption models were established to investigate the effect of water on
the interfacial interaction between the adhesive and the galvanized coating: a dry model,
in which the DGEBA segment was placed parallel to the oxide surfaces and then geometri-
cally optimized; and a water model, in which the stable structure of five water molecules
adsorbed on the surface was calculated, and then the DGEBA segment was placed above
the structure of water molecules for geometric optimization. In all adsorption models, the
oxide surfaces were fixed, while the adsorbates (adhesive/water molecules) were allowed
to relax.

The interaction energy, Eint, in MD simulation and adsorption energy, Ead, in DFT
calculation can be calculated as follows [17]:

Eint or ad = Esubstrate/adsorbate − (Esubstrate + Eadsorbate) (1)

where Esubstrate/adsorbate represents the total energy of the substrate–adsorbate system,
and Esubstrate and Eadsorbate represent the energies of the substrate and the adsorbate
molecule, respectively.

The adhesion force can be calculated as follows:

F =
dEad
d∆r

(2)

where ∆r is the distance from the stable equilibrium position of the adhesive molecule,
and Ead is the total energy of the surface–adhesive system. The value of ∆r changes in
the range of −0.8~1.2 Å. The system energy containing adhesive molecule and surface
was calculated every 0.1 Å in dry/water models. Morse potential approximation fitting
of the energy–distance plots was performed using the least square method in the range of
−0.8~1.2 Å, where the Morse potential is written as follows:

E = E0

(
e−2 ∆r

λ − 2e
−∆r

λ

)
(3)

where E0 is the minimum value of the potential, and λ is a constant that determines the
range of the interaction force.

All DFT calculations were performed in Dmol3 module. The double-numerical plus
polarization (DNP) functions were used [31]. A 3 × 3 × 1 k-point grid was used in the
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calculations. The Perdew–Burke–Ernzerhof (PBE) generalized gradient approximation
(GGA) was employed to treat exchange-correlation interactions of electrons and optimize
each adsorption mode. The energy and displacement convergence criteria of geometric
optimization were set to 2 × 10−5 and 5 × 10−3, respectively.

4. Results and Discussion
4.1. Physical and Chemical Properties of Galvanized Steel Surface

The chemical compositions of the Zn–Al and Zn–Al–Mg coatings were investigated
using XPS. Table 1 shows that the main metallic elements of the Zn–Al coating were Zn and
Al, while the Zn–Al–Mg coating contained an additional 2.16 at. % Mg. The low Fe content
on the surface of both coatings indicates complete coverage of the coatings on the steel
substrate. The XPS results show that the coating surface contains significant amounts of C
and O. C is possibly produced by carbon-containing contaminants during the production,
storage, and transportation of galvanized steel. Part of the O element comes from the
contaminants and part from metal oxides on the coating. High-resolution XPS spectra of
Zn 2p, Al 2p, and Mg 2p measured for Zn–Al and Zn–Al–Mg coatings are presented in
Figure 3. The Zn 2p3/2 core level of both coatings were deconvoluted into two peaks at
1022.1 eV (oxidized zinc species, Zn2+) and 1020.9 eV (metallic zinc, Zn0), respectively. The
Al 2p peak reflects the oxidation states (Al3+) of the Al on the Zn–Al coating, while metallic
aluminum (Al0) is found in the Zn–Al–Mg coating. The Mg1s has one peak at a binding
energy of 1304.1 eV, corresponding to the presence of oxidized magnesium species (Mg2+).
The composition of these elements is similar to that reported in the literature [1]. Based
on the analysis of metal species on the Zn–Al and Zn–Al–Mg coatings, the coatings have
a high concentration of metal oxides [32]. Therefore, the surfaces characterized by metal
oxides, namely ZnO, Al2O3, and MgO, will be the focus of the research on the adhesion
characteristics between the coatings and epoxy adhesives.

Table 1. Chemical composition (at. %) on the surface of Zn–Al and Zn–Al–Mg coatings.

Element
Atomic %

Zn–Al Zn–Al–Mg

Zn 13.10 8.37
Al 9.00 7.41
Mg 0.05 2.16
Fe 0.69 0.36
O 37.47 42.27
C 39.70 39.43

Figure 4 presents SEM and EDS maps of the Zn–Al and Zn–Al–Mg coatings. The
Zn–Al coating is mainly composed of a massive microstructure (Figure 4a). As shown in
Figure 4b–d, Zn and Al elements are uniformly distributed on the surface, while the higher
concentration of O at the edge of the massive microstructure reveals the local enrichment
of zinc oxide and aluminum oxide. The Zn–Al–Mg coating presents a mixed surface
morphology of convex microstructure and dendritic microstructure (Figure 4e). EDS results
show that Zn is uniformly distributed, while Al, Mg, and O are segregated in the dendritic
microstructure area [33], as shown in Figure 4f–i, which reflects the uneven distribution of
aluminum oxide and magnesium oxide on the surface of the coating.

4.2. Interfacial Bonding Performance between Epoxy Adhesive and Galvanized Steel

To evaluate the interfacial bonding performance between Zn–Al or Zn–Al–Mg gal-
vanized steel and adhesive and the effect of water soak on the bonding performance,
the lap-shear strengths were measured under both dry and water-soaked conditions. As
shown in Figure 5, under dry conditions, the Zn–Al joint exhibits a higher adhesion
strength (32.3 MPa) than the Zn–Al–Mg joint (29.2 MPa). Despite the difference in adhe-
sion strengths, both joints show excellent interfacial bonding performance with cohesive
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fracture surfaces [34,35]. SEM observation of the fracture surface of the Zn–Al–Mg joint
reveals a large number of holes, which are few in the fracture surface of the Zn–Al joint.
The cross section of the adhesive joint (Figure 5b) reveals the presence of bubbles in the
adhesive layer of Zn–Al–Mg joint. In contrast, fewer and smaller bubbles are observed in
the adhesive layer of the Zn–Al joint. These bubbles weakened the mechanical properties
of the adhesive and contributed to the lower bonding strength of the Zn–Al–Mg joint. The
formation of bubbles suggests that the Zn–Al–Mg coating exhibited poor infiltration to
the adhesive compared to the Zn–Al coating, and air could not be expelled outside the
adhesive structure when the adhesive was in contact with the Zn–Al–Mg coating.
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The experimental results indicate that after 21 days of water soaking, the adhesion
strength of galvanized steel sheets with Zn–Al and Zn–Al–Mg coatings decreased by
14.7% and 7.6%, respectively. The fracture surface of the Zn–Al joint shows large-area
interfacial failure, which is related to the diffusion of corrosive medium from the edge of
the interface [19,36,37]. In contrast, less and sporadic interfacial failure areas are observed
on the fracture surface of the Zn–Al–Mg joint. These findings suggest that the Zn–Al–Mg
coating has better corrosion resistance in a water environment than the Zn–Al coating.
To understand the difference in their corrosion resistance, it is crucial to investigate the
interfacial interaction between the two coatings and the adhesive, as well as the behavior
of water molecules in the interfaces [38].

25



Materials 2023, 16, 3061Materials 2023, 16, x FOR PEER REVIEW 8 of 19 
 

 

 

 
Figure 4. SEM micrographs and EDS maps of elements acquired on (a–d) Zn–Al and (e–i) Zn–Al–
Mg coating surfaces. 

4.2. Interfacial Bonding Performance between Epoxy Adhesive and Galvanized Steel 
To evaluate the interfacial bonding performance between Zn–Al or Zn–Al–Mg gal-

vanized steel and adhesive and the effect of water soak on the bonding performance, the 
lap-shear strengths were measured under both dry and water-soaked conditions. As 
shown in Figure 5, under dry conditions, the Zn–Al joint exhibits a higher adhesion 
strength (32.3 MPa) than the Zn–Al–Mg joint (29.2 MPa). Despite the difference in adhe-
sion strengths, both joints show excellent interfacial bonding performance with cohesive 
fracture surfaces [34,35]. SEM observation of the fracture surface of the Zn–Al–Mg joint 
reveals a large number of holes, which are few in the fracture surface of the Zn–Al joint. 
The cross section of the adhesive joint (Figure 5b) reveals the presence of bubbles in the 
adhesive layer of Zn–Al–Mg joint. In contrast, fewer and smaller bubbles are observed in 
the adhesive layer of the Zn–Al joint. These bubbles weakened the mechanical properties 
of the adhesive and contributed to the lower bonding strength of the Zn–Al–Mg joint. The 
formation of bubbles suggests that the Zn–Al–Mg coating exhibited poor infiltration to 
the adhesive compared to the Zn–Al coating, and air could not be expelled outside the 
adhesive structure when the adhesive was in contact with the Zn–Al–Mg coating. 

Figure 4. SEM micrographs and EDS maps of elements acquired on (a–d) Zn–Al and (e–i) Zn–Al–Mg
coating surfaces.

Materials 2023, 16, x FOR PEER REVIEW 9 of 19 
 

 

 
Figure 5. (a) Adhesion strength and fracture surfaces of dry and water joint and (b) cross section of 
dry joints of the Zn–Al and Zn–Al–Mg galvanized steel sheets. 

The experimental results indicate that after 21 days of water soaking, the adhesion 
strength of galvanized steel sheets with Zn–Al and Zn–Al–Mg coatings decreased by 
14.7% and 7.6%, respectively. The fracture surface of the Zn–Al joint shows large-area in-
terfacial failure, which is related to the diffusion of corrosive medium from the edge of 
the interface [19,36,37]. In contrast, less and sporadic interfacial failure areas are observed 
on the fracture surface of the Zn–Al–Mg joint. These findings suggest that the Zn–Al–Mg 
coating has better corrosion resistance in a water environment than the Zn–Al coating. To 
understand the difference in their corrosion resistance, it is crucial to investigate the inter-
facial interaction between the two coatings and the adhesive, as well as the behavior of 
water molecules in the interfaces [38]. 

4.3. Molecular Behavior and Adhesion Force at Epoxy Adhesive/Galvanizing Coating Interface 
This section focuses on the role of nonbonded and chemical interactions in the inter-

action between epoxy adhesive and galvanized steel. Nonbonded interactions mainly re-
fer to van der Waals forces and electrostatic interactions, while chemical interactions in-
clude ionic bonding, covalent bonding, and coordination bonding, etc. [39]. The physical 
adsorption resulting from nonbonded interactions can provide some initial adhesion 
strength, but it is usually not sufficient to form a durable bonding [40]. In contrast, chem-
ical interactions can form a relatively strong and durable bonding between the adhesive 
and metal surface during the curing process [41]. 

Upon contact with a metal surface, the adhesive can form a uniform thin film on the 
surface, driven by nonbonded interactions [41,42]. These forces reduce the distance be-
tween the adhesive and the metal surface, promoting infiltration and interfacial contact. 
Investigating the interfacial nonbonded interactions between metal oxides on the coating 
surface and epoxy adhesive molecules can help to understand the infiltration behavior of 
epoxy adhesive on the coating surface at the molecular/atomic scale [43–45]. Figure 6 
shows the molecular structure and adsorption energy of DGEBA, MPUR, and MPUR-
modified DGEBA before and after adsorption on ZnO (10-10) surfaces. After adsorption, 
all three adsorbents moved to the ZnO substrate, with the distance between the adsorbents 
and substrate remaining constant as the equilibrium time increased. This process reflects 
the phenomenon of adhesive infiltration on the ZnO (10-10) surface under the action of 
nonbonded interaction forces. According to the adsorption results, the ZnO (10-10) surface 
has adsorption effects on DGEBA, MPUR, and MPUR-modified DGEBA. The simulation 
of MPUR-modified DGEBA show that the hydroxyl group points to the surface, and the 
methyl group deviates from the surface, indicating that the hydroxyl group is a functional 
group that is easily adsorbed, while the methyl group is a functional group that is difficult 
to be adsorbed. In addition, the adsorption energy of the three adsorbed substances, which 
is composed of van der Waals and electrostatic interaction energies, is quantitatively ana-
lyzed. The nonbonded interaction energies of DGEBA, MPUR, and MPUR-modified 

Figure 5. (a) Adhesion strength and fracture surfaces of dry and water joint and (b) cross section of
dry joints of the Zn–Al and Zn–Al–Mg galvanized steel sheets.

4.3. Molecular Behavior and Adhesion Force at Epoxy Adhesive/Galvanizing Coating Interface

This section focuses on the role of nonbonded and chemical interactions in the interac-
tion between epoxy adhesive and galvanized steel. Nonbonded interactions mainly refer to
van der Waals forces and electrostatic interactions, while chemical interactions include ionic
bonding, covalent bonding, and coordination bonding, etc. [39]. The physical adsorption
resulting from nonbonded interactions can provide some initial adhesion strength, but it
is usually not sufficient to form a durable bonding [40]. In contrast, chemical interactions
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can form a relatively strong and durable bonding between the adhesive and metal surface
during the curing process [41].

Upon contact with a metal surface, the adhesive can form a uniform thin film on
the surface, driven by nonbonded interactions [41,42]. These forces reduce the distance
between the adhesive and the metal surface, promoting infiltration and interfacial contact.
Investigating the interfacial nonbonded interactions between metal oxides on the coating
surface and epoxy adhesive molecules can help to understand the infiltration behavior
of epoxy adhesive on the coating surface at the molecular/atomic scale [43–45]. Figure 6
shows the molecular structure and adsorption energy of DGEBA, MPUR, and MPUR-
modified DGEBA before and after adsorption on ZnO (10-10) surfaces. After adsorption,
all three adsorbents moved to the ZnO substrate, with the distance between the adsorbents
and substrate remaining constant as the equilibrium time increased. This process reflects
the phenomenon of adhesive infiltration on the ZnO (10-10) surface under the action
of nonbonded interaction forces. According to the adsorption results, the ZnO (10-10)
surface has adsorption effects on DGEBA, MPUR, and MPUR-modified DGEBA. The
simulation of MPUR-modified DGEBA show that the hydroxyl group points to the surface,
and the methyl group deviates from the surface, indicating that the hydroxyl group is a
functional group that is easily adsorbed, while the methyl group is a functional group
that is difficult to be adsorbed. In addition, the adsorption energy of the three adsorbed
substances, which is composed of van der Waals and electrostatic interaction energies,
is quantitatively analyzed. The nonbonded interaction energies of DGEBA, MPUR, and
MPUR-modified DGEBA with ZnO (10-10) surfaces are −49.1 kcal/mol, −42.8 kcal/mol,
and −112.6 kcal/mol, respectively. It can be concluded from the comparison of interaction
energy that ZnO (10-10) prefers to adsorb DGEBA rather than MUPR. Negative interaction
energies further indicate the spontaneous occurrence of the adsorption and infiltration of
the adhesive on ZnO (10-10) surfaces, and the van der Waals force dominates the process
as demonstrated by the relatively high interaction.
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Figure 7a–f shows the molecular structures and adsorption energies of the adsorbates
before and after adsorption on the Al2O3 (100) surface. After adsorption, the adsorbates
are found to be close to the Al2O3 (100) surface, and the distance of the adsorbates in
the longitudinal direction decreased, indicating their spreading on the substrate. The
nonbonded interaction energies of DGEBA, MPUR, and MPUR-modified DGEBA with the
Al2O3 (100) surface are −67.7 kcal/mol, −61.7 kcal/mol, and −147.1 kcal/mol, respectively.
Similar to the ZnO (10-10) surface, the Al2O3 (100) surface also prefers to adsorb DGEBA.
The negative nonbonded interaction energies again demonstrate the interfacial infiltration
of the adsorbates on the Al2O3 (100) surface. Compared with the ZnO (10-10) surface,
the Al2O3 (100) surface has stronger interfacial interactions with the three adsorbates,
which is confirmed by the higher interaction energy. However, considering that chemical
interactions also play a crucial role in determining the final adhesion effect, this result does
not necessarily indicate that the adhesive force on the Al2O3 (100) surface is stronger than
that on the ZnO (10-10) surface.
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The molecular structures and adsorption energies of DGEBA, MPUR, and MPUR-
modified DGEBA on the MgO (100) surface before and after adsorption are shown in
Figure 8. After adsorption, all three adsorbents are found to be in close proximity to the
MgO substrate. However, unlike on the ZnO (10-10) and Al2O3 (100) surfaces, the longitu-
dinal size of MPUR-modified DGEBA did not decrease significantly after adsorption on
the MgO (100) surface, indicating that its infiltration into the MgO surface is lower. The
nonbonded interaction energies of DGEBA, MPUR, and MPUR-modified DGEBA with the
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ZnO (10-10) surface are −40.7 kcal/mol, −61.6 kcal/mol, and −89.2 kcal/mol, respectively.
Compared with DGEBA, the MgO (100) surface shows a stronger preference for the ad-
sorption of MPUR due to its electrostatic force. Furthermore, the difference in interaction
energy between DGEBA and MPUR on the MgO (100) surface (51.4%) is significantly
higher than that on the ZnO (10-10) (12.8%) and Al2O3 (100) (8.9%) surfaces, indicating a
more obvious preference for MPUR adsorption on the MgO (100) surface. However, as
previously analyzed, the adhesion force of the adhesive on the coating surface is not only
directly determined by the nonbonded interaction but also by chemical interaction.
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To quantitatively investigate the influence of ZnO, Al2O3, and MgO on the adhesion
performance of the galvanized steel sheet, DFT calculations were employed to evaluate the
adhesion force and chemical bonding of DGEBA fragment on three oxide surfaces. In a dry
environment, the calculated energy–displacement curve is shown in Figure 9a. The curve
conforms to the Morse potential in the range of −0.8 eV to 1.2 eV. The distance between the
DGEBA fragment and the surface was defined as 0 Å, where the system reached a stable
adsorption state. As the distance exceeds 0, the adsorption energy tends to 0, and as the
distance becomes less than 0, the adsorption energy tends to infinity. The force–distance
curves are shown in Figure 9b. To compare Fmax with the macroscopic adhesion strength,
Fmax was converted into adhesion stress, which can be calculated as follows:

Smax = Fmax/A (4)

where A is mean value of surface areas of oxide models, 1.12 × 10−18 m−2.
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The fitting parameters obtained are shown in Table 2. As can be seen, the adhesion
stresses of the DGEBA fragment on ZnO(10-10), Al2O3(100), and MgO(100) surfaces are
0.96 GPa, 0.68 GPa, and 1.14 GPa, respectively, which are in good agreement with the order
of magnitude reported in the literature [17,18,25]. The calculated adhesion stresses are two
orders of magnitude larger than the actual joint strengths (Zn–Al: 32.3 MPa, Zn–Al–Mg:
29.2 MPa). This difference is attributed to the fact that the actual joint strength is affected by
more complex factors, such as surface micro-nano structure, surface contaminants, internal
stress, adhesive infiltration on the bonded surface, etc. [46–48]. Moreover, it was found that
cohesion failure occurred in both the experimental Zn–Al and Zn–Al–Mg joints, but the
true value of the interfacial strength was not obtained. Therefore, the calculated adhesion
stress is a theoretical value of the interfacial strength, which is greater than the actual joint
strength. As previously analyzed, the calculated adhesion stress between the adhesive and
MgO is significantly higher than that of the ZnO and Al2O3 models, which is a significant
factor contributing to the excellent interfacial bonding performance of the Zn–Al–Mg joint.

To elucidate the chemical interaction between the adhesive and the oxide substrates,
the molecular structure and difference charge density plots of the ZnO, Al2O3, and MgO
systems after chemisorption equilibrium were analyzed [49], as shown in Figure 10. The
adhesion behavior of the adhesive molecules was found to be different on the three oxide
surfaces. The straight adhesive molecules are adsorbed on the ZnO (10-10) and MgO
(100) surfaces at angles of 7.4◦ and 4.6◦, respectively, while the bent adhesive molecule is
adsorbed on the Al2O3 (100) surface. It is well known that the more parallel the adhesive is
to the surface, the more atoms participate in the interfacial chemical interaction, which is the
reason why the MgO (100) surface can obtain a relatively higher adhesion force. In addition,
the adhesive molecules generated different chemical bonding with the three surfaces.
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On the ZnO (10-10) surface, the O atom on the surface is surrounded by the electron
accumulation region, while the H atom of hydroxyl group in the adhesive is surrounded
by the electron depletion region, which indicates the formation of hydrogen bond. On
the Al2O3 (100) surface, the 5-coordinated Al atom loses electrons and is surrounded by
electron depletion regions, while the O atom of ether group is surrounded by electron
accumulation regions. Based on these observations, it can be concluded that there is ionic
interaction between the 5-coordinated Al atom and the O atom of the adhesive. In addition,
a stronger ionic interaction was generated between the MgO (100) surface and the hydroxyl
group of the adhesive than in the ZnO model, which is demonstrated by the darker color
of the electron accumulation and depletion regions between the Mg atoms and hydroxyl O.
The above analysis shows that hydrogen and ionic bonds formed between the adhesive
and oxides are the origin of interfacial adhesion force. Compared with the ZnO (10-10)
and Al2O3 (100) surfaces, the MgO (100) surface has a chemical adsorption advantage on
adhesive molecules in terms of molecular configuration and electronic interaction, which is
the reason for its high adhesion.

Table 2. Theoretical adhesion properties and fitting parameters for the dry and water surface models.

Model Oxides in Coating E0/eV λ/Å−1 Fmax/nN Smax/GPa
in This Work

Smax/GPa
in Reference

dry

ZnO 1.80 0.8331 1.08 0.96 0.62 [17],
0.61 [17],
1.55 [18],
2.18 [18],
1.546 [25]

Al2O3 1.33 0.8748 0.76 0.68

MgO 2.14 0.8324 1.28 1.14

water

ZnO 1.34 0.7929 0.84 0.75 0.51 [24],
0.50 [24],
1.38 [46]

Al2O3 0.95 0.8512 0.56 0.50

MgO 1.36 0.7413 0.91 0.81Materials 2023, 16, x FOR PEER REVIEW 15 of 19 
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4.4. Corrosion Resistance Mechanism at Epoxy Adhesive/Galvanizing Coating Interface

The immersion and diffusion of water molecules at the adhesive interface, as well as
their corrosion on the coating surface, can accelerate the degradation of interfacial bonding
performance [50]. To assess the corrosion resistance of Zn–Al and Zn–Al–Mg coatings,
the electrochemical impedance spectroscopy (EIS) data were analyzed. Figure 11a shows
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the Nyquist plots of the two coatings, which take the form of a semicircle, indicating
the occurrence of corrosion on the coating surfaces. The radius of the Nyquist curve is
indicative of the corrosion resistance of the coating, with a larger radius corresponding
to a lower corrosion rate and stronger corrosion resistance. The Nyquist curve radius of
the Zn–Al–Mg coating is greater than that of the Zn–Al coating, demonstrating that it
possesses stronger corrosion resistance. The equivalent circuit diagram of the EIS fitting
is shown in Figure 11b, where Rs represents the resistance of the corrosive solution, Rct
represents the resistance of charge transfer, and a constant phase element (CPE) replaced
the capacitive element of coating to obtain the best fit [51]. The fitting data for the EIS
equivalent circuit are provided in Table 3, where the Rs values for both samples are similar
(with a relative error of no more than 5%). CPE-T and CPE-P represent the characteristic
and index parameters of the CPE, respectively [52]. In comparison to the Zn–Al coating,
the Zn–Al–Mg coating exhibits a lower CPE-T value and a higher Rct value, which further
indicates its stronger corrosion resistance. As a result, it is relatively difficult for water
molecules to cause corrosion at the adhesive interface of the Zn–Al–Mg coating compared
to the Zn–Al coating, resulting in better interfacial bonding performance between the
Zn–Al–Mg coating and the adhesive.
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Table 3. EIS equivalent fitting data.

Sample Rs
(Ω·cm2)

Rct
(Ω·cm2)

CPE-T
(s-n/Ω·cm2) CPE-P χ2

Zn–Al coating 23.65 342.10 4.66 × 10−5 0.79 0.0007
Zn–Al–Mg coating 24.83 461.10 3.24 × 10−5 0.85 0.0048

To further investigate the corrosion resistance mechanism of the adhesive interface on
galvanized steel sheets, the interfacial adhesion forces of oxide–adhesive systems were cal-
culated in a water environment. The energy–displacement and force–displacement curves
of the ZnO, Al2O3, and MgO adhesion systems in water are shown in Figure 9c,d, and the fit-
ting parameters, maximum adhesion force, and adhesion stress of the energy–displacement
curves are summarized in Table 2. As shown in Figure 9c,d, the force–displacement curves
of the three oxide systems are significantly reduced in the presence of water molecules,
indicating a decrease in interfacial bonding performance. The adhesion stress of the ZnO,
Al2O3, and MgO systems decreased by 21.9%, 26.5%, and 28.9%, respectively. This re-
duction reflects the sensitivity of adhesion strength to water molecules, with the ZnO
system showing the lowest sensitivity, followed by the Al2O3 system, and the MgO system
showing the highest sensitivity. Even with a decrease in adhesion stress, the MgO system
still exhibited the highest adhesion stress among the three systems, which is mainly due to
the molecular structure of the interface.

Figure 12 displays the stable adsorption structure of the adhesive on the oxide surfaces
in the water model. As illustrated in Figure 12, the presence of water molecules in the
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interface increased the spatial distance between adhesive molecules and the oxide surfaces,
which negatively impacted the generation of adhesion force at the interface. Conversely,
hydrogen bonds formed between water molecules and O atoms of adhesives and oxides,
creating an interfacial hydrogen-bonding network. This network broke the chemical
interaction between the adhesives and the oxide surfaces, thus reducing the adhesion
performance of the coatings. The hydrogen bond network contents at the three oxide–
adhesive interfaces were quantitatively analyzed as the number of hydrogen bonds divided
by the number of hydrogen atoms in water molecules. It was found that the value was lower
in the MgO–adhesive interface (0.4) than in the ZnO–adhesive (0.8) and Al2O3–adhesive
(0.7) interfaces, resulting in higher adhesion stress in the MgO system than in the ZnO and
Al2O3 systems.
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performance of the coatings. The hydrogen bond network contents at the three oxide–
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Based on the above analysis, the addition of Mg element in the coating has a positive
effect on the corrosion resistance of the adhesive interface, which is in agreement with the
experimental results that indicate a stronger adhesive interface corrosion resistance of the
Zn–Al–Mg coating compared to the Zn–Al coating. As shown in Figure 3, the dendritic
structure containing magnesium is extensively distributed on the surface of the Zn–Al–Mg
coating, providing numerous sites for the interaction between the coating and the adhesive.
Water molecules are relatively difficult to diffuse at MgO–adhesive interface. Moreover,
the corrosion resistance of the Zn–Al–Mg coating is better than that of the Zn–Al coating,
thus further improving the corrosion resistance of the Zn–Al–Mg adhesive interface when
compared to the Zn–Al coating adhesive interface.

5. Conclusions

This study investigated the interfacial interaction of epoxy adhesive on galvanized
steel (Zn–Al and Zn–Al–Mg) and its interfacial corrosion resistance through a combination
of experiments and simulations. It was found that the bubbles in the adhesive layer of the
Zn–Al–Mg joint reduced its mechanical properties, resulting in the joint strength being ap-
proximately 10% lower than that of the Zn–Al joint in the case of cohesive failure. However,
the Zn–Al–Mg joint has better interfacial corrosion resistance than the Zn–Al joint after
21 days water soak. Since the coating surfaces were shown to be covered by metal oxides
(ZnO, Al2O3 and MgO), the influence of these oxides on the interfacial interaction and
corrosion resistance between galvanized steel and adhesive was analyzed. The nonbonded
interaction analysis revealed that the ZnO and Al2O3 surfaces preferentially adsorbed
epoxy resin, while the surface of MgO showed a preference for adsorbing curing agent. The
hydrogen bond and ionic interaction between oxide surfaces and the adhesive contributes
to the interfacial adhesion stress. The theoretical adhesion stress of MgO is the highest
and 1.19 times and 1.68 times of ZnO and Al2O3, respectively. The corrosion resistance
of the Zn–Al–Mg coating was stronger than that of the Zn–Al coating, as demonstrated
by the better EIS results. MgO in the Zn–Al–Mg coating is conducive to the reduction of
the hydrogen bond network content related to water molecule at the coating–adhesive
interface, resulting in better interfacial corrosion resistance.
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Abstract: An anti-corrosion inhibitor is one of the most useful methods to prevent metal corrosion
toward different media. In comparison with small molecular inhibitors, a polymeric inhibitor can
integrate more adsorption groups and generate a synergetic effect, which has been widely used
in industry and become a hot topic in academic research. Generally, both natural polymer-based
inhibitors and synthetic polymeric inhibitors have been developed. Herein, we summarize the
recent progress of polymeric inhibitors during the last decade, especially the structure design and
application of synthetic polymeric inhibitor and related hybrid/composite.

Keywords: metal corrosion; anti-corrosion inhibitor; polymeric inhibitor; adsorption

1. Introduction

Metal corrosion has become a global problem, which not only induce accident due to
the decrease in the mechanical strength, but also causes huge economic losses. Corrosion
inhibitor is one of the most useful and economic strategies to protect metal materials to-
ward different media. Generally, there are several kinds of inhibitors, including inorganic
inhibitors, organic inhibitors, and polymeric inhibitors [1–3]. Compared with inorganic
inhibitors, organic inhibitors and polymeric inhibitors are much cheaper and more power-
ful. More importantly, both organic inhibitors and polymeric inhibitors can be rationally
designed and easily synthesized. It is well-known that the adsorption of inhibitors on
the surface of metal and corresponding adhesion property performs important role in the
application of inhibitors [4]. Therefore, adsorption groups are broadly used in the structure
design of inhibitors. Some pioneered review papers have already summarized the progress
of organic inhibitors [5,6].

In comparison with small molecular organic inhibitor, polymeric inhibitors show the
following advantages (as illustrated in Scheme 1): (i) more adsorption groups can be intro-
duced to one molecule by tuning the number of the repeat unit; (ii) different adsorption
groups can be integrated into one polymer via copolymerization (for example copolymer-
ization of monomer A and monomer B), which may generate a synergetic adsorption effect;
(iii) the configuration of supramolecular self-assembly of polymeric inhibitor allows the
structure optimization of polymeric inhibitor to achieve best adsorption performance; and
(iv) the flexibility and mobility of the polymer chain provides processability, which also
allow the formation of hybrid/composite with inorganic inhibitor to achieve improved
anti-corrosion performance.

Heterocyclic compounds (as shown in Figure 1) have been considered to be excellent
corrosion inhibitors, owing to the dense electron centers of heteroatom; however, their
synthetic process is usually very harmful to the environment. The adsorption sites of
polymeric inhibitor can be increased by increasing their molecular weight (in other words,
the number of repeat unit) and can be a potential candidate for the use of heterocyclic
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compounds in corrosion protection [7]. The mechanism by which polymers can perform
corrosion inhibition is the metal-polymer bonding mechanism. Polymeric corrosion in-
hibitors dissolved in corrosive electrolyte can be adsorbed on the metal surface to form
polymeric film through the metal-polymer bonding mechanism, as shown in Figure 2. The
adsorption mechanism of polymers containing heteroatoms discussed in this mini-review
mainly follows such mechanisms and forms polymer film on the metal surface through
chemisorption or physical-chemical adsorption (mixed adsorption) mechanisms [8,9]. The
hydrophilicity and hydrophobicity of the polymer determine whether the polymer film
formed on the metal surface can effectively protect against corrosion and whether it can
exist stably. A suitable ratio between hydrophilic and hydrophobic segments is essential to
the corrosion inhibitive performance of polymeric inhibitor [8,10,11].

Scheme 1. Schematic illustration of the advantages of polymeric inhibitor.

Figure 1. Chemical structures of typical heterocyclic compounds used in the design of inhibitors.

Figure 2. Schematic illustration for the protective effect of polymeric inhibitor on steel sheet in
corrosive medium [7]. Reproduced with permission from ref. [7]. Copyright 2022 Elservier.

According to the source and synthetic method, there are generally two kinds of
polymeric inhibitors, natural polymer-based inhibitors [12,13] and synthetic polymeric
inhibitors [14,15]. With regarding to the design of polymeric inhibitor, on one hand, the
presence of heteroatom is crucial for polymeric corrosion inhibitors and greatly affects the
corrosion inhibitive properties, which are currently known to be O < N < S < P according to
their capability of coordination [16]. One the other hand, most of the polymeric inhibitors
belong to polyelectrolyte, both the charged group and its counterion are important.
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Herein, we are trying to summarize the progress on the design and application of
polymeric inhibitors during the last decade. Generally, both inhibitors from natural polymer
and synthetic polymer and their related hybrid/composite will be covered, which may be
helpful to researchers, entrepreneurs, and engineers in the fields of functional polymer and
metal protection.

2. Corrosion Inhibitor from Natural Polymer

Natural polymers (Figure 3), such as starch, cellulose, chitosan, and other natural
polysaccharide substances extracted from natural products, have been historically used
as corrosion inhibitor [17] due to the presence of multiple coordination groups in their
structures. Generally, the inhibition property of natural polymers depends on the number of
their functional groups, which usually varies according to their source. Therefore, different
strategies have been developed to extract natural products from high content raw plants,
such as solvent extraction, mechanical extrusion, pre-gelatinization treatment, and so on.

Figure 3. Typical chemical structures of natural polymers are used in the design of inhibitors.

Starch-base inhibitors were broadly used due to their abundance in nature. For
example, Kaseem et al. found that the addition of starch to the electrolyte can protect
Al-Mg-Si alloy via the formation of α-Al2O3 on the surface, while the oxide layer of the
alloy without the starch addition consists of γ-Al2O3 only [18]. Thamer et al. used acid
hydrolysis to synthesize starch nanocrystal and investigated its corrosion inhibition for
mild steel in 1 M HCl. The maximum inhibition efficiency was 67% when the concentration
of the nanocrystal was 0.5 g/L [19]. Physical blend of starch and pectin was developed
by Sushmitha and coworkers [20]. They found that such a blend can be used as corrosion
inhibitor for mild steel in 1 M HCl. The corrosion inhibition efficiency was up to 74% when
the temperature was controlled at 30 ◦C. Furthermore, the addition of this blend to the
epoxy resin can effectively reduce the porosity of the coating and therefore enhance the
corrosion inhibition efficiency.

Zhang et al. investigated the corrosion inhibition of steel by maize gluten meal extract
in simulated concrete pore solution containing 3% NaCl using electrochemical techniques
and showed that the corrosion resistance of steel was improved after the introduction of
the extract [21]. The corn protein powder extract is a mixed inhibitor causing an inhibitory
effect on both anodic and cathodic reactions, where polar groups, such as N and O in the
amide group, perform the main adsorptive effect.
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However, the crystalline regions decreased their water solubility and limited corre-
sponding application in metal corrosion protection [22]. Different strategies have been
developed to increase the water solubility of starch. For example, gadong tuber starch
(GTS)-based inhibitor was extracted from Dioscorea hispida and dispersed in 90% dimethyl
sulfoxide [23]. The corrosion inhibition property was evaluated by using SAE 1045 carbon
steel in 0.6 M NaCl, giving inhibition efficiency as high as 86.3% at GTS concentration
of 1500 ppm. Extrusion can also be used to physically modify starch by increasing the
amorphous region. Anyiam et al. [24] used an alkaline treatment with NaOH to modify
starch extracted from sweet potato and investigated its corrosion inhibitor performance
on mild steel at 0.25 M H2SO4 by gravimetric and potentiodynamic polarization (PDP)
techniques. The alkaline treated starch can achieve inhibitive efficiency as high as 84.2%,
which was found to be more effective than the unmodified starch in corrosion inhibition.
Meanwhile the addition of KI could perform a synergistic role to enhance the inhibition
effect. They also modified starch by extrusion and found that the modified starch can give
inhibition efficiency up to 64% at concentration as low as 0.7 g/L in 1 M HCl solution [25].

To improve the water solubility of natural starch, Deng et al. prepared cassava starch-
acrylamide graft copolymer (CS-AAGC) by grafting cassava starch with acrylamide using
(NH4)2S2O8 and NaHSO3 as initiators [26]. Weight loss and electrochemical analysis
revealed that CS-AAGC is a hybrid inhibitor for aluminum in 1 M H3PO4, which performs
a major role in inhibiting the anodic reaction with a maximum inhibition efficiency of 90.6%.

Grafting starch with other kinds of water-soluble monomers can also be used to
prepare starch-based inhibitors. For example, Hou et al. [27] modified starch by grafting
with acrylic acid (AA) and investigated the corrosion inhibition performance on Q235
carbon steel under HCl environment by weight loss and electrochemistry. It was found that
200 ppm of such terpolymer can give inhibitive efficiency up to 90.1% at 30 ◦C. Acrylamide
is generally used as a co-monomer in the modification of starch. For example, Li et al. [28]
grafted acrylamide onto cassava starch and studied the corrosion inhibition effect on
aluminum in 1 M HNO3. According to the results of the weight loss and electrochemical
study, the acrylamide-grafted starch showed better anti-corrosion performance than the
un-grafted one. While in a similar study, Wang et al. [29] found that the acrylamide (AM)-
grafted starch can also be used as inhibitor for the protection of zinc in 1 M HCl with
inhibition efficiency as high as 92.2%. Furthermore, they grafted sodium allyl sulfonate
and acrylamide onto tapioca starch [30]. It was found that such terpolymer excellent anti-
corrosion property on cold-rolled steel, the inhibition efficiency can be achieved as high as
97.2% for 1 M HCl and 90% for 1 M H2SO4, respectively.

Comparing with starch, cellulose derivatives are also widely used as inhibitors due to
their easy modification [31]. Methyl hydroxyethyl cellulose (MHEC) shows good water
solubility and facilitates its adsorption on metal surface [32]. Eid et al. [33] investigated the
corrosion inhibition effect of MHEC on copper in 1 M HCl solution by cyclic voltammetry,
potentiodynamic polarization, and weight loss techniques. It was found that such inhibitors
could prevent the mass and charge transfer on the copper surface by calculating the
activation energy (Ea) and heat of adsorption (Qads) of the adsorption process. The corrosion
efficiency can achieve as high as 90% at concentration as low as 4 g/L. In addition to copper,
cellulose derivatives can also be used to protect aluminum alloys. Nwanonenyi et al. [34]
found that hydroxypropyl cellulose (HPC) was a good inhibitor for aluminum in acidic
media (0.5 M HCl and 2 M H2SO4) at 30–65 ◦C.

Wang et al. [35] prepared thiocarbonylhydrazide modified glucose derivatives (Figure 3)
through N-glycosyl linkage at the C-1 of the saccharide moiety and applied them to the
corrosion protection of N80 carbon steel pipelines in the oil and gas industry. It was found that
these compounds showed excellent corrosion protection with corrosion inhibition efficiencies
of 99.1% and 99.4%, respectively.

Different from starch and cellulose, the presence of amino groups in chitosan (CS) pro-
vide additional adsorption groups and enables improved inhibition property. For example,
Wen and coworkers investigated the effect of water-soluble chitosan corrosion inhibitor on
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the corrosion behavior of 2205 duplex stainless steel in NaCl and FeCl3 solutions [36]. When
immersed in 0.2 g/L chitosan solution for ca. 4 h, the surface of stainless steel specimen will
be covered by a dense and uniform adsorption film, and the corrosion inhibition efficiency
can achieve as high as 62%. In order to improve the corrosion inhibition performance
of CS, chemical modification, such as esterification and grafting on chitosan, has been
developed [37]. For example, Zhang et al. [38]. introduced extra adsorption groups to CS
by using facile Schiff base reaction and etherification. As shown in Figure 4, the synthesized
CS-1 and CS-2 exhibited excellent anti-corrosion property on Q235 mild steel in 1 M HCl
solution. It was found that the introduction of pyridine groups increased the absorption
of inhibitors on the metal surface comparing with crude CS. Moreover, the presence of
hydrophobic phenyl ring in CS-2 enhanced the electron density at active sites and gave
better surface coverage than CS-1, achieving inhibition efficiency as high as 98.0% at a low
concentration of 150 mg/L at 25 ◦C.

Figure 4. Typical chemical structures of chitosan-based inhibitor: CS-1 and CS-2.

In addition to the above three types of natural polymer-typed inhibitors, other natural
polysaccharides can also be used as metal corrosion inhibitors, such as gelatin, pectin,
carrageenan, xanthan gum, sodium alginate, and so on. Fares et al. [39] investigated
the anti-corrosion property of ι-carrageenan for aluminum in the presence of pefloxacin
mesylate and 1.5 M and 2.0 M HCl. It was revealed that pefloxacin acted as zwitterion
mediator for the adsorption of carrageenan on the metal surface, and therefore, gave
an increase in the inhibition efficiency from 67% in the absence of the medium to 92%.
Similarly, pectin is also used as corrosion inhibitor [40]. Grassino et al. [41] extracted pectin
from tomato peel waste (TPP) and used it as tin corrosion inhibitor. Compared with the
corrosion inhibitor of commercial apple pectin, it was found that TPP mainly performed a
cathodic protection role and was an effective corrosion inhibitor for tin in NaCl, acetic acid
and citric acid solutions.

To compare the corrosion inhibition property of different natural polymers, Chen
et al. investigated the scale and corrosion inhibition properties of polyaspartic acid (PASP),
polyepoxysuccinic acid (PESA), oxidized starch (OS), and carboxymethyl cellulose (CMC)
by molecular dynamics simulations and density flooding theory calculations, and the
binding energies of these substances to Fe surfaces were: PASP > OS > CMC > PESA [42].

Owing to their abundant resources, the conversion of natural polymers to carbon dots
(CDs) became an emerging research topic in the design of novel inhibitors. For example, He
et al. [43] developed a green and high-yielding CDs-based pickling solution using a range
of low-cost and easily available sugars, such as glucose, soluble starch, fructose, or sucrose,
and using concentrated H2SO4 as the oxidant and an acid source for the preparation of
CDs. The corrosion inhibition performance of CDs on Q235 carbon steel in 0.5 M H2SO4
solution was subsequently determined by weight loss test, electrochemical impedance
spectroscopy (EIS), and PDP measurement. It was found that the corrosion inhibition of
carbon steel could reach about 95% at a low precursor concentration of 0.26%. Based on
the electrochemical and corrosion surface analysis, it can be reasonably assumed that the
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corrosion inhibition and protection effect of CDs is exerted by forming a protective film on
the metal surface.

Overall, although natural polymer-based corrosion inhibitors (Table 1) show the
advantages of wide source, environmentally friendly, easy to obtain and degrade, their
chemical modification and modulation of adsorption groups, and corrosion inhibition
efficiency is still more challenging As an alternative strategy, synthetic polymeric corrosion
inhibitors provide precision structure and architecture design; therefore, the concept of
synthetic polymer-based corrosion inhibitor was also developed.

Table 1. Inhibition property of typical polymeric inhibitor from natural polymer.

Inhibitor Metal Corrosion
Medium TEST METHOD Highest IE (%) Reference

starch Al-Mg-Si alloy 3.5% NaCl PDP, EIS / [18]
starch nanocrystals mild steel (ST37-2) 1 M HCl weight loss, PDP, EIS 67.0 [19]
starch-pectin blend mild steel 1 M HCl PDP, EIS 88.9 [20]

maize gluten meal
extract steel

simulated concrete
pore solution with

3.0% NaCl
PDP, EIS 88.1 [21]

alkaline modified starch mild steel 0.25 M H2SO4 PDP, weight loss 84.2 [24]
AM-grafted cassava

starch aluminum 1 M H3PO4 weight loss, PDP, EIS 91.9 [26]

starch-AA-CS
copolymer Q235 carbon steel 1 M HCl weight loss, EIS, PDP 90.1 [27]

AM grafted cassava
starch aluminum 1 M HNO3 weight loss, EIS, PDP 97.8 [28]

AM grafted starch Zn 1 M HCl weight loss, EIS, PDP 92.2 [29]
AM grafted starch Zn 1 M HCl weight loss, EIS, PDP 97.2 [30]

3. Synthetic Polymeric Corrosion Inhibitor

In principle, both coordination group and charged group can be potential adsorption
sites for metal surface. To design effective inhibitors, both the adsorption site and the
polymeric structure perform important roles. The development of polymer chemistry,
especially controlled radical polymerization techniques, provides accurate architecture and
structure control over the number of repeat units, functional groups, and the topology. In
this section, different kinds of synthetic polymeric inhibitors will be discussed according to
their polymer skeletons and adsorption sites, such as phosphorus, sulfur, nitrogen, and
so on.

3.1. Phosphorus-Containing Synthetic Polymeric Inhibitor

Phosphorus can coordinate with metal surfaces more strongly than oxygen, which has
been introduced to polymeric inhibitor as additional adsorption site in the form of both
coating and solution. Generally, there are two kinds of strategies to prepare phosphorus-
containing synthetic polymeric inhibitor: (i) post-modification of natural polymer [44]; and
(ii) direct polymerization of phosphorus-containing monomer [45].

Grafting phosphorus-containing groups to natural polymers not only can introduce ad-
ditional adsorption sites, but also improve their water solubility. David et al. functionalized
chitosan with phosphonic acids (P-1 in Figure 5) via the Kabachnik-Fields reaction and sub-
sequent hydrolysis [44]. The introduction of phosphonic acid groups greatly decreased the
dynamic viscosity of chitosan. Moreover, compared with the native chitosan, P-1 showed
improved adsorption on the carbon steel surface and better corrosion inhibition property.
Meanwhile, such material can also be used in metallic aluminum corrosion protection.
David et al. [44] fabricated inhibitive coating by the layer-by-layer (L-b-L) technique from
native chitosan or synthesized phosphorylated chitosan (P-1 in Figure 5) combined with
alginate functionalized chitosan. It was found that the coating can create a physical barrier
that acts mainly by reducing the active surface area and has the effect of blocking the
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penetration of the aggressive species into the metal substrate. According to the result of
electrochemical impedance spectroscopy (EIS) in 0.1 M Na2SO4 solution, the as prepared
coating showed improved corrosion resistance for aluminum alloy 3003.

Figure 5. Chemical structures of typical phosphorus-containing polymeric inhibitors (P1–P8) and
monomers (M1–M3).

Phosphonic acids can also be introduced to chitin. As demonstrated by Hebalkar and
coworkers, they synthesized phosphorylated chitin (P-2 in Figure 5) to solve the water
solubility of native chitin and improve their coordination ability with metal surface [46].
According to the gravimetric analysis in NaCl solution, only 200 ppm P-2 can protect
copper very well with maximum inhibition efficiency as high as 92%.

By using simple phosphorylation, phosphonic acids can be introduced to ethyl cellu-
lose. Ben Youcef et al. [47] reported the method of microcapsulation to encapsulate almond
oil as inhibitor by using phosphorylated ethyl cellulose (P-3 in Figure 5). It was found
that the P-O− functionalized groups strongly interacted with the metal ions in the metal
substrate, and therefore, generated synergetic anti-corrosion effect for almond oil.

Comparing with the post-functionalization of natural polymer, the direct polymeriza-
tion of phosphorus-containing monomer provides accurate structure control and rational
design of polymeric inhibitors [48]. The most commonly used phosphorus-containing
methacrylate-base monomers are shown in Figure 5 (M-1 and M-2). For example, Keil
et al. [49] reported UV-cured polyester acrylate coatings on zinc and iron as anti-corrosion
surface. Moreover, Pebere et al. [50] extended the study on the UV polymerization of M-1
and M-2 to prepare effective corrosion protection. It was found that coatings containing
phosphonic acid methacrylate (M-2) showed better anti-corrosive performance than those
containing methacrylate phosphonic dimethyl ester (M-1), owing to the improved adsorp-
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tion of phosphonic acid to metal surface than corresponding ester. Similarly, Ilia et al. [51]
copolymerized vinylphosphonic acid (VPA) and dimethyl vinylphosphonate (DMVP) to
prepare PVPA-co-PDMVP copolymer P-5 (Figure 5) via free radical photopolymerization.
Interestingly, they found that the presence of phosphonate groups from DMVP in copoly-
mers was beneficial and a molar ratio VPA:DMVP 4:1 and 3:1 enhanced the anticorrosion
for iron surface in comparison with homopolymer of vinylphosphonic acid (P-4). In other
words, the coordination between P-OH and metal surface competes with the formation
rate of uniform protective layer. While copolymers with VPA:DMVP 4:1 may show higher
diffusion coefficient, and therefore, faster formation of protective film than other polymers.

In addition to introducing additional adsorption sites to polymeric inhibitors, low
surface energy monomers have also been used in the design of efficient inhibitor. Moratti
et al. [52] prepared block copolymer P-6 (Figure 5) via free radical polymerization of
heptafluorodecyl methacrylate and (dimethoxyphosphoryl) methyl methacrylate. The
copolymers were then immobilized as a monolayer film to the surface of 316L stainless
steel by treatment of dilute solutions in trifluoroacetic acid for 30 min followed by rinsing.
Owing to the presence of fluorinated block and the presence of adsorption site from the
phosphorus block, the resulting polymeric inhibitor exhibited excellent anti-corrosion
property and long-term stability.

Champagne et al. [45] reported the nitroxide-mediated polymerization (NMP) to
prepared polystyrene-b-poly(dimethyl(methacryloyloxy)methyl phosphonate) and corre-
sponding polystyrene-b poly(dimethyl(methacryloyloxy)methyl phosphonic acid) (P-7
in Figure 5) and its graft onto polysaccharide chitosan (P-8 in Figure 5). The controlled
radical polymerization feature of NMP allowed rational design of the repeat unit and the
topology of the resulting polymer. It can be anticipated that the resulting grafted poly-
mers are potential candidate for excellent inhibitor due to the coexistence of chitosan and
phosphorus-containing polymers (Table 2).

In addition to the radical-based polymerization, sol-gel method has also been devel-
oped for the preparation of phosphorus-containing polymeric inhibitors. Mandler et al. [53]
incorporated phenylphosphonic acid (PPA) to a sol-gel film to enhance the corrosion protec-
tion of metallic aluminum; however, it was found that such method resulted in aggregation
and phase separation. To overcome such problem, Choudhury et al. [54] proposed the
design of networked methacrylate- hybrid by copolymerizing 2-(methacryloyloxy)ethyl
phosphate (M-3 in Figure 5), containing a polymerizable methacrylate group and functional
phosphate group with 3-[(methacryloyloxy)propyl] trimethoxysilane [55]. It was found that
the proposed network not only enhanced the binding of the coating to the metal substrate
via the acid-base interaction of the P-O− group of the phosphate with the Mn+ of the metal
substrate, but also resulted excellent anti-corrosion property.

Table 2. Inhibition property of typical phosphorus-containing synthetic polymeric inhibitor.

Inhibitor Metal Corrosion Medium Test Method Highest IE (%) Reference

P-1 aluminum alloy 3003 pH = 5 acetic acid EIS / [44]
P-2 copper 200 × 10−3 g/L NaCl weight loss, EIS 92 [46]
P-3 mild steel 3.5% NaCl salt spray test / [47]

M-1/M-2 low-carbon steel 0.1 M NaCl EIS 85 [49]
M-3 mild steel 3.5% NaCl PDP, EIS [54]

P-4/P-5 iron coin 3% NaCl PDP, EIS 83.5 [51]
P-6 316L stainless steel trifluoroacetic acid long term stability tests / [52]

3.2. Sulfur-Containing Synthetic Polymeric Inhibitor

As a classic coordination atom, sulfur can form a stable complex with different metal
ions. Generally, there are two kinds of sulfur-containing polymeric inhibitors: (i) polythio-
phene and (ii) polysulfone.

Normally, intrinsically conducting polymers or conjugated polymers, such as poly-
thiophene, polypyrrole, and polyaniline, have been widely used as protective coating
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for corrosion protection of steel [56]. Polythiophene was first reported as corrosion pro-
tection in 1989 [57]. The facile electropolymerization of thiophene and its derivatives
allows the preparation of homogeneous polymer films on the surface of different met-
als with good electrical properties and chemical stability [58]. Gonzalez-Rodriguez and
coworkers [59] compared the anti-corrosion property of poly(3-octyl thiophene) (P3OT) and
poly(3-hexylthiophene) (P3HT) (P-9 in Figure 6). The plate they used was a commercially
available 1018 carbon steel sheets, and copper wires were welded to the plate, which was
used as a reaction platform for electrode deposition. The polymer solution was then de-
posited on the electrode, evaporated solvent, dried, and annealed to afford the P3OT/P3HT
coating. Both polymer films were found to be effective in protecting the substrate from
corrosion by decreasing the critical current necessary to passive the substrate, increasing
the pitting potential, and broadening the passive interval, and P3HT was found to be more
effective due to a much lower number of defects than P3OT films. Interestingly, P3HT gave
better protection than P3OT, because of the lower defects in the film of P3HT than that for
the P3OT films. Thiophene can also be copolymerized with other monomers to improve
the anti-corrosion property. For example, Branzoi et al. [60] investigated the anti-corrosive
properties of poly(N-methylpyrrole-Tween20/3-methylthiophene) coatings on carbon steel
type OLC 45 in 0.5 M H2SO4 medium. The surfactant Tween 20 was a dopant used in
the electropolymerization process, which could improve the anti-corrosive properties by
hindering the corrosive sulfate ion penetration. The corrosion rate of PNMPY-TW20/P3MT-
coated OLC 45 has been indicated to be ~10 times reduced in comparison with uncoated OL
45, and the corrosion protection efficiency of the coating is above 90%. More importantly,
the anti-corrosion property of such coating can be tuned by the condition of electropolymer-
ization, such as electrodeposition current and time, highlighting the potential application
of such technique.

Furthermore, the anti-corrosion performance of polythiophene can be improved by
blending with other polymers [61]. Meanwhile, blending can also improve the processabil-
ity and mechanical strength of the material and reduce the cost of expensive conductive
polymers [62]. For example, Nicho et al. [63] blended P3OT with polystyrene (PS) and
deposited it onto stainless steel sheets using the drop-casting technique, where a solution
of the blend is added dropwise to the steel sheet, the solvent is evaporated, then dried
and annealed. Subsequently, the room temperature corrosion behavior of the prepared
P3OT/PS coated 304 stainless steel was studied under 0.5 M NaCl. According to their study
on the temperature effect, it was found that high temperature (e.g., 100 ◦C) can increase
the adhesion degree between coating and substrate, making the coating less porous and
defective to give a denser surface, therefore giving it better inhibition performance. Fur-
thermore, they systematically investigated the anti-corrosion property of P3HT, P3HT/PS
and P3HT/PMMA (polymethyl methacrylate) blends coatings on A36 steel corrosion pro-
tection in 0.5 M H2SO4 solution. It was found that blends of P3HT with PMMA and PS
improved the protection of steel in comparison with native P3HT. P3HT/PMMA blend
gave the best protraction to the steel. To enhance the interface interaction between different
polymers in the blend, Huang et al. [64] reported the preparation of P3HT/poly(styrene-co-
hydroxystyrene) blend (P-10 in Figure 6) via the intermolecular hydrogen bonding between
thiophene and phenol group. The hydrogen bonding not only improved the miscibility
between two polymers, but also enhanced the adhesion force between iron and coating
layer. Compared with native P3HT, the inhibition performance of the blend improved and
the decreased upon thermal treatment.
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Figure 6. Chemical structures of typical sulfur-containing polymeric inhibitors.

In addition to polythiophene-based inhibitor, polysulfone represents another kind of
sulfur-containing polymeric inhibitor. For example, the non-toxic amino acid methionine
was used as a sulfur-containing corrosion inhibitor for mild steel because of the coexistence
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of N, O, and S atoms in one molecule. Moreover, the corrosion inhibition performance of
methionine, methionine sulfoxide, and methionine sulfone in HCl for mild steel has been
studied previously and moderate inhibition efficiency has been achieved. To enhance the
adsorption of inhibitor and metal substrate, polysulfone may be potential strategy [65].
Ali and coworker carried out systematical study on the anti-corrosion performance of
series of polysulfones. Butler’s cyclopolymerization of diallyl ammonium salts and their
copolymerization with SO2 was used to synthesize a series of polysulfones with residues
of essential amino acid methionine (P-11 and P-12 in Figure 6) [66]. Especially, in the
copolymer P-14 (Figure 6), half of the sulfide was oxidized to corresponding sulfone, which
greatly improved the water solubility. More importantly, the copolymer P-14 demonstrated
superior inhibition of mild steel in 1 M HCl at 60 ◦C with inhibition efficiency of 99% at con-
centration of 25 ppm, while corresponding monomer can only achieve inhibition efficiency
of 31% at the same concentration, highlighting the contribution of polymer configuration.
In another study, they treated polymer P-11 with H2O2 to generate corresponding sulfone
P-12 and sulfoxide P-13 [67]. All of these polymers can achieve inhibition efficiency (IE) up
to 87%, even at a very low concentration of 6 ppm in 1 M HCl. It revealed that the sulfoxide
(S=O) base sequence was more effective in mitigating mild steel corrosion in comparison
with sulfide (S) and sulfone (O=S=O). The copolymerization methodology also allowed
the introduction of multiple adsorption groups to one inhibitor. For example, they [67]
also synthesized a new tripolymer P-15 (Figure 6) consisting of carboxylate, sulfonate, and
phosphonate using the Butler cyclopoymerization technique and copolymerization with
sulfur dioxide. They evaluated the performance of P-15 as a corrosion inhibitor for St37
carbon steel. It was found that the as prepared inhibitor demonstrated protection efficiency
of 79.5% and 61.1% in HCl and H2SO4 media at a concentration of 1000 mg/L, respectively.
Interestingly, it was found that the addition of KI can greatly enhance the performance
to give IE as high as 93.5%, which may due to the synergistic effect of the cooperative co-
adsorption of I− on the metal surface. They also synthesized series of poly(bis-zwitterion)
(P-16, P-17, and P-18 in Figure 6) with chelating motifs of [NH+(CH2)2NH+(CH2CO2

−)2]
via the same strategy. These polymers were found to be very good inhibitors of mild steel
corrosion in 1 M HCl. Similarly, the addition of KI (400 ppm) can generate synergistic effect
to achieve 98% inhibition of mild steel corrosion for a duration 24 h at 60 ◦C [68].

Compared with polysulfone, polythioether can bind with metal surface more strongly
due to the S-Fe bond. In order to improve the anti-corrosion property of native poly-
thioether, our group designed a series of cobaltocenium-containing polythioether type
metallo-polyelectrolytes (P-19, P-20, and P-21 in Figure 6). The synthesized diolefin
monomers were first sulfonated to introduce sulfonate groups, followed by photo-induced
thiol-ene polymerization to synthesize the polymer, then azidation and copper-catalyzed
post-click modification to graft the cobalt dichloride groups to the polysulfide backbone
to obtain the target polymer (The synthesis process is shown in Figure 7). It can be found
that there are multiple interactions between these polymers and metal surface, such as
coordination between S and metal, triazole and metal, electrostatic interactions, and the
potential ion-π interaction. According to the weight loss experiments and electrochemical
study, all these polymers were found to be effective inhibitors, which can achieve inhibitive
efficiency as high as 95% at concentration as low as 10 mg/L. Moreover, our study also
revealed the structure–property relationship for the design of new polymeric inhibitor,
highlighting the important role of flexible linkage between the polymer main-chain and the
charged group and the number of charged groups [69].
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Figure 7. Synthetic procedure for cobaltocenium-containing polythioether type inhibitors: P-19/P-
20/P-21 [69].

In addition to the above sulfur-containing polymeric inhibitors (Table 3), sulfur has
also been introduced to resin coating. For example, Mohammad El-Sawy and coworkers
compared the inhibition performance of modified urea (P-22) with thiourea formaldehyde
(P-23) resins for steel surfaces. As expected, owing to the presence of sulfur atoms in
thiourea resin, P-23 demonstrated the best protection performance and adhesion [61].

Table 3. Inhibition property of typical sulfur-containing synthetic polymeric inhibitor.

Inhibitor Metal Corrosion Medium Test Method Highest IE (%) Reference

P-9 1018 carbon steel 0.5 M H2SO4 EIS / [59]
P-10 iron 3.5% NaCl EIS, PDP 96 [64]

P-11/P-14 mild steel 1 M HCl EIS 99 [66]

P-12/P-13 mild steel 1 M HCl Weight loss P-12: 94
P-13: 87 [67]

P-15 St37 carbon steel 15% HCl/15% H2SO4

EIS, PDP, linear
polarization resistance,

electrochemical frequency
modulation

79.5/61.1 [62]

P-16/P-17/P-18 mild steel 1 M HCl Weight loss P-16: 92.3
P-18: 95.7 [68]

P-19/P-20/P-21 mild steel 5% HCl weight loss, EIS, PDP 95 [69]

P-22/P-23 cold-rolled mild
steel 3.5% NaCl weight loss, / [61]

3.3. Nitrogen-Containing Synthetic Polymeric Inhibitor

Nitrogen-containing synthetic polymeric inhibitor represents a major class of poly-
meric inhibitors. Most of the nitrogen-containing polymeric inhibitors belong to poly-
electrolyte, such as poly(quaternary ammonium), polyethyleneimine, polyaniline, and
so on.
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3.3.1. Poly (Quaternary Ammonium)

Generally, polymeric corrosion inhibitors tend to outperform their monomer coun-
terparts due to advantages, such as increased adsorption sites and entropy processes that
displace water molecules from the metal surface. Since quaternary ammonium salts-based
small molecular corrosion inhibitors have been widely used in metal corrosion inhibition,
their corresponding poly(quaternary ammonium) salts have also been investigated as
potential inhibitor owing to their advantages of high water solubility [70].

As discussed in the section of sulfur-containing polymeric inhibitors, polyquaternary
ammonium salts are usually synthesized via the Butler’s cyclopolymerization of diallyl
ammonium salts. For example, as shown in Figure 8, Ali et al. [66] prepared a variety of
unsaturated N,N-diallyl compounds from 1,6-hexanediamine and performed cycliopoly-
merization to synthesize a series of water-soluble polyquaternium oligomers (P-24, P-25,
and P-26). All these inhibitors demonstrated good corrosion inhibition property with IE as
high as 93%.

Figure 8. Typical synthetic route of polyquaternary ammonium type inhibitors via Butler’s cyclopoly-
merization.

3.3.2. Polyethyleneimine

In addition to the polyquaternary ammonium salts, the commercially available poly-
ethyleneimine (PEI) and its derivatives have also been broadly used as inhibitor. In princi-
ple, the corrosion inhibition efficiency of PEI is related to the number of sub-methyl groups
and the number of vinyl and amino groups, which may influence the adhesion and adsorp-
tion properties with metal substances. Moreover, the different types of nitrogen atoms in
PEI may also be protonated under the condition of acid corrosion, further enhancing the
adsorption affinity [66].

Milošev et al. investigated the corrosion protection of PEI (P-27 in Figure 9) for
ASTM 420 stainless steel [71] and the relationship between anti-corrosion property and the
molecular sizes of PEI [72]. It was found that PEI is a corrosion inhibitor against pitting
corrosion, and PEI with an average molar mass of 2000 g/mol shows the best effect against
localized corrosion. Moreover, the amine groups in PEI can be protonated by CO2 in water,
PEI can also be used as green inhibitor under the condition of saturated CO2 solution. Umer
and coworkers studied the effect of temperature on the corrosion behavior of API X120
steel in a saline solution saturated with CO2 in absence and presence of PEI [72]. It was
found that PEI significantly decreases the corrosion rate of API X120 steel with inhibition
efficiency of 94% at a concentration of 100 µmol/L. This is attributed to the fact that PEI
molecules adsorb onto the metal surface through heteroatoms, forming a dense protective
film that limits the transfer of aggressive ions to the metal surface and reduces the corrosion
rate. While the addition of PEI with saturated CO2 works best because PEI adsorbs on the
steel surface and has the ability to trap CO2 in the brine solution, with the end result being
a reduction in fouling and a smoother steel surface.
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Figure 9. Typical chemical structures of PEI-based nitrogen-containing polymeric inhibitors.

PEI can also be used to form hybrids with inorganic material, such as grapheme oxide
(GO), to further improve the inhibition performance. As shown in Figure 10, Quraishi
et al. [73] modified GO with PEI via facile amidation and investigated its corrosion inhibi-
tion of carbon steel in a solution of 15% HCl. According to the weight loss experiment, the
PEI-GO alone provided a high corrosion inhibition efficiency of 88.2% at a temperature of
65 ◦C. Moreover, KI can further increase IE to 95.8% due to their synergistic effect.

Figure 10. Schematic illustration of the synthesis of PEI-GO inhibitor [73], Reproduced with permis-
sion from ref. [73]. Copyright 2020 Royal Society of Chemistry.

As mentioned, PEI can be potentially quaternized to generate poly(quaternary ammo-
nium) salt. Gao et al. [74] prepared quaternary polyethyleneimine (Q-PEI, P-28 in Figure 9)
via tertiary amination reaction and subsequent quaternization reaction, and investigated
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the corrosion inhibition performance of Q-PEI on mild steel (A3 steel) in H2SO4 solution.
It was found that Q-PEI is a very effective corrosion inhibitor for A3 steel, and the cor-
rosion inhibition rate was up to 92% when immersed in 0.5 M H2SO4 solution for 72 h
at a concentration of only 5 mg/L. Another study [75] further investigated the corrosion
protection mechanism of PEI and Q-PEI on Q235 carbon steel under different acid medi-
ums. It was found that Q-PEI is more cationic compared with PEI. The chemisorption
that occurs between Q-PEI and carbon steel surface is mainly influenced by three aspects:
(i) the electrostatic interaction between the positive charge of the amine nitrogen atom and
the electronegative carbon steel surface; (ii) the covalent bond formed by the electrons
on the phenylbenzene that can enter the three-dimensional orbitals of the iron atom; and
(iii) the nitrogen atom of Q-PEI and iron atoms on the surface of carbon steel to form
chelate complexes.

From the previous results of Ingrid et al. [71], it can be seen that there is still a possibility
to improve the corrosion protection performance of PEI as a corrosion inhibitor for mild
steel in neutral media. To further enhance the performance of PEI, Fu et al. [76] modified
PEI with phosphorus groups to give polyethyleneimine phosphorous acid (PEPA) (P-29 in
Figure 9). Owing to the synergetic effect from nitrogen atoms and the phosphorus groups,
P-29 can be used as corrosion inhibitor in neutral medium for mild steel. Subsequently, they
investigated the influence of molecular weights of PEPA on the anti-corrosion property [77].
Generally, three kinds of PEI with molecular weight of 600, 1800, and 10,000 were used.
The results showed that PEPA is an excellent corrosion inhibitor, and the best inhibition
performance was achieved at a dosage of 200 mg/L for PEPA synthesized from PEI with a
molecular weight of 1800, with an inhibition rate of 94.6%.

3.3.3. Polyaniline

As a typical conductive polymer, polyaniline (PANI, P-30 in Figure 11) and its deriva-
tives have been widely used as corrosion inhibitors in the form of either solution or coatings.
Generally, the mechanism of PANI corrosion protection can be attributed to three effects:
(i) the physical corrosion protection due to PANI coating separating the metal from the
corrosive medium [78]; (ii) the passivation effect of PANI catalyzing the formation of oxide
film on the metal surface [79]; and (iii) the heteroatom in PANI can form some kind of bond
with metal atoms and perform a role in corrosion inhibition. As early as 1985, Deberry [80]
reported the application of electrochemically synthesized polyaniline coating for corrosion
protection of ferritic stainless steel in H2SO4. It was found that polyaniline could provide
anodic protection for stainless steel and significantly reduce the corrosion rate of stainless
steel. In a later study, Wessling found that polyaniline coating synthesized from dispersion
may lead to significant shift of the corrosion potential and generated so-called passivation
of metal. Similarly, Mirmohseni et al. [81] synthesized polyaniline polymers chemically
and casted from 1-methyl-2-pyrrolidone (NMP) solution to iron samples. Such coating
was found to be an effective inhibitor for iron in various corrosive environments, such as
NaCl (3.5 wt%), tap water, and acids. Meanwhile, polyaniline was also found to be a more
powerful inhibitor than conventional polymer, such as polyvinyl chloride.

The effect of substituents, such as −OCH3, −COOH, and −CH3, in the structure of
polyaniline on corrosion inhibition has been investigated [82]. For example, Bereket and
coworkers prepared poly(N-ethylaniline) (P-31 in Figure 11) coatings via cyclic voltammetry
method on copper [83].

In addition to the polyaniline and substituted polyaniline (Table 4), Venkatachari
et al. [84] synthesized water-soluble poly(p-phenylenediamine) (P-32 in Figure 11) and
investigated its corrosion inhibition of iron in different concentrations of 1 M HCl using
polarization technique and electrochemical impedance spectroscopy. The corrosion inhi-
bition efficiency of poly(p-phenylenediamine) was found to be 85% at a concentration of
50 ppm, and even when the concentration of its monomer was scaled up to 5000 ppm, the
corrosion inhibition efficiency of the monomer was only 73%. Compared with polyaniline,
the corrosion inhibition performance of poly(p-phenylenediamine) is also found to be
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superior. Venkatachari et al. [85] found that poly(diphenylamine) also has good corrosion
inhibition properties and the corrosion inhibition efficiency can be as high as 96% even at a
very low concentration of 10 ppm. The analysis of FT-IR revealed that poly(diphenylamine)
has a strong adsorption effect on the iron surface, which can improve the passivation of
iron in sulfuric acid.

Figure 11. Typical chemical structure of polyaniline-based inhibitors.

Table 4. Inhibition property of typical nitrogen-containing synthetic polymeric inhibitor.

Inhibitor Metal Corrosion
Medium Test Method Highest IE (%) Reference

P-24/P-25/P-26 mild steel 1 M HCl weight loss P-25: 82
P-26: 82 [66]

P-27 ASTM 420 stainless
steel 3% NaCl linear polarization, cyclic

polarization 81.9 [71]

P-28 mild steel (A3 steel) 0.5 M H2SO4 weight loss, PDP 92 [74]

P-29 mild steel simulated neutral
medium weight loss tests, PDP, EIS 88 [76]

P-30 iron 3.5% NaCl/0.1 M
HCl PDP, / [78]

P-31 copper 0.1 M H2SO4 PDP, EIS / [83]
P-32 iron 1 M HCl PDP, EIS 92.7 [84]
P-33 carbon steel 1 M HCl weight loss, PDP, EIS 90.5 [86]

P-34/P-35/P-36 mild steel 1 M HCl weight loss, PDP, EIS
P-34: 97.23
P-35: 98.46
P-36: 98.96

[87]

Polyaniline can also be copolymerized with other monomers to exert corrosion in-
hibition. Shi et al. [86] obtained poly(aniline-co-o-anthranilic acid) (P-33 in Figure 11)
by copolymerizing polyaniline with anthranilic acid and investigated the corrosion inhi-
bition efficiency of polyaniline copolymer in HCl solution on carbon steel. The results
showed that the polyaniline copolymer solution in HCl solution had an effective corro-
sion inhibitor effect on carbon steel, and the adsorption on the metal surface followed
the Langmuir adsorption isotherm with an IE value of 90.5% when the concentration
was 20 ppm. Shukla et al. [87] investigated the slow-release properties of a series of
anilines-formaldehyde polymers in 1 M HCl solution on mild steel. The three copolymers
synthesized, poly(aniline-formaldehyde) (P-34), poly(o-tolylene-formaldehyde) (P-35), and
poly(p-chloroaniline-formaldehyde) (P-36), showed excellent corrosion inhibition, and
poly(p-chloroaniline-formaldehyde) had the best corrosion inhibition efficiency due to the
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presence of Cl in the structure and the interaction of the lone electron pair of chlorine atom
with the metal surface, with an IE value of 98% at a concentration of 10 ppm.

Seegmiller et al. [88] prepared coatings by blending the conductive polymer polyani-
line with the vinyl polymer poly(methyl methacrylate) and investigated the anticorrosive
properties of the blended films on different metals in 1 mol/L H2SO4. The as-prepared
conductive blends were effective in protecting Cu, Ni, Fe, and other metals [89].

3.3.4. Inorganic Mineral-Doped Polyaniline-Based Inhibitor

The doping of inorganic materials, such as montmorillonite, zeolite, and silica, in
polyaniline can enhance the gas barrier properties of the composite [90], which can make the
path that corrosive substances, such as oxygen and moisture, pass through the coating more
tortuous, making the corrosive medium less corrosive and thus achieving anti-corrosion
effects. Wei et al. [91] investigated the effect of alkali and acid doping forms of polyani-
line on cold rolled steel using electrochemical corrosion measurements and compared it
with undoped polyaniline coatings. They found that the polyaniline-based and epoxy
topcoats treated with zinc nitrate had better overall protection compared to other coating
systems, which is consistent with the observations of Wessling et al. [79] Yeh et al. [92]
prepared polyaniline-clay nanocomposites (PCN) by doping montmorillonite (MMT) clay
into polyaniline. It was found that PCN has 400% lower permeability and better corrosion
resistance than conventional polyaniline. In a similar study, Olad et al. [93] prepared two
kinds of nanocomposites, PANI/Na-MMT and PANI/O-MMT, by doping polyaniline
with organophilic montmorillonite (O-MMT) and hydrophilic montmorillonite (Na-MMT).
Although the conductivity of the nanocomposite was lower than that of polyaniline films,
both hydrophilic and organophilic PANI/MMT nanocomposite coatings outperformed the
pure polyaniline coating for corrosion protection of iron samples.

Alloys, such as stainless steel and magnesium alloys, can also be protected from
corrosion with PANI/MMT nanocomposite coatings. The release of metal ions, such
as iron, chromium, and nickel from the biological environment surrounding the alloy
leads to reduced biocompatibility and susceptibility to local attack, which limits its use in
biomedical applications [94]. Stainless steel is protected by a passive film formed on the
surface, and the most serious problem in practical application is localized corrosion [95].
Mehdi et al. [96] used direct electrochemical galvanostatic method to electrochemically
synthesize polyaniline and PANI/MMT nanocomposite coatings on the surface of 316L
stainless steel, and the studied the corrosion protection performance in 0.5 M HCl medium.
It was found that the inhibition efficiency was up to 99.8%, which indicated that the
coatings have outstanding potential in protecting 316 L SS against corrosion in acidic media.
Shao et al. [97] investigated the corrosion protection of AZ91D magnesium alloy by epoxy
coating containing PANI/OMMT powder in 3.5% NaCl solution. It was found that the
lamellar structure of PANI/OMMT could improve the barrier ability of the coating to
electrolyte solution and PANI could form an oxide layer to enhance the corrosion resistance
of magnesium alloy. Even after 6000 h of immersion, PANI/OMMT coating could still
maintain the good corrosion resistance of AZ91D magnesium alloy.

In addition to montmorillonite, carbon-based inorganic materials, such as graphene,
carbon nanotubes, and glass fibers (GB), can also be doped with polyaniline to afford
composites for corrosion protection. Conductive graphene has also attracted interest
in recent years due to its high aspect ratio of about 500 [98], and the combination of
graphene with polymers has also been found to have good mechanical [99] and galvanic
properties [100], and potential barrier properties [101]. Yeh et al. [102] doped graphene
with polyaniline to obtain polyaniline/graphene composites (PAGCs). In comparison with
pure polyaniline, the hybrid PAGCs were found to have excellent barrier properties to O2
and H2O.

The good electronic conductivity of carbon nanotube endows the resulting hybrid
excellent corrosion protection performance. Zhu et al. [103] prepared dendrite-like polyani-
line/carbon nanotube (PANI/CNT) nanocomposites via the interfacial π-π interactions
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between carbon nanotubes and polyaniline. The PANI/CNT nanocomposites have good
redox ability in acidic and neutral media with excellent physical barrier effect of water and
oxygen and metal passivation catalytic effect. Hou et al. [104] prepared polyaniline/glass
fiber (PANI/GB, PGB) composites by in situ oxidative polymerization and used these
materials to modify epoxy coatings and investigated the effect on their corrosion resistance.
The results showed that the addition of PGB composites led to a significant increase in
the corrosion resistance of the coatings, and the coatings had the best corrosion resistance
when the PANI to GB mass ratio was 1:1.

3.3.5. Polyaniline-Based Inhibitors from Doping with Protonic Acids

The doping of polyaniline with different mineral and organic acids affects the degree
of protonation of polyaniline, which affects the anions in the structure of polyaniline, and
both the type and concentration of the doped acid affect the conductivity of polyaniline
conductive form emeraldine salt (P-37 in Figure 11) [105]. Kohl et al. [106] prepared five
polyaniline salts (PANI-HA) using five acids, namely, phosphoric acid (H3PO4), sulfuric
acid (H2SO4), hydrochloric acid (HCl), p-toluenesulfonic acid, and 5-sulfosalicylic acid.
The results showed that the type of PANI dopants and pigment volume concentration
(PVC) perform an important role in the corrosion resistance of the coating, and the PVC
corresponding to the best corrosion inhibition effect is different for different PANI-HA. The
general rule of PVC effect on the corrosion resistance of the coating is at low PVC values
(PVC = 0.1–5%), the corrosion resistance is independent of the pigment used; when the
PVC increases up to 10%, the corrosion resistance becomes significantly worse with the
increase in PVC. Generally, the incorporation of PANI pigments into epoxy resins often
resulted in severe agglomeration and required sonication [107]. Sadegh et al. [108] prepared
glycol-modified epoxy coatings containing polyaniline-camphorsulfonic acid particles on
mild steel surfaces using a novel one-pot method without further dispersion of the particles.
Zhang et al. [91] doped two acids, hydrofluoric acid and camphorsulfonic acid, as doping
acids into PANI subsequently added to epoxy coatings. The EIS results showed that both
acids of doped PANI had an improved effect on the retardation performance of epoxy
coating, especially the anticorrosion effect of camphorsulfonic acid doped PANI coatings
was greatly enhanced. The anticorrosion mechanism of different forms of PANI coatings
can be summarized as following: (i) through barrier properties; (ii) through the formation
of passivation layer by redox reaction; and (iii) through the formation of insoluble counter
anionic salts. Ali et al. [109] prepared self-assembled polyaniline nanotubes using sodium
dodecylbenzene sulfonate as the dopant acid and compared their corrosion performance
with that of conventional polyaniline. It was found that the corrosion currents of iron
sheets coated with polyaniline nanotubes were much lower than those of iron sheets coated
with conventional polyaniline. Grgur et al. [110] conducted a more practical study on
benzoate doped polyaniline coatings, which were tested for cathodic protection under 3%
NaCl, atmospheric and Sahara desert conditions. The results show that the coating can
effectively protect mild steel even in a short period of time, and they propose a “switching
zone mechanism” (Figure 12).
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Figure 12. Proposed mechanism of the mild steel corrosion protection with PANI coatings [110].

3.3.6. Polyaniline-Based Inhibitor from Doping with Metals Oxides

In addition to the inorganic substances and protonic acids, metals and their oxides can
also be doped with polyaniline to improve the anodic protection of polyaniline, owing to
their sacrificial oxidation. The most commonly used metal materials are iron, zinc, titanium,
and their corresponding oxides. Venkatachari et al. [111] prepared polyaniline-Fe2O3
composites with aniline to Fe2O3 ratios of 2:1, 1:1, and 1:2, respectively, using chemical
oxidative method in phosphoric acid medium with ammonium persulfate as the oxidizing
agent, combined the composites with an acrylic binder to prepare a primer coated on
steel specimens. They found that the best corrosion resistance to 3% NaCl solution of
the composite coating was achieved at a ratio of 1:1 of aniline to Fe2O3. The good anti-
corrosion effect of polyaniline-Fe2O3 composites can be mainly attributed to the barrier
effect due to the formation of a passive film and iron-phosphate salt film on the iron
surface. The size of the filler particle size in polymer composites has a great influence
on the performance of the composite [112], and when the size of the filler particles is
reduced to the nanoscale, the performance is usually very different from that of the micron
size [113]. It was found that the doping of zinc also effectively improved the electrical
conductivity and corrosion resistance of PANI [114]. The highest electrical conductivity
of PANI/Zn nanocomposites was obtained when the zinc content was 4 wt%, and the
performance exhibited by PANI/Zn nanocomposite films was more excellent than the
composite films. Radhakrishnan et al. [115] synthesized polyaniline/nano-TiO2 composites
using in situ polymerization. In comparison with conventional polyaniline, the addition of
nanosized TiO2 improved the corrosion resistance of polyaniline coatings, and the corrosion
resistance of polyaniline prepared by 4.18% nano-TiO2 could be increased to more than
100 times. Al-Masoud et al. [116] prepared bimetallic oxide nanocomposite functionalized
with polyaniline, by combining ZnO and TiO2 simultaneously with polyaniline (PANI). It
was found that the as prepared ZnTiO@PANI is a strong acidic corrosion inhibitor, and its
corrosion inhibition rate can reach 98.9% at a concentration of 100 ppm in acidic chloride
solution (1.0 M HCl + 3.5% NaCl).

3.4. Other Type of Polymeric Inhibitors

In addition to the above well-studied systems, other kinds of polymeric inhibitors
have also been investigated because modern polymer chemistry allows the introduction
of hydrophilic and adsorption groups to the side chains on the basis of the main chain
structure and copolymerization with other monomers (Table 5).

Polyacrylic acid (PAA) is the most well-known vinyl polymer corrosion inhibitor
used in the early study of anti-corrosion. Recently, polyacrylate or acrylamide copolymer
corrosion inhibitors have become more popular. Lin et al. [117] prepared poly(methyl
acrylate)-co-poly(acrylic acid imidazoline) (MA-ACI, P-38 in Figure 13) from methyl acrylate
and acrylic imidazoline with azo diisobutyronitrile as initiator. According to the rotating
hanging plate method, P-38 showed inhibition efficiency as high as 82% at a concentration
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of 0.10 g/L in 1 mol/L H2SO4 at 30 ◦C. Taghi et al. [118] prepared neodymium-poly acrylic
acid complex (Nd-PAA, P-39 in Figure 13) by adding neodymium to PAA and applied them
to the corrosion protection of ST-12 type in 0.1 M NaCl. Due to the anionic nature of PAA,
they deposited densely and crack-free ultrafine Nd-PAA films on the steel surface.

Figure 13. Chemical structure of the poly methyl acrylate-acrylic acid imidazoline, and cobaltocenium-
containing waterborne polymeric inhibitors.

Moreover, chemical modification or grafting of inorganic material by synthetic poly-
mer has also been developed to afford efficient inhibitors. For example, as shown in
Figure 14, Yu et al. [119] modified graphene oxide with polystyrene by in situ microemul-
sion polymerization. The resulted hybrid demonstrated significant improvement in the
corrosion resistance in comparison with native graphene and polystyrene, with the corro-
sion resistance efficiency increasing from 37.9% to 99.5%.

Figure 14. Synthesis of organo-functionalized graphene oxide [119]. Reproduced with permission
from ref. [119]. Copyright 2014 Royal Society of Chemistry.
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Table 5. Inhibition property of other types of polymeric inhibitor.

Inhibitor Metal Corrosion
Medium Test Method Highest IE (%) Reference

P-38 N80 steel sheet 1 M H2SO4 PDP, EIS 90.2 [117]
P-39 ST-12 type steel sheets 0.1 M NaCl PDP, EIS / [118]

P-40/P-41/P-42/P-43 Mild steel 4 M HCl weight loss, EIS, PDP 98 [120]

Since water solubility is a crucial problem in the design and application of inhibitors,
water soluble polymers, such as waterborne polyurethane, have also been used as inhibitors.
Our group developed a series of cobaltocenium-containing polyurethanes (P-40, P-41, P-
42, and P-43 in Figure 13) via the reaction between hydroxyl-terminated cobaltocenium
monomer and different kinds of commercially available diisocyanates (the synthetic process
is shown in Figure 15). The presence of charged cobaltocenium group and its counterion
endow the resulting polyurethane good water solubility. Owing to the multiple interactions
between these waterborne polyurethanes and metal surface and the inter/intramolecular
hydrogen bonding between urethane groups, these polymers can strongly adsorb on
the metal surface and therefore demonstrated excellent corrosion protection property.
According to the weight loss experiment, the inhibition efficiency can achieve as high as
98.0% at a concentration as low as 20 mg/mL toward mild steel in 4 M HCl [120].

Figure 15. Synthetic procedure for cobaltocenium-containing polyurethane-type inhibitors: P-40/P-
41/P-42/P-43 [120].

4. Conclusions

Development and application of inhibitors can not only prolong the lifetime of metal
materials, but also provide a possible solution to the energy and economic loss caused by
metal corrosion. The development of polymer chemistry provides versatile tools to the
rational design and facile syntheses of powerful polymeric inhibitors. As discussed in this
review, there are several advantages of polymeric inhibitors:

(i) First, to increase the inhibition efficiency, different adsorption groups with het-
eroatoms, such as P, S, N, and O, have been introduced to the skeleton of polymer;

(ii) Second, the supramolecular structure of polymeric inhibitors also provides envi-
ronment adapted configuration of adsorption groups on the metal surface, which enables
the synergetic anti-corrosion performance;

(iii) Third, the soft matter nature of polymers enables their integration with different
kinds of micro/nano fillers, which can further enhance the anti-corrosion property and
therefore improve the actual performance of corrosion inhibitor.

Though a flourishing future of polymeric inhibitor could be envisioned, there are
several challenges that limit the further development of polymeric inhibitor and its practical
applications. First, a systematic study on the structure-property relationship, especially the
relationship between adsorption properties and the chemical structure of inhibitor, should
be established as a guide for the design of high efficient inhibitor. Different from small
molecular weight inhibitors, the influence of the structure of main-chain and side groups
and the molecular weight (number of repeat unit) should be well studied. More importantly,
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although quantum chemistry, such as density functional theory density, has been used
to understand the process of anti-corrosion, artificial intelligence, and computer-aided
structural design should be developed to the design of polymeric inhibitors. Second, since
most of the polymeric inhibitor has been used as anti-corrosion coatings, the integration of
polymeric inhibitors and inorganic fillers and the method to prepare composites should
also be focused. Moreover, suitable in-situ characterization of the corrosion process and
the structure characterization for the change of inhibitor and the metal surface should be
developed. Third, since the broad application of inhibitor has already caused environment
pollution, green inhibitors, such as polymeric inhibitors from natural sources, should be
investigated. While for the synthetic polymeric inhibitor, facile synthetic methodology and
economic issue should be considered. Fourth, with regarding to the practical application of
inhibitor in the form of coating, the integration of stimulus-responsive property, such as
self-healing, with polymeric inhibitor may be a further direction for the development of
smart inhibitors.
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Abstract: Ti6Al4V titanium alloys, with high specific strength and good biological compatibility with
the human body, are ideal materials for medical surgical implants. However, Ti6Al4V titanium alloys
are prone to corrosion in the human environment, which affects the service life of implants and harms
human health. In this work, hollow cathode plasm source nitriding (HCPSN) was used to generate
nitrided layers on the surfaces of Ti6Al4V titanium alloys to improve their corrosion resistance.
Ti6Al4V titanium alloys were nitrided in NH3 at 510 ◦C for 0, 1, 2, and 4 h. The microstructure and
phase composition of the Ti-N nitriding layer was characterized by high-resolution transmission
electron microscopy, atomic force microscopy, scanning electron microscopy, X-ray diffraction, and
X-ray photoelectron spectroscopy. This modified layer was identified to be composed of TiN, Ti2N,
and α-Ti (N) phase. To study the corrosion properties of different phases, the nitriding 4 h samples
were mechanically ground and polished to obtain the various surfaces of Ti2N and α-Ti (N) phases.
The potentiodynamic polarization and electrochemical impedance measurements were conducted
in Hank’s solution to characterize the corrosion resistance of Ti-N nitriding layers in the human
environment. The relationship between corrosion resistance and the microstructure of the Ti-N
nitriding layer was discussed. The new Ti-N nitriding layer that can improve corrosion resistance
provides a broader prospect for applying Ti6Al4V titanium alloy in the medical field.

Keywords: titanium alloys; plasma nitriding; TEM; HRTEM; electrochemical impedance spectroscopy

1. Introduction

For various medical applications, the ideal biomaterial is required to have properties
such as excellent corrosion resistance in the body fluid medium, good biocompatibility,
high strength, high ductility, low modulus, and no adverse tissue reactions [1–3]. Titanium
alloys are used for a wide range of applications in medical implant teeth, artificial hip joints,
shoulder joints, knee joints, bone fixing nuts, and screws [4,5]. Although titanium alloys
have good biocompatibility, the complexity of the human environment makes titanium
alloy human implants vulnerable to corrosion, which seriously affects the service life of
implants. Several studies have shown that titanium alloy implants, such as artificial hip
joints and knee joints, will age after 10–15 years of use [6]. At the same time, the release of
Al, V, and other metal ions in titanium alloy implants is harmful to human health under
the combined effect of wear and corrosion [7,8].

Different surface treatment techniques of titanium alloys can effectively provide these
surfaces with more desired properties and functionalities for exceptional applications [9–16].
Electrochemical anodic oxidation technology has the advantages of rapid preparation,
diversified surface morphology, and low cost. Martinez et al. [17] show that dense oxide
films were developed on the surface of Ti6Al4V alloy by constant current anodizing.
This film contains amorphous oxides which greatly improve the corrosion resistance of
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the alloy. However, the low energy utilization and high energy consumption of anodic
oxidation result in high treatment costs. Laser cladding technology can form a high hard
ceramic phase on the surface of the alloy and significantly improve the wear resistance
of titanium alloys [18]. Zhang et al. [19] used laser remelting technology to generate
hydroxyapatite (HA) coating on the Ti6Al4V surface and studied its friction, corrosion,
and biocompatibility. It was found that the coating had excellent corrosion resistance
and wear resistance and could promote the proliferation of bone cells. However, its
equipment conditions are demanding, and the treatable area is limited, making mass
production difficult. The protection of the substrate is insufficient, and cracks are easily
generated. Large stress concentration exists between the modified layer and the substrate.
Gordon et al. [20] modified the super elastic nickel-free titanium-based biomedical alloy
by nitrogen ion implantation, reducing the material surface’s friction coefficient, and
improving the material’s corrosion resistance, hardness, and biocompatibility. The ion
implantation technique has no coating film base bonding problems. The injection process
does not require an elevated substrate temperature, and the workpiece is not deformed. The
disadvantage is that it is easy to cause lattice damage, and the ion injection layer is shallow—
only 0.1~1.0 µm. During Plasma Vapor Deposition (PVD) treatment, single or multiple
source materials (including oxides, carbides and nitrides) are evaporated or sputtered
in a high vacuum [21,22]. Li et al. [23] prepared TiN and Ti/TiN multilayer coatings on
the Ti6Al4V alloy using the PVD technique. These coatings exhibited high hardness in
simulated body fluids while showing excellent corrosion resistance and relatively low
friction coefficient. However, there are some disadvantages in PVD coating, such as poor
adhesion with the coating and spontaneous falling under high stress.

Plasma nitriding technology has high activity, a fast penetration rate, and a deeper
penetration layer that is easier to obtain [24–26]. In the process of plasma nitriding, ionized
nitrogen bombards the surfaces of components with high cathode potential under the action
of the electric field. Nitrogen ions sputter and heat the surfaces of the parts to be treated and
diffuse into the parts. From the surface of the components to the substrate, the concentration
of nitrogen ions gradually decreases, forming a compound layer from TiN to Ti2N in
turn [12,27,28]. The existence of a compound layer enables titanium nitride alloys to obtain
high hardness, wear resistance, and good corrosion resistance. Y.V. Borisyuk et al. [29]
performed plasma nitriding treatment of the Ti5Al4V2Mo alloy at different temperatures,
and the hardness of the treated samples increased by 1.7 times compared to the untreated
surface. A. Sowińska et al. [24] concluded that these TiN + Ti2N + a-Ti(N)diffusion surface
layers on the Ti-6Al-4V alloy by using plasma nitriding are a promising bio-material. Such
layers of homogenous structure and thickness, and low surface free energy can be produced
even on elements with complicated shapes, which is characteristic for cardiovascular
implants. N. Rajendran et al. [30] reported that the nitrided b-21S titanium alloy exhibited
a high-percentage of cell viability demonstrating their increased biocompatibility.

However, traditional plasma nitriding technology has unavoidable defects, such as
edge effect and surface arc [31,32]. One way to avoid this problem is active screen plasma
nitriding (APSN) in recent years [33–35]. In this method, a high negative potential is
applied to a cage that generates an inner cavity filled with nitrogen plasma. All sides of
the parts in the cage are kept at a floating potential, and the coating produced by exposure
to hot plasma is very popular. At the same time, the processed parts are isolated from
DC high voltage. However, the inflow of high-energy nitrogen ions will be offset, and
the modified layer formed by ASPN will become thinner. It can be considered that the
ASPN process still belongs to a linear abnormal glow discharge. If the nitriding treatment
adopts hollow cathode discharge, the ionization rate and plasma density generated will
be greater than the linear abnormal glow discharge [36,37]. Our previous work concluded
that the HCPSN nitrided sample had a higher corrosion resistance in comparison with the
bare AISI 4140 steel and the CPN samples [38]. HCPSN treatment is widely used for its
fast-processing speed, low energy consumption, low part deformation and no pollution. In
other studies, HCPSN was used for nitriding the Ti6Al4V alloy. However, the structure
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of different phases on the surface of the sample after nitriding has not been investigated
further [39].

In this study, HCPSN treatment was used to modify the surface of the Ti6Al4V tita-
nium alloy, and the microstructure of the Ti-N nitriding layer was characterized by various
methods. Hank’s solution was used to simulate the human environment, and the potentio-
dynamic polarization and electrochemical impedance tests were conducted to characterize
its corrosion resistance. The relationship between the microstructure of the Ti-N nitriding
layer and the corrosion resistance was discussed. The results show that the corrosion
resistance of the Ti6Al4V titanium alloy can be significantly improved by hollow cathode
plasma source nitriding.

2. Materials and Methods

Ti6Al4V alloy samples are supplied in the form of 20 mm diameter round bars, wire
cut into samples of 8 mm thickness. The chemical composition of the samples is given
in Table 1. Their surfaces were ground with sandpapers and mechanically polished with
the 50 nm SiO2 polishing solution. Then they were cleaned separately with acetone and
ethanol using an ultrasonic cleaner.

Table 1. Chemical composition of the Ti6Al4V in wt. %, Ti balance.

Element Fe O C N H V Al

wt. % ≤0.25 ≤0.18 ≤0.05 ≤0.05 ≤0.012 3.5–4.5 5.5–6.75

The hollow cathode device consists of a double-layered hollow cathode cylinder with
a top cover, as shown in Figure 1. The material of the hollow cathode barrel is Ti6Al4V,
with the regular arrangement of small holes of 5 mm diameter. The Ti6Al4V samples
were placed in the hollow cathodic device and connected to the cathode in the nitriding
furnace (LDMC-20F, WHRCLS, Wuhan, China). The plasma nitriding process was started
by pumping the air pressure inside the furnace to less than 10 Pa. After that, NH3 was
gradually introduced into the furnace until a pressure of 300 Pa was reached. The nitriding
furnace was maintained at a pulse frequency of 1000 Hz, a duty cycle of 70% and a voltage
of 700 V which activated the glow discharge process. The process was conducted at a
temperature of 510 ◦C. Finally, the samples were cooled with the furnace in vacuum. The
preparation process of different samples is shown in Table 2.
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Table 2. The preparation process of different samples.

Sample Temperature Heating Up Time Holding Time Mechanical Process

Ti6Al4V - - - grinding + polishing
T0 510 ◦C 45 min 0 h -
T1 510 ◦C 45 min 1 h -
T2 510 ◦C 45 min 2 h -
T4 510 ◦C 45 min 4 h -

T4-P 510 ◦C 45 min 4 h polishing
T4-G 510 ◦C 45 min 4 h grinding + polishing

An optical microscope (OM, ZEISS Axio Observer 3 materials, Oberkochen, Germany)
was used to analyze the microstructure of samples. The phase constitutions of the samples
were determined using X-ray diffraction (XRD, Bruker D8 ADVANCE, Billerica, MA, USA)
with a Cu-Kα radiation source. The scanning angle ranged from 20◦ to 90 with a rate
of 4◦/min, and the accelerating voltage was 40 kV. The surface phases of the untreated
and corroded samples were analyzed with X-ray photoelectron spectroscopy (XPS, PHI
Quantera II, Japan). The XPS measurements were based on a classic X-ray optical scheme.
Electrostatic focusing and magnetic screening were used to achieve an energy resolution
of ∆E ≤ 0.5 eV for the Al Kα radiation (1487 eV). The XPS spectra were recorded with
the 100 µm X-ray spot, and the X-ray power supplied to the sample was 23.6 W. All XPS
measurements were performed with argon ion cleaning. Data were analyzed by Casa XPS
software. The C-C binding energy was calibrated for the peak spectrum at 284.8 eV. The
split peak fitting of the XPS peaks was performed based on a Shirley-type baseline. The
microstructure of the near-surface region of the samples was observed using a transmission
electron microscope (TEM, JEOL JEM-2100, Japan). The imaging was performed in a bright
field (TEM/BF). The phase analysis was performed with the help of DM3 software based
on selected area electron diffraction (SAED) patterns and high-resolution transmission
electron microscopy (HRTEM). Energy dispersive X-ray spectroscopy (EDS) was used to
determine the distribution of the surfaces’ chemistry. The samples for TEM were cut out
using the focused ion beam (FIB, FEI Quanta 200 FEG, Hillsboro, OR, USA) technique. The
Vickers hardness test was performed on the surfaces of samples using a Vickers hardness
tester (Struers Duramin-A300) with the test load of 50 g and the holding time of 15 s. The
surfaces were measured multiple times at each test point.

A series of electrochemical tests, including dynamic potential polarization and electro-
chemical impedance, were performed with the assistance of an electrochemical workstation
(VersaSTAT 3F, Berwyn, PA, USA) to assess the corrosion behavior of the nitriding sample
in the cathode environment of Hank’s solution. The composition (g/L) of Hanks solution is
NaCl 8, KCl 0.4, CaCl2 0.14, MgSO4·7H2O 0.2, Na2HPO4·H2O 0.09, KH2PO4 0.06, NaHCO3
0.35, and C6H12O6 1.0. A three-electrode system was used for corrosion testing. Among
them, samples, saturated calomel electrodes (SCE, saturated KCl), and platinum electrodes
were used as working electrodes, reference electrodes, and counter electrodes, respectively.
Prior to all experiments, the untreated Ti6Al4V and nitriding samples were immersed in
Hank’s solution at open circuit potential (OCP) for 1 h to achieve electrochemical stabil-
ity. The potential polarization was tested from −1.0 VSCE to 1.0 VSCE with a scan rate of
0.5 mV/s. EIS measurements were performed at OCP with a frequency of 105 to 10−2 Hz
and an amplitude of 10 mV.

3. Results

The XRD patterns of untreated Ti6Al4V and different nitriding time samples are shown
in Figure 2a. The three main peaks were at 35.1◦, 38.4◦, and 40.2◦, corresponding to the
(1010), (0002), and (1011) phases of α-Ti (JCPDS 44-1294), respectively [40]. The α-Ti has a
hexagonal close-packed (HCP) structure. The β-Ti was mainly in the (110) phase at 38.5◦

(JCPDS 44-1288), with a body-centered cubic (BCC) structure. All α-Ti and β-Ti peaks
decreased with increasing nitriding time. The Ti2N phase has been detected in the sample
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with a holding time of 0 h for T0 sample. According to the theory of nitrogen diffusion
in titanium, nitrogen first entered the matrix as an interstitial solid solution. When the
concentration reached a certain value, Ti2N was generated at the surface. This process can
be accelerated by using the hollow cathode plasma source. The (200) and (220) phases
of TiN appeared at 42.6◦ and 61.8◦ for the T1 samples (JCPDS 38-1420), and the peaks
increased with increasing nitriding time.
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Figure 2b shows the XRD patterns of the Ti-N nitriding layer with different surface
phases obtained by mechanical grinding and polishing methods. The T4-G sample has
an overall shift of 0.5◦ to a small angle compared to the peak of the untreated Ti6Al4V
sample, which is a common shift in solid solution XRD of nitrogen. The T4-P sample shows
a significant increase in the (002) phase at 61◦ compared to the T0 sample in Figure 2a.
This indicated that the newly generated Ti2N phase on the surface of the T0 sample was
different from the Ti2N layer at the bottom of the TiN layer on the surface of the T4 sample
by HCPSN treatment.

The cross-sectional optical micrograph of the sample is shown in Figure 3. The
thickness of the compound layer increased significantly with the increase in nitriding time
of the hollow cathode plasma source. The compound layer thicknesses of T0, T1, T2, and
T4 samples were about 1.8, 2.5, 4.1, and 6.4 µm, respectively. According to the previous
study [41], the thickness of the TiN layer is about 300~500 nm. Therefore, the corresponding
thickness was removed by mechanical polishing on the basis of T4 samples, as shown in
Figure 3e. The XRD pattern shows that the TiN phase is no longer present on the surface
of this sample and is replaced by Ti2N. Similarly, the T4-G samples were obtained by
removing 6~7 µm on the surface of the T4 samples, as shown in Figure 3f.

The XPS images of the untreated and T2 samples are shown in Figure 4. The spectra
of Ti2p, Al2p, N1s, and O1s were separated into peaks, respectively. The Ti2p3/2 of the
untreated Ti6Al4V sample had three peaks at binding energies of 453.2 eV, 456.9 eV, and
458.5 eV for Ti, Ti2O3, and TiO2, as shown in Figure 4a. The N1s peak spectrum has no
distinct peaks, as in Figure 4e. Figure 4g shows that the corresponding O1s peak spectrum
has three characteristic peaks for TiO2, Ti2O3, and Al2O3 [42]. The Ti2p3/2 in the surface
layer of the T2 nitride sample was fitted to three representative peaks, respectively, and
corresponding groups were TiN, TiON, and TiO2 [43]. The presence of Al and Al2O3 was
confirmed in Figure 4c [44]. Figure 4d indicated that there was no Al elemental present on
the surface of the T2 sample and that Al migrated to the core of the sample, which needs
to be discussed separately. The N1s peak spectrum has two correlation peaks at 396.1 eV
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and 397.3 eV, corresponding to TiON and TiN, as shown in Figure 4f [45]. TiO2 and TiON
were detected in the O1s peak spectrum on the surface of the nitriding samples, as shown
in Figure 4h.
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The cross-sectional TEM image of the T2 sample is shown in Figure 5a. The EDS
surface scan of the whole area is shown in Figure 5b–e. The Ti element content was high in
the whole sample. The N element content decreased gradually from the outer layer to the
inner part, while the opposite was true for the Al element. This was due to the migration
of Al elements to the inner part of the sample. The HCPSN nitriding of the Ti6Al4V
alloy pushed aluminum away from the near-surface and enriched the Ti3Al, forming the
Ti3Al intermetallic phase [46]. The SEAD analysis was performed on Points 1, 2, and 3 in
Figure 5a. The results are shown in Figure 5f–j. The typical nanocrystal diffraction ring is
shown at Point 1. The (111), (200), (220), and (311) phases of TiN are shown from inside
the center of the circle outward, respectively. The SEAD diagram at Point 2 is shown in
Figure 5h. The composition of Point 2 was the (111), (−111), (200) phase of crystalline TiN
on the [0, −1, 1] crystal band axis. Point 2 had the typical diffraction morphology of twin
crystals. The (211), (200) phase of Ti2N is shown in Figure 5j at Point 3. Activation of the
nitridation reaction by hollow cathode assistance leads to more efficient nitridation [47].
The most superficial layer of the sample was nanocrystalline TiN, and the subsurface layer
was the crystalline TiN layer. The lower layer of the TiN layer was the Ti2N layer. The
surface microstructure of hollow cathodic nitriding samples at 500 ◦C is similar to the result
of conventional plasma nitriding at 850 and 900 ◦C studied by Czyrska-Filemonowicz
et al. [48]. Furthermore, short-time nitriding assisted by hollow cathodes avoids surface
defects of plasma nitriding (e.g., nano-whiskers of Ti and Al oxides [49]). The interface
between the layers was obvious. Extended exposure to high temperatures during longer
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nitriding times increases grain growth [50]. The results of the point scan in Figure 5g–k
confirmed this idea. The Wt. % of each component is shown in the table. These data were
the average of multiple measurements. The standard deviation (S.D.) was also calculated.

Figure 4. The XPS images of untreated Ti6Al4V: (a) Ti 2p, (c) Al 2p, (e) N 1s, (g) O 1s; and T2 samples:
(b) Ti 2p, (d) Al 2p, (f) N 1s, (h) O 1s.
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Figure 5. (a) Cross-sectional TEM image of sample 510-2. The most superficial layer of the sample is
nanocrystalline TiN, and the subsurface layer is the crystalline TiN layer. The lower layer of the TiN
layer is the Ti2N layer. The interface between the layers is obvious. EDS surface scan was performed
for the whole area as shown in (b) Ti, (c) N, (d) Al, (e) V. The selected area electron diffraction (f–j),
and EDS point scan (g–k) were performed for Points 1, 2, and 3. The tables show the results of the
point scan. The data were averaged over multiple measurements, and the standard deviation (S.D.)
was calculated.

The HRTEM images of the surface layer of nanocrystalline TiN are shown in Figure 6d.
The most surface layer was the nanocrystalline layer of TiN (200). The amorphous zone
surrounded the TiN nanocrystals. The shape of the crystals was irregular, and the diameter
was about 50~100 nm. Hollow cathodes have high activity and a high density of plasma
inside, and they are more likely to adsorb on the sample surface. The large number of
incoming high-energy N+ ions from the hollow cathode causes many surface defects,
providing more nucleation sites with different orientations than in the case of conventional
nitriding methods [51]. The dislocation density increases, thus promoting the refinement of
high free energy grain size on the top surface and accelerating the diffusion of nitrogen [52].
The accelerated nitrogen diffusion kinetics leads to the formation of nanocrystalline TiN
layers on the top surface and increases the nitrogen diffusion depth. This is attributed
to the higher density of crystal defects in the nonequilibrium nanocrystalline TiN layer,
which increases the surface energy storage of reactive nitrogen and its chemical reactivity,
providing additional preferential nucleation sites for TiN [53].
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Figure 6. The HRTEM image (d) of surface layer nanocrystalline TiN. The most superficial layer was
a nanocrystalline TiN layer. The TiN nanocrystals were surrounded by amorphous zone. The crystals
were irregularly shaped and had a diameter of about 50~100 nm. The FFT (b) and IFFT (c) images of
Area A (a). The FFT (f) and IFFT (g) images of Area B (e).

The HRTEM images of the subsurface layer are shown in Figure 7a. The enlarged
HRTEM image of Area A is shown in Figure 7b, and the FFT image of Area A is shown
in Figure 7c. Taking the interface in Figure 7a as the demarcation, the TiN matrix was
on the right, and the twin crystal of TiN was on the left. In the [0–11] crystal zone, three
crystal plane groups were detected with lattice spacings of 2.435, 2.406, and 2.154 Å. They
are close to the (111) and (200) crystal planes of TiN (2.45Å and 2.12 Å, JCPDS 38-1420).
There is a large amount of dislocation buildup inside the twins, as shown in Figure 7e.
Dislocations affect the mechanical properties and corrosion resistance of nitrided samples.
At the interface (Area C), the crystal plane undergoes a small angle shift, as shown in
Figure 7f. Figure 7g showed a typical twin crystal diffraction dot pattern. The crystalline
planes with lattice spacings of 2.506 Å, 2.478 Å, and 2.123 Å were observed in the TiN
matrix, corresponding to (−111), (111), and (200) crystallographic planes (2.45Å and 2.12 Å,
JCPDS 38-1420). The matrix and twin are symmetrical about the (−111) crystal plane. The
superficial nanocrystalline TiN layer regulates the subsurface crystalline TiN by activating
twinning and dislocation mechanisms. Grain boundaries, dislocations, layer faults, and
twins act as diffusion shortcuts by providing convenient diffusion channels for interstitial
nitrogen atoms [53].

The microstructure of the Ti2N layer can be observed by HRTEM images, as in Figure 8.
There are a large number of dislocations inside the Ti2N layer. The lattice spacing was
detected to be 2.469 Å, which is close to the lattice spacing of the (200) crystal plane of Ti2N
(2.47 Å, JCPDS 17-0386). The bottom boundary of TiN fluctuates from below along the top
of the larger grains. At higher temperatures assisted by hollow cathodes, they also show
that the growth of TiN generated in the nitriding treatment proceeds both toward the core
of the sample, controlled by inward diffusion from the bottom of the TiN layer to form Ti2N,
and to a lesser extent toward the surface, controlled by outward diffusion of titanium [51].
On the other hand, the stresses caused by the difference in thermal contraction between TiN
and α-Ti(N) after nitride cooling lead to late transformation to strain-induced Ti2N [35].
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Figure 9 shows the cross-sectional hardness profile of nitriding, mechanically ground,
and polished samples after nitriding. After nitriding, the surface hardness of the sample
was increased. The surface hardness of T4 samples averaged 1340 HV0.05, while T2 samples
also had a surface hardness of 1032 HV0.05. As the nitriding time increases, the surface
hardness increases, and, at the same time, the error value of the hardness value increases.
The error range of T4 samples was approximately 190 HV0.05, while the error range of T0
samples was 48 HV0.05. For the T4-G sample, the error range is only 26 HV0.05. The surface
phase of the T4-P sample is Ti2N, with a hardness of 865 HV0.05, which is higher than the
surface hardness of the T1 sample. The diffusion layer thickness was around 25 µm for
the T0 sample and between 50µm and 60µm for the rest of the samples. The grain size
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reduction due to hollow cathodic nitriding results in a fine grain strengthening effect [54].
The gradient structure of the nitriding layer nano-TiN, crystalline TiN, Ti2N, and α-Ti(N)
is the main reason for the increase in the hardness of the samples. The nano-structure of
the TiN layer and the generation and accumulation of dislocations within the grains are
effective ways to increase the surface strength of the samples [55]. The distribution of twins
within the crystalline TiN results in a higher hardness of the TiN layer than the Ti2N layer.
The surface hardness is also related to the thickness of each layer, which eventually leads to
the following arrangement of surface hardness from largest to smallest: T4 > T2 > T4-P >
T1 > T0 > T4-G.
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The untreated Ti6Al4V and nitriding samples were measured using the dynamic
potential polarization method in Hank’s solution. The results of the measured polarization
curves are shown in Figure 10. The corrosion currents were obtained using the Tafel
extrapolation method [56]. The corrosion rate is calculated by Equation (1) [57]. The a
is the molecular weight of the electrode material; icorr is the corrosion current; n is the
number of equivalent exchange; F is the Faraday’s constant; and ρ is the density of the
electrode material:

Corrosion rate (µm/year) = 3.1536× 105 aicorr

nFρ
(1)
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The Icorr, Ecorr, and corrosion rates of different samples are shown in Table 3. The
non-mechanically treated samples after nitriding had a more pronounced passivation zone
at I = 10−6 A/cm2. However, the untreated samples and the T4-P and T4-G samples had the
passivation zone around I = 10−5 A/cm2. The trends of the polarization curves of the T4-P
and T4-G samples were similar. It is presumed that the surface of all these samples formed
an oxide film of Ti. For the nitriding samples without mechanical treatment, the polarization
curves were basically the same. The TiN layer on the surface, instead of the oxide layer,
acted as a good barrier and alleviated the corrosion level of the substrate [58]. It can be
further demonstrated that a small amount of TiN phase on the sample surface of T0 was not
detected by XRD. In terms of self-corrosion currents, the untreated T2 and T4 samples have
approximated Icorr values. However, the Icorr values of the mechanically treated samples
were all elevated to different degrees. This is due to the loss of the corrosion inhibition
mechanism of the TiN layer. In addition, the nitride of Ti and α-Ti(N) interstitial solid
solution prevented the formation of the oxide layer to some extent. In nitriding samples
at different times, Icorr and nitriding time were negatively correlated, which was directly
related to the thickness of the nitriding layer. Both sufficient TiN layer and oxide layer can
reduce the Icorr of the substrate, but when the nitride layer is too thin, or the barrier effect
of the oxide layer is weakened due to the influence of N elements, the Icorr will be reduced.
All Ecorr values of the samples were ranked from smallest to largest as T4-G < Untreated
Ti6Al4V < T4-P < T4 < T2 < T1 < T0. For Ecorr, the nitride of Ti plays a dominant role. TiN
is clearly superior to Ti2N and TiO2. A thinner nitriding layer increased the corrosion rate
of the substrate, as shown in Table 3 for samples T0 and T1. The corrosion rate of the T2
sample was slightly lower than that of the Ti6Al4V untreated sample. Nitriding for 4 h,
the thickness of the nitriding layer increased. However, the corrosion rate decreased. It
is inferred that the deterioration of the surface layer is due to the effect of roughness. In
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comparison with the TiN phase and Ti2N phase on the surface, the corrosion resistance
decreased due to lower N concentration. The interstitial solid solution phase of surface
α-Ti(N) generated an oxide barrier layer of Ti, so the corrosion resistance was improved to
some extent.

Table 3. The Icorr, Ecorr, and corrosion rate of different samples.

Icorr (A/cm2) Ecorr (V) Corrosion Rate (µm/Year)

Ti6Al4V 7.565 × 10−8 −0.608 23.8
T0 6.483 × 10−7 −0.264 204
T1 4.540 × 10−7 −0.318 143
T2 7.454 × 10−8 −0.319 23.4
T4 7.645 × 10−8 −0.320 24

T4-P 4.507 × 10−7 −0.465 142
T4-G 1.497 × 10−7 −0.646 47

The XPS of the untreated Ti6Al4V and T2 samples after corrosion testing confirmed
a new generation of TiO, as shown in Figure 11a,b [59]. The TiO2 barrier on the sample
surface was severely damaged, and the TiO2 characteristic peak area in the Ti2p peak
spectrum was reduced. The dense TiN layer blocks the further occurrence of corrosion
reactions. At the same time, some oxides (TiO, TiO2) are formed on the surface of TiN [60].
Because of the good conductivity of TiO, TiO2, and TiN, galvanic corrosion will occur
between the nitriding layer and the substrate [61]. When the nitriding layer is not enough
to block the corrosion medium, and the substrate is exposed to corrosion, the local corrosion
is accelerated to a certain extent as an anode. Therefore, the corrosion rate of T0 and T1
samples is higher than that of untreated Ti6Al4V samples.

The EIS curves of different samples are shown in Figure 12. Figure 12a shows the
Nyquist plot, and the impedance arc radius represents the corrosion resistance of the
specimen. The corrosion resistance of each sample was good, and the impedance values
were high, so the impedance arc did not form a complete half-arc, but only a section of
the half-arc. Overall, for the nitriding samples of different times, the thicker the nitriding
layer is, the better the corrosion resistance is. However, when the thickness of the nitriding
layer is sufficient to block the adsorption of Cl− ions, the surface roughness of the sample
becomes the dominant factor. The sample surface showed a high roughness level in
long-time plasma nitriding due to exposing the sample surface to continuous plasma
bombardment by high temperature and high voltage in the furnace [62]. The samples in
the study were subjected to intense bombardment by the plasma, and it is presumed that
the surface roughness of the samples showed a high deterioration with time. Due to the
effect of surface roughness, the sample impedance arc radius of T4 samples is effective with
that of T2 samples. The Bode plots are shown in Figure 12b,c. The higher |Z| values in the
low-frequency region and wider theta peak widths in the mid-frequency region suggest
better corrosion resistance [63]. For the surface phase, the effective TiN (sufficient thickness
and low roughness) has the best corrosion resistance, followed by the oxides of Ti naturally
occurring on the surface of untreated Ti6Al4V samples in the air. This is followed by the
T4-G samples with the surface of the α-Ti(N) phase. Due to the high oxidation activity of
Ti, it is presumed that a small amount of TiO2 will form on the surface of T4-G samples in
the air to protect the substrate from corrosion. The T4-P samples with the surface of Ti2N
phase have the worst corrosion resistance.

Based on the EIS curve, the simulated impedance circuit diagram is shown in Figure 13.
The simple impedance circuit with a time constant was used for the untreated samples
to simulate the oxide layer resistance, as shown in Figure 13a [22]. The surface phase of
the mechanically ground and the polished sample was inferred from the polarization and
EIS curves to be α-Ti(N) with an oxide layer blocked. A double-layer time-constant circuit
was used to simulate, as shown in Figure 13b [64]. Figure 13c shows the fitted circuit
diagram of the mechanically polished sample with surface Ti2N phase. The unmechanically
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treated nitriding samples were fitted with a 3-time constant circuit, with R1 representing
the resistance of the top surface layer, R2 representing the resistance of the subsurface layer,
and Rct representing the resistance of charge transfer resistance. The Rs represented the
corrosion resistance of the seawater solution [65]. The constant phase element (CPE) was
introduced to replace the ideal capacitor, as demonstrated in previous studies [41]. CPE1,
CPE2, and CPEdl represent the capacitance of each layer, respectively [58]. The values of
the fitted circuit are shown in Table 4.

Figure 11. The XPS images after corrosion of untreated Ti6Al4V: (a) Ti 2p, (c) Al 2p, (e) N 1s, (g) O 1s;
and T2 samples: (b) Ti 2p, (d) Al 2p, (f) N 1s, (h) O 1s.
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Figure 13. Simulated impedance circuit diagrams applied to different samples: (a) untreated Ti6Al4V
samples. The simple impedance circuit with a time constant was used for the untreated samples to
simulate the oxide layer resistance; (b) T4-G samples with surface mechanical grinding and polishing.
A double-layer time-constant circuit was used to simulate; (c) T4-P samples with surface polishing;
(d) T0, T1, T2, T4 nitriding samples. The unmechanically treated nitriding samples were fitted with a
3-time constant circuit.
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Table 4. Fitted circuit values for untreated, mechanically ground and polished, and nitriding samples.

Rs R1 CPE1 R2 CPE2 Rct CPEdl

Ti6Al4V 91.3 1.67 × 106 2.76 × 10−5

T0 105.6 76.2 2.43 × 10−5 446 1.13 × 10−5 3.98 × 105 4.38 × 10−5

T1 101.3 57.3 3.11 × 10−5 635 1.17 × 10−5 1.07 × 106 2.66 × 10−5

T2 104 320.8 4.13 × 10−5 12,417 5.58 × 10−6 8.61 × 106 2.59 × 10−5

T4 94.5 6493.0 7.43 × 10−5 38,371 8.85 × 10−6 3.10 × 106 7.11 × 10−5

T4-P 93.0 350.9 3.00 × 10−5 1.03 × 106 1.28 × 10−5

T4-G 87.3 1805.0 3.32 × 10−5 1.65 × 106 7.62 × 10−5

4. Discussion

Among the different samples, the highest Rct value was obtained for the T2 sample.
In general, the high Rct indicates better corrosion resistance, which acts as a physical
barrier to retard the penetration of ions [66]. The Rct values of the nitriding samples were
generally higher than those of the untreated samples. The strong and relatively deep TiN
nitride layer formed during this treatment at higher temperatures can be used as a tight
corrosion protection barrier [34]. The T4-P samples with the Ti2N surface after mechanical
polishing lost the barrier of TiN on most surfaces of the nitriding layer with the lower
Rct value. The Rct values of T4-G and untreated Ti6Al4V samples were close, and they
both received protection from the surface TiO2 oxide layer. H. Wang et al. found that
N-TiO2 coatings obtained by oxidative annealing after nitriding were superior to TiN and
TiO2. This finding may be attributed to the multilayer structure of N-TiO2 (external oxide
layer and internal diffusion zones of Ti and N), which can hinder the diffusion of reactive
ions [67]. In this study, the TiO2 in the outer layer of α-Ti(N) plays a similar role. However,
the corrosion resistance is not as good as that of the T2 sample because it forms naturally at
room temperature.

In electrochemical corrosion tests, oxygen absorption corrosion occurred mainly in
neutral electrolytes. The chemical reactions occurring on the surface of untreated samples
are shown as follows [66]:

2TiO2 + 8Cl− → 2TiCl4 + 2O2 + 8e− (2)

Pitting corrosion occurred on the sample surface, and the TiO2 layer barrier protected
the substrate. The pitting pits gradually expanded and increased, and the corrosion solution
reacted chemically with the substrate:

Ti + O2 + 2H2O→ Ti(OH)4 (3)

For the Ti-N nitriding layer, the reaction equation in the corrosion solution is usually [60]:
A small part of the TiN reaction generates Ti oxide:

2TiN + 4O2 → 2TiO2 + N2 (4)

Ti4+ + 2e− → Ti2+ (5)

The reaction equation of TiN participating in corrosion is as follows:

2TiN + 8Cl− → TiCl4 + N2 + 8e− (6)

2TiN + 8H2O→ 2Ti(OH)4 + N2 + 4H2 (7)

To conclude, a sufficient Ti-N nitriding layer acts as a barrier layer to block the
intrusion of the corrosion solution. The T2 samples showed strong corrosion resistance.
When the Ti-N nitriding layer is thin, the sample surface of TiN and the oxide of Ti
work together. T0 and T1 samples undergo galvanic corrosion, deteriorating the corrosion
resistance of the samples. The sample surface roughness also affects the corrosion resistance.

78



Materials 2023, 16, 2961

The corrosion resistance is weakened by the high roughness surface caused by the T4
sample being subjected to a long and intense bombardment sputtering inside the hollow
cathode. Moreover, the T4-P and T4-G samples showed different corrosion resistance, both
worse than the untreated Ti6Al4V. The surface of the T4-G sample with the α-Ti(N) phase
generated a small amount of TiO2 oxide layer to protect the substrate to some extent.

5. Conclusions

The microstructure, hardness, as well as electrochemical behaviors of the Ti-N nitriding
layer of Ti6Al4V obtained by the HCPSN at 510 ◦C were investigated in detail. The main
conclusions were drawn as follows:

1. XRD and TEM results show that the the Ti-N nitriding layer consists of a mixture of
TiN, Ti2N, and α-Ti(N) phases. The compound layer consists of the nanocrystalline
TiN surface top layer, the crystalline TiN sub-surface layer, the Ti2N interlayer, and
the interstitial solid solution α-Ti(N) bottom layer. The compound layer thicknesses
of the 0, 1, 2, and 4 h samples were 1.8, 2.5, 4.1, and 6.4 µm, respectively.

2. The thickness of the diffusion layer of the T0 sample was about 25 µm, and that of the
remaining samples ranged from 50 µm to 60 µm. The surface hardness increased with
the increase in nitriding time. The surface hardness of the T4 sample was 1340 HV0.05
on average, and the surface phase of the T4-P sample was Ti2N with a hardness of
865 HV0.05. The surface hardness of the T4-G sample was 518 HV0.05.

3. The polarization results in the human body solution showed that the the Ti-N nitriding
layer showed a significant passivation zone, a significant reduction in corrosion rate,
and a significant improvement in pitting resistance compared to the untreated Ti6Al4V
alloy. The corrosion resistance of the nitriding layer with the Ti2N phase on the surface
deteriorated relatively. All Ecorr values of the samples were ranked from smallest to
largest as T4-G < Untreated Ti6Al4V < T4-P < T4 < T2 < T1 < T0. The EIS analysis
shows that the passivated film on the surface of the TiN nitride layer has higher charge
transfer resistance and lower capacitance, which can effectively hinder the penetration
and migration of reactive ions. Thus, the corrosion resistance is significantly improved.
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Abstract: The presented paper analyzes polymer films formed from aqueous solutions of organosi-
lanes, corrosion inhibitors and their compositions. Methods of depositing inhibited films on metal
samples, such as dipping and exposure of the sample in a modifying solution, as well as an alternative
method, electrophoretic deposition (EPD), are discussed. Information is provided on the history of
the EPD method, its essence, production process, areas of application of this technology, advantages
over existing analogues, as well as its varieties. The article considers the promise of using the EPD
method to form protective inhibited polymer films on metal surfaces from aqueous solutions of
inhibitor formulations consisting of molecules of organosilanes and corrosion inhibitors.

Keywords: metals; electrophoretic deposition (EPD); cataphoretic (CPD) and anaphoretic deposition
(APD); inhibited formulations (INFOR); organosilanes; corrosion inhibitors

1. Introduction

Protection of metal constructions and facilities against corrosion is one of the main
tasks in various industries [1–3]. One method to reduce of the corrosive activity of process
media is the introduction of corrosion inhibitors. According to ISO 8044-2015 [4], corrosion
inhibitors are chemical compounds or their compositions, the presence of which in sufficient
concentration reduces the corrosion rate of metals without significantly changing in the
concentration of corrosive reagents. Corrosion inhibitors can be applied in different forms:
volatile [5], contact [6], chamber inhibitors [7], inhibited papers, sleeves, and films [8].
Despite the availability of an extensive range of existing corrosion inhibitors, there is the
problem of expanding their assortment by creating new inhibitors or inhibited formulations
(INFOR) with higher protective characteristics and lower cost [9–11]. When developing
new inhibitors or their mixtures, it is necessary to consider the operating environment, the
nature of the metal to be protected from corrosion damage, external influences (temperature,
pressure, and other factors), etc. [11,12].

In this regard, in recent years, new methods of modifying the metal surface are being
used to fight against corrosion, including those based on the use of inhibited formulations
consisting of molecules of organosilanes and corrosion inhibitors [13–15].

2. Options for Protecting of Metal Surfaces from Corrosion Damage by Different
Classes of Environmentally Friendly Organic Compounds
2.1. Corrosion Inhibitors

Since the slowdown of corrosion processes occurs due to a decrease in the active area
of the metal surface and changes in the activation energy of electrode reactions that limit
metal corrosion, we can divide inhibitors into three types, namely anodic (affecting the
anodic dissolution of the metal surface, including their ability to cause passivation of metal),
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cathodic (reducing the rate of the cathodic process), and mixed (inhibiting both processes).
The protective effect of corrosion inhibitors is based on a change in the state of the metal
surface due to their adsorption or on the formation of hard-soluble compounds with metal
ions [16–23]. Modern classification of corrosion inhibitors allows their systematization
based on their chemical nature; there are oxidative, adsorptive, and co-ordination complex
inhibitors, as well as polymeric inhibitors [11,22,24–26].

Oxidative corrosion inhibitors have protective properties against many structural met-
als in a wide pH range and can be used for their protection both in aqueous environments
and when operating metals in aggressive atmospheric conditions. The efficient oxidative
type inhibitors include salts of chromic acid; however, from an environmental point of
view, they are highly toxic, so they had to be replaced by less dangerous ones. For example,
molybdates and tungstates have a similar chemical structure to chromates but are not
as efficient. In addition, their use is limited by their high cost [27–37]. An alternative to
oxidative inhibitors is adsorptive inhibitors.

The protective effect of adsorption type inhibitors is based on the formation of protec-
tive layers firmly bonded to the metal surface, isolating the metal surface from the corrosive
environment. This effect is due to the state of the metal surface and the charge of the
adsorbing particles, as well as their ability to form chemical bonds with the metal or the
products of its interaction with the components of the corrosive environment [24–26]. As
a rule, cation-active inhibitors decelerate active anodic dissolution, i.e., they are effective
in the region of potentials lower than the critical passivation potential, or they inhibit
cathodic reactions. Anion-active corrosion inhibitors are more effective in preventing local
(pitting) corrosion. Complex-forming corrosion inhibitors are very difficult to distinguish
from adsorption-type inhibitors as they may not form thick films of complex compounds.
Two main groups can be distinguished among the complex-forming inhibitors. The first
group includes heterocyclic compounds capable of forming insoluble complexes in aque-
ous solutions; the second group consists of complexons and metal complexonates. In
the first group, the widely used azoles (imidazoles, triazoles, thiazoles) which form on
the protected metal surface thin insoluble films of complex compounds with cations of
these metals stand out for their effectiveness. The best-known representatives of this class
of inhibitors are primarily 1,2,3-benzotriazole (BTA) and its derivatives [38–43]. Recent
studies show that BTA is widely used not only as a corrosion inhibitor for copper, but also
for mild steel and even zinc [38,44–49]. In the second group, phosphorus-containing com-
plexones, such as 1-hydroxyethane-1, 1-diphosphonic acid, nitrilotrimethylene phosphonic
acid, and ethylenediamine-N,N,N’,N’-tetramethylene phosphonic acid, take the leading
place [50–55].

Among polymeric inhibitors for neutral media, polyphosphates are the best known [56–58].
They are non-toxic, inexpensive, and can inhibit corrosion of steel at low concentrations. Their
main disadvantages include the possibility of intensification of corrosion at high concentrations
due to the formation of soluble complexes with cations of the protected metal. As early as in
the 1970s, in addition to polyphosphates, water-soluble polymers containing COOH– and OH–

groups (mainly based on acrylic and maleic acids derivatives), characterized by high hydrolytic
stability, started to be used for protection of water systems against scaling [24]. Polymers
containing acidic groups are more often used as inhibitors of scaling [59], and cationic polymers
for corrosion protection of metals [60]. Another group of corrosion inhibitors of this class is not
the polymers themselves, but hydrophilic monomers capable of polymerizing upon adsorption
on metal surfaces [59]. A consequence of such polymerization can be a decrease in the solubility
of the adsorption layer, an increase in the protective effect, and irreversibility of adsorption.

Even though today a large number of corrosion inhibitors for the majority of structural
metals have been effectively tested, there is still a need to expand the range of inhibitors
and their compositions with higher protective properties and lower cost. In this vain,
researchers aimed to find new corrosion inhibitors or inhibited formulations which do not
lose their topicality.
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2.2. Organosilicon Compounds. Organosilanes

Organosilicon compounds are a class of chemical compounds that contain a bond ≡Si—
C≡ in their molecules. The main difference of organosilicon compounds from others is largely
due to the low bond strength of bond ≡Si–Si≡ compared to bond ≡C–C≡, and conversely,
significantly higher bond strength of bond ≡Si–O–Si≡ than bond ≡C–O–C≡. The values of
the bond energies of silicon atoms with each other and with oxygen (213.7 444.1 kJ/mol,
respectively) compared to those of the bond energies of carbon atoms with each other and with
oxygen (347.7 358.2 kJ/mol, respectively) confirms this statement. Typically, organosilicon
compounds are divided into the following groups: organohalogensilanes, organosilanes,
organosiloxanes, and heterocyclic compounds [61–64]. Let us consider in more detail the class
of organosilanes.

Organosilanes are environmentally friendly substances that are not found in nature;
they are mainly synthesized from silicon dioxide [65]. The general formula of organosilanes
is shown in Figure 1 [62,65,66].
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Organosilanes are more prone to condensation reactions, resulting in polysiloxane
structure formations that differ markedly in thermal stability from their carbon counter-
parts [65,66]. Such compounds contain thermally stable siloxane bonds where elements
with positive and negative polarization alternate. The presence of a polar substituent in the
hydrocarbon radical bonded to a silicon atom leads to an increase in polarity of the polymer
molecule and, as a result, an increase in adhesion, mechanical strength, and other properties.
In this regard, organosilanes are widely used in the paint industry as adhesion promoters
or crosslinking agents that form strong bonds with the overlying layers of coatings and as
surface hydrophobisers [65–72]. Thus, the addition of a small amount of organosilanes in
the form of 0.1 ÷ 0.5% aqueous solutions improves the adhesion of the polymer matrix to
glass fiber [62,73]. The hydrophobicity of the surface after treatment with organosilanes
depends on the orientation effect in the organosiloxane layer formed on the surface. The
best results are achieved when the siloxane bond is oriented toward the surface and the
hydrocarbon radical is oriented from the surface into the external environment [62,74,75].

According to their chemical structure, organosilanes can be divided into two groups:
monosilanes (single Si atom) and bis-silanes (two Si atoms). Monosilanes are used as
organosilane crosslinking agents, while bis-silanes are used to form crosslinks in silane
crosslinking agents [76–78]. In the presence of water, in general, the following transforma-
tions occur with organosilanes as shown in Figure 2 [62,65,66,74,79,80].
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In the first stage, hydrolysis of organosilanes to form silanol occurs in aqueous solution.
If a metal sample is placed in an aqueous organosilane solution, the silanol molecules will
diffuse to the metal’s oxide-hydroxide surface (stage 2), displacing the adsorbed water
molecules from the surface and starting to interact with the hydroxyl groups of the metal
surface. As a result of this interaction, hydrogen bonds are formed and enter a condensation
reaction with the formation of ≡Si–O–Me bonds on the metal surface layer. In parallel with
stages 1 and 2, the adsorbed silanol molecules enter a polycondensation reaction, forming
≡Si–O–Si≡ bridging siloxane bonds resistant to hydrolysis (stage 3). In the last stage, under
the influence of temperature, water evaporation and “solidification/cross-linking” of the
siloxane structures take place, forming a polymeric siloxane film on the metal surface.

The hydrolysis reaction of organosilanes proceeds spontaneously, without catalysts,
but the presence of acids or bases accelerates their hydrolysis [73,79]. It was shown in [80]
that the rate of hydrolysis slows down at neutral pH (6.7 ÷ 7.0), and at pH (2.0 ÷ 4.0) the
rate of hydrolysis increases by 1000 times. The completeness of hydrolysis is affected by
the size of the hydroxyl group in the organosilane molecule; the smaller it is, the higher the
rate of hydrolysis. For example, the hydrolysis rate of methoxysilane is 6–10 times higher
than that of ethoxysilane [73,80]. In addition, as was shown in [81,82], besides the addition
of acids, the hydrolysis reaction rate can be increased if the water–organosilane solution is
subjected to ultrasound treatment. Thus, by adjusting the pH of the solution, the rate of
hydrolysis, the formation of siloxane bonds to the metal surface, and the polymerization
and orientation of the organosilane molecules can be controlled [70,73].

There are several ways to apply organosilanes on different substrates:

- By dissolving of organosilane in a solvent mixture of ethanol and water at pH 4.0 to
5.0 (the sample is immersed in the solution and then removed for drying) [77,79–82];

- Vapor phase deposition (in a closed chamber, a tank with organosilane is heated at
reduced pressure, forming its vapor, which condenses on a metal surface) [83];

- Spin-on deposition (organosilane solution is deposited on a low-speed rotating sub-
strate, followed by washing) [83];

- Spray application from aqueous or alcoholic solutions followed by air drying [83].

Some papers [84,85] reported that ornagosilanes such as 3-aminopropyltriethoxysilane,
3-glycidoxypropyltrimethoxysilane, ureidopropyltriethoxysilane, vinyltrimethoxysilane,
and functional silanes with the addition of crosslinking silanes such as bis [trimethoxysi-
lylpropyl] amine are quite resistant to corrosive environments. Although organosilanes
inhibit corrosive processes on metals, their protective effect is much lower compared to
corrosion inhibitors [86,87].
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2.3. Inhibited Formulations (INFOR) Consisting of Organosilane Molecules and
Corrosion Inhibitors

As noted earlier, organosilane films are not always able to protect metals from corrosion
damage. The closest analogues of such films are anticorrosive chromate coatings [88,89]; how-
ever, their use is limited due to their toxicity. The main disadvantage of siloxane films before
chromate coatings is the lack of the so-called “self-healing” ability of siloxanes. Chromate
in an aqueous medium is able to diffuse to the damaged area and incorporate into the film,
providing recovery of the damaged areas. Numerous studies have been aimed at eliminating
this disadvantage of organosilanes by introducing chromium-free corrosion inhibitors into the
siloxane film, which contribute to the “healing” of film defects [89].

The use of aqueous solutions of organosilanes with corrosion inhibitors is of interest.
Treatment of metal samples in such compositions can lead to a high protective anti-corrosion
effect. Films that are formed on metal from INFOR solutions are promising and environ-
mentally safe. Since the compounds used are consumed in small concentrations, the size of
the protected product is not changed and the problem associated with its de-conservation is
removed [14,15]. Previous studies have shown that INFOR can be used to protect metals in
various aggressive environments: in solutions, in atmospheric conditions, etc. Thus, in [90]
it was shown that in an aqueous chloride-containing solution, when using the inhibitor com-
position consisting of organosilane molecules (vinyltrimethoxysilane or diaminsilane) and
corrosion inhibitor (1,2,3-benzotriazole), siloxanoazole fragments are formed on the metal
surface which provide additional cross-linking of surface adsorbed molecules, thereby
increasing the degree of polymerization and, consequently, the density of the surface layers.
Moreover, similar inhibitor compositions can be used to form films on metal surfaces to
protect metal in various corrosive atmospheres [14,15,90,91]. In this case, the use of car-
boxylic or phosphonic acids leads to an additional interaction with siloxane groups, which
contributes to the formation of a thicker film, and therefore provides improved corrosion
resistance [91]. Summarized information from this section is presented in Table 1.

Table 1. Summary of protection of metals by organic compounds.

Criteria Corrosion Inhibitors Organosilanes INFOR

Type of
protective action

Oxidative [11,22,27–37]
Adsorptive [24–26,30–37]
Complex forming [38–49]

Polymeric [56–60]

Film forming (isolaing) [79–87] Isolating [88–91]

Healing effect High for chromates [24,25,88,89] Moderate [61–67] High [14,15,90,91]

Application form

Volatile [4,5,11–13]
Contact [6,16–38,40,41,48,49]

Chamber [7,9,10,39,42]
Inhibited papers, sleeves [8]

Ethanol-water solution,
applied by immersion [77,79–82],

vapor phase,
spin-on, spray [83]

Water solution with organosilane and
contact inhibitor [14,15,90,91]

3. Methods of Forming Protective Films and Coatings on Metal Surfaces from INFOR
Aqueous Solutions

The conventional technique of coating and film deposition is the method of dipping
the sample into a solution containing inhibitor composition [11,12,92]. However, this
method has disadvantages, the most important one being that the protective properties of
the film or coating vary with the exposure time of the sample in the solution (Figure 3) [91].

Figure 2 shows that if the conventional method of a polymer film formation on the
metal surface is used, its performance properties (continuity, uniformity, adhesion, and
protective properties, etc.) are determined by the duration of exposure of the sample in
the INFOR modifying solution. Thus, to form a quality film on the surface of steel and
copper, it is necessary to spend at least 9 h [91]. Therefore, it is obviously necessary to
optimize the process of obtaining a quality protective film on a metal sample. In this case,
electrodeposition can be an alternative method of film formation.
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3.1. Electrophoretic Deposition (EPD): History of the Method, Its Essence, Advantages, Production
Process, and EPD Varieties

The principle of moving particles of matter under the influence of electricity was
discovered in 1809 by professors P. I. Strakhov and F. F. Reiss of Moscow University.
It was called electrophoresis [93–95]. Gradually the study of this phenomenon gained
momentum; already in 1917, the first patent for the use of electrophoretic painting was
received by General Electric. Beginning in the 1920s, the process began to be used to apply
latex rubber [96]. In the 1930s, some of the first patents were obtained describing basic
neutralized water-dispersible resins specifically designed for EPD coatings on metals. In
the late 1950s, the Ford Motor Company engineering team actively began to develop a
methodology for the EPD coating process for cars. The first commercial anodic coating
system for automobiles went live in 1963. The first patent for the cathodic product was
issued in 1965, and already in 1975, the created technology resulted in the rapid application
of cathodic EPD in the automotive industry [95]. In the USSR, this method became popular
in the 1980s and found its application in many plants of the automotive, aviation, and
machine-building industries [97,98]. Today, the electrophoretic deposition technology
accounts for about 70% of the coating of various products. A major part of EPD use is in
the automotive industry. It is probably one of the effective methods that can significantly
increase the service life of metal structures and products [99,100].

The term EPD includes a wide range of industrial operations: cathodic and anodic
electrodeposition as well as electrophoretic coating or electrophoretic painting. During
EPD, colloidal particles suspended in a liquid medium migrate under the action of an
electric field (electrophoresis) and are deposited on the surface of an oppositely charged
electrode [101]. All colloidal particles that can be used to form stable suspensions and
that can carry a charge are useful for electrophoretic deposition. Such materials include
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metals, polymers, pigments, dyes, and ceramics. There are two modes of EPD, namely
constant voltage and constant current. The first mode forms thinner coatings than the
second one [102–106].

EPD processing has several advantages [99,101,107–109]:

- The coatings/films applied to the product are continuous and uniform in thickness;
- Flms/coatings can be formed on products with complex geometry;
- EPD-formed coatings/films have better corrosion and mechanical properties, which

ensure a longer service life of the treated product;
- Less time is spent per unit compared to immersion/aging samples in modifying solutions;
- The technology is applicable to a wide class of materials (metals, ceramics, polymers, etc.);
- The process is automated as a rule and does not require large amounts of human

resources and special requirements to the operating personnel, which significantly
reduces the cost of the films/coatings produced by EPD technology;

- Generally, an aqueous solvent is used, reducing the risk of fire in comparison to the
solvent-based films/coatings they replace;

- Modern electrophoretic materials (varnishes, paints, and other products) are largely
more environmentally friendly than materials of other film/coating technologies.

Despite the obvious advantages of EPD, this method has a variety of disadvantages:

- Limited choice of solution compositions because of electrical conductivity and solubil-
ity of the components used;

- This method allows the application of only a single-layer film/coating;
- It is necessary to use expensive equipment, e.g., high-power current sources and

drying cabinets of large volume, which leads to an increase in industrial area.

In general terms, the EPD production process can be schematically represented as
shown in Figure 4, [109–112].
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The first step is surface preparation. This is usually a process of machining, cleaning/
degreasing the metal, and applying pretreatments such as oxidizing or phosphating [109,110].
In the second step, the EPD process begins. The sample is immersed in an electrolyte bath/cell
and an electric current is applied through the EPD bath using electrodes. Typically, when
electrophoretic films/coatings are deposited, the voltage ranges from 25 to 400 V DC. After
deposition, the sample is washed in water to remove the excess undeposited film/coating
(step 3). An ultrafilter may be used during the washing process, on which excess deposition
material accumulates and then can be returned to the deposition bath; this ensures high material
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efficiency and reduces the amount of wasting. In the last step, the sample is subjected to a
heat treatment, which allows the polymer film or coating to cure. As a result of the thermal
treatment, the film, which was porous due to the gas released during the EPD process, spreads
out, acquiring a smooth, uniform, and defectless structure [111,112].

In addition, as previously mentioned, EPD is either cathodic or anodic (Figure 5), [99,106,113].
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Figure 4 shows that the CPD and APD processes are similar. The difference lies in
the polarity of the charge on the surface of the processed product (cathode or anode):
in CPD, the surface has a negative electrical charge, and the counter electrodes have a
positive charge; in APD, the sample surface is charged with a positive electrical charge, and
the counter electrodes have a negative charge [109,113]. In APD, the deposited material
contains acidic salts that play the role of charge-carrying groups. These negatively charged
anions react with positively charged hydrogen ions (protons), which are formed at the
anode as a result of water electrolysis with the conversion of the original acid. A fully
protonated acid carries no charge. It is less soluble in water and can precipitate out of the
water onto the anode. During CPD, the precipitated material contains basics as charge-
carrying groups. If the basic salt was formed by the protonating of the base, such a base
will react with the hydroxyl ions produced by the electrolysis of the water to form a
neutrally charged base and water. Both types of processes have their advantages and
disadvantages. Let us consider the main positives for each method [99,108,109,111,114,115].
The key features of these processes are presented in Table 2.

Table 2. The key features of the APD and CPD processes.

Method Feature

CPD

The films/coatings produced by this method have higher protective properties. However, this effect
may be due to the cross-linking chemistry of the raw material (polymer) used rather than to the
electrode on which the film/coating is deposited;
The product can be designed with less current density due to the higher throw power of the medium;
The oxidation process takes place at the anode, so staining and other problems that could result from
the oxidation of the metal substrate are eliminated.

APD

Compared to CPD, APD is less expensive;
Less sensitivity to changes in substrate quality;
The substrate is not exposed to strong alkaline attack which can dissolve phosphate, oxide, and other
coatings used as substrate pretreatment;
The anodic process avoids hydrogen embrittlement, which can occur during the cathodic process,
due to hydrogen ion discharge.

Thus, when choosing one or another method of electrodeposition, one should consider
the nature of the substrate, its pretreatment, the pH of the electrolyte used, as well as the
cost of film/coating formation by the chosen method. Consideration of the above factors
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will greatly facilitate the task of choosing the electrodeposition method for the formation of
a high-quality film/coating on the substrate.

3.2. Formation of Protective Inhibited Polymer Films on Metals using EPD from INFOR
Aqueous Solutions

A review of the current scientific progress on the subject showed that the electrodepo-
sition method, in suspensions containing organosilane, is used either for coatings already
pretreated with organosilane or for sol-gel coatings on metal (Figure 6) [116–123].
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sample surface; (b) application of organosilanes in colloidal sol-gels.

In the case of pre-silanization, the organosilane is used as an intermediate layer
between the metal substrate and the main coating to improve the adhesion properties of
the main coating (Figure 6a) [116–119]. In the case of sol-gels, solutions usually contain one
or more organometallic compounds such as zirconium, aluminum, or titanium compounds,
one or more organosilanes, and acids, bases, glycols, etc., are used as catalysts (Figure 6b).
(Figure 6b) [120–123]. The addition of organosilanes leads to the formation of denser
particles and the sols themselves become more viscous, which, as a result of further
electrodeposition, results in virtually defect-free coatings [123,124].

As a result, we can conclude that the very idea of using the EPD method to form
polymer inhibited films on metals from aqueous INFOR solutions is brand new. The
originality of this proposal lies in the electrolyte used and the film formation method. The
electrolyte is an aqueous suspension containing organosilane and corrosion inhibitors in
which the main film-forming component is organosilane due to its ability to polycondense.
EPD is used to accelerate the deposition of the film on the sample, as well as to orient
the siloxane bonds to the metal surface. Since the proposed technology is a “new trend”
for such INFORs, there are few works in this area. For example, work [125] reports that
using CPD on the surface of tungsten from an aqueous INFOR solution was able to form
a polymer film on the surface of tungsten. The paper proposes INFOR composition with
acceptable concentrations of the substances used and suggests optimal modes of formation
of a quality inhibited polymer film on the surface of tungsten. For example, increasing the
duration of cataphoresis contributes to increasing the number of deposited siloxane groups,
which complicates the process of further polycondensation (Figure 7) [125].

The figure shows if that the duration of CPD less than 5 min, it leads to the formation
of an “island film” on the sample. Thus, it has been experimentally established that, for the
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formation of a continuous film from aqueous INFOR solutions on the surface of tungsten,
the optimal CPD time is 5 min. During this time, the necessary number of siloxane groups
is chemisorbed for further formation of a solid film.
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3.3. The Main Similar Methods of Forming Protective Inhibited Polymer Films on Metals from
Aqueous Solutions of INFOR

The proposed EPD technology for the formation of polymer films on metals from
aqueous solutions of INFOR can find application in the following areas:

- Corrosion protection of metals (preservation of metal products, protection of metals
from atmospheric corrosion, etc.) [11,13,126];

- Metal surface pretreatment with a primer for its subsequent painting with paint and
varnish materials [127,128];

- Decorative films [129,130].

Based on the field of application, and the proposed method of polymer films appli-
cation, it is possible to distinguish the following range of products that can compete with
the discussed technology. First of all, these are cataphoresis varnishes, inhibited polymer
films/sleeves, as well as water-borne organosoluble paint coatings. The EPD method has
several advantages over the listed counterparts; further, we will analyze its positive aspects.

3.3.1. Cataphoresis Varnishes

As a rule, such formulations have a complex, multicomponent, and expensive chemical
composition. Usually, the films produced from such suspensions are colorless. However, if
there is a need to obtain a color film, then after the application of the polymer film to the
substrate, the sample must be further dyed in the pigment toner, which, in turn, leads to an
increase in the cost of the product. After the polymer film/coating is applied to the sample,
it must be heat cured at T = 120 ÷ 180 °C for 20 ÷ 40 min [103,104,129,131–135]. Compared
to cataphoresis lacquers, the technology of applying inhibited films of aqueous solutions of
INFOR using EPD has the following advantages:

- The use of INFOR will lead to a simplification of the electrolyte composition;
- Speeding up the drying process of metal products by 25% since, according to preliminary

experimental data, it takes about 10 ÷ 15 min for the thermal curing of films;
- The cost of an aqueous suspension is significantly lower.

3.3.2. Inhibited Polymer Films/Sleeves

Usually, such films contain a volatile corrosion inhibitor (VCI). The principle of their
action is as follows: the product is covered with a film which releases inhibitor vapors,
filling all the space inside the package and creating a protective gas environment around the
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parts or structures. On the metal surface, the VCIs condense and form a monomolecular film
that prevents corrosion. Since these compounds are in a gaseous state, they easily penetrate
any crevices and cavities, providing protection in the most difficult-to-reach places. This is a
major advantage when using inhibited materials containing volatile compounds. Protective
action is carried out at a distance of up to 70 cm from the film [8,136–139].

The main disadvantages of such protection: an auxiliary barrier is required to prevent
VCI from escaping from the volume of the protective sleeve/film, and the protected product
must be hermetically sealed. This additionally requires the use of special adhesive tape or
heat welding [8,139]. Such aspects also increase the cost of the offered products. Compared
to inhibited polymer films/sleeves, the films made from INFOR solutions by the EPD
method have the following advantages:

- The proposed technology does not require additional packaging material;
- Economical consumption of the protective material;
- Reduction of production labor costs by 2 times.

3.3.3. Water-Borne, Organosoluble Paint Coatings

They are easily available and relatively cheap paintwork materials (paints). De-
pending on the condition of the polymer binder, waterborne paints are subdivided into
water-dispersible and water-soluble. Water-dispersible paintwork materials are suspen-
sions of pigments and fillers in aqueous dispersions of film-forming substances of the
synthetic polymers type with the addition of emulsifiers, dispersants, and other auxiliaries.
Water-soluble paints, according to the type of film-forming substance, are subdivided into
copolymervinyl acetate (the basis is an aqueous dispersion of vinyl acetate copolymers with
dibutyl maleate or ethylene); polyvinyl acetate (the basis is a polyvinyl acetate dispersion);
butadiene styrene (the basis is latex, which is a copolymer of butadiene with styrene);
polyacrylic (the basis is an acrylic dispersion copolymer), etc. [140–144].

Organic solvent paints are paints based organic solvents which evaporate in the drying
process. Such paints are divided into two groups: oil and alkyd paints. For oil paints, the
binder is oil which dries in the oxidation process. They are linseed oil, linseed oil varnish,
oil-saturated alkyd resin, or a mixture of different oils. They are characterized by a fairly
long drying process. Alkyd resin is the binder of alkyd materials. As a rule, it is received
by boiling vegetable oils, linseed, tall oil, soya oil, etc., together with alcohol and organic
acids or acid anhydrides. Like oils, alkyd resins dry out as a result of oxidation [145–150].

The main disadvantage of the considered paint-and-lacquer coatings is that they
rather quickly sorb moisture, which results in the peeling of the coating from the metall. In
addition, some representatives of these materials can be fire-hazardous and toxic [151–153].

In comparison with water-soluble and organosoluble paint coatings, the offered
method of the formation of polymer films from INFOR solutions possesses the following
positive features:

- INFOR components are safe;
- The polymer inhibited films have a more solid structure that should lead to an increase

in the adhesive strength of the film/coating to the metal;
- No long preparation of the surface is required;
- Formed films can be used as a primer for the following painting of the product.

Summarized information on the comparison of the described methods is presented
in Table 3.
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Table 3. Comparison of the key features of the protective film formation methods.

Method/Technique Conveniences Limitations

Organosilanes films by dipping in INFOR
No complex equipment is required

Environmentally safe
Metal surface needs to be pre-treated

Long process of coating formation
[14,15,90,91,125]

Organosilanes films by EPD of INFOR

Accelerated coating formation process
Complex shapes can be coated

Environmentally safe
Requires more expensive equipment

[125–130]

Cataphoresis varnishes

Uniform coating
Complex shapes can be coated
Relatively high wear resistance

Complex solution composition
Requires more expensive

Equipment
[103,104,131–135]

Inhibited sleeves/films
Easy to apply

Relatively cheap
Need to be sealed due to a danger of

inhibitor volatilization
[8,136–139]

Paint coatings
Proven process of coating formation

Relatively cheap

Sorb moisture, toxic
Relatively high consumption

of paint material
[140–153]

4. Conclusions

Thus, we can conclude that, for obtaining polymer films/coatings on substrates of
different materials, the EPD method is an alternative to traditional methods. This method
has several advantages: it optimizes the process of obtaining polymer films/coatings;
it is possible to coat samples of different geometric shapes; the formed films/coatings
have better performance properties; the risk of ignition of used materials is reduced;
environmentally safe substances are used as raw materials. The EPD option is chosen
based on the following factors: the nature of the substrate; the method of its pretreat-
ment; the pH of the electrolyte used; and the cost of forming the film/coating by the
chosen method. The use of electrophoretic deposition technology is a relatively new and
promising method of forming corrosion-resistant polymer films on metal samples from
aqueous solutions of inhibitor compositions consisting of molecules of organosilanes and
corrosion inhibitors. Cataphoresis varnishes should be considered as direct analogues of
this method; however, unlike polymeric inhibited films formed from aqueous INFOR solu-
tions, cataphoresis varnishes do not always have satisfactory adhesion strength and good
protective capacity.
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Abstract: Nitrogen ions were implanted into the coated Nb layer by plasma immersion ion implanta-
tion to improve resistance to corrosion of a metal bipolar plate. Due to nitrogen implantation, the
corrosion behavior of the Nb layer was enhanced. The electron microscope observation reveals that
the microstructure of the Nb layer became denser and had fewer defects with increasing implantation
energy. As a result, the densified structure effectively prevented direct contact with the corrosive
electrolyte. In addition, at a higher implantation rate (6.40 × 1017 N2/cm2), a thin amorphous layer
was formed on the surface, and the implanted nitrogen ions reacted at neighboring Nb sites, resulting
in the localized formation of nitrides. Such phase and structural changes contributed to further
improve corrosion resistance. In particular, the implanted Nb layer at bias voltage of 10 kV exhibited
a current density more than one order of magnitude smaller with a two times faster stabilization than
the as-deposited Nb layer under the PEMFC operating conditions.

Keywords: plasma immersion ion implantation; niobium; bipolar plate; corrosion resistance

1. Introduction

To solve global warming from climate change, many countries have shown their
support to the regulation of greenhouse gases from automobiles and vessels. In this
regard, green vehicle technologies have been intensively researched to reduce fossil fuel
consumption. Polymer electrolyte membrane fuel cells (PEMFCs) represents one of the
promising candidate technologies in electric vehicles due to their higher power density,
lower operating temperature, and comparatively reduced noise.

A unit cell of PEMFC stacks is composed of a membrane electrode assembly (MEA)
including membrane, catalysts layers, and gas diffusion layers located between pairs of
bipolar plates. Among these, the bipolar plate is one of the most important components
due to its multifunctional role. The bipolar plate serves as the electrical connector between
serially connected unit cells in the stack, and should be separate from fuel and oxidant.

Its other role is to provide structural supporter to the stacks, as well as water man-
agement for protecting membranes. Additionally, it should be tolerant to an aggressive
acidic environment resulting from corrosive operating conditions. Therefore, the bipolar
plate should provide excellent electric conductivity, gas and liquid impermeability, high
mechanical properties and workability, and corrosion resistance in acidic media [1,2].

Graphite is commonly used materials in the bipolar plate because of its high electric
conductivity, chemical stability, and corrosion resistance. However, graphite has a porous
and brittle structure, making it difficult for machines to work on the graphite bipolar plate,
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which increases the production cost and time [3,4]. Thus, an alternative material with high
mechanical strength and workability is needed for an effective mass production of bipolar
plates to be made possible. Stainless steels have an excellent workability and mechanical
properties and can be an alternative to bipolar plate. Due to higher corrosion resistance in
stainless steels, 316L austenitic stainless steel (SS316L) has attracted significant attention
and is widely researched [5–7]. However, when SS316L is exposed to highly corrosive acid
environments for a long period, the metal ions from the exposed surface are dissolved,
contaminating the electrolytes and catalysts and degrading performance of the PEMFC
stacks.

Various surface modification techniques, including nitriding, cladding, and coating,
have been applied to protect the surface of bipolar plates [8–12]. The nitriding process
is known to be a useful method to improve the mechanical properties and corrosion
resistivity of steels. However, in the case of the austenitic stainless steels, a higher treatment
temperature is required to terminate the native oxide layer on the surface. This high
temperature leads to the formation of CrN precipitate, which causes chromium deficiency.
As a result, corrosion resistance is degraded. In another method, the cladding could be
a useful modification due to this being a simple process without the need for vacuum.
However, during the post annealing process, a higher temperature leads to the formation
of a brittle intermetallic layer between the substrate and the cladding layer, resulting in the
fracture of the intermetallic layer. Hence, a modification process that operates under low
temperature is needed to prevent the above problems. The coating process, in particular
physical vapor deposition, could be promising due to its ready controlling of the thickness
and uniformity of the protecting layer without a high treatment temperature [11–13].
As a protecting material, pure niobium (Nb) possesses excellent chemical stability and
corrosion resistance in an acidic environment with higher electric conductivity. Recently, we
demonstrated the effect of a Nb layer on the corrosion resistance of bipolar plates through
tuning microstructures. Our findings showed that the densified Nb layer with fewer defects
effectively prevented direct contact between electrolyte and substrate, and exhibited good
corrosion resistance in the acidic environment [14]. However, although the Nb layer was
densely coated on the substrate, it could not completely eliminate inside defects including
pinholes and voids, which could be a pathway for the corrosive electrolyte to penetrate.
Therefore, for overcoming the above problem, additional modification of coating layer is
required.

Recently, the plasma immersion ion implantation (PIII) method has beeb used as an
effective way to modify the physical and chemical properties of substrate without apparent
phase transformation and precipitation, i.e., improvement with maintaining its bulk prop-
erties [15,16]. A PIII process is performed at a low temperature, and physically implants
ions into the substrate by adjusting the ion dose and implant ion energy. Such properties
may give an advantage compared with other thermal processes. In particular, the effect of
energetic ion bombardment could modify surface properties, and densify the film struc-
ture. We believe these effects could positively affect the corrosion behavior of the coated
layer. Moreover, the implanted ions could contribute to further improvement in corrosion
behavior. As a dopant ion, the implanted nitrogen ions (N+) lead to improved corrosion
behavior and mechanical properties [17–21]. Hence, we expected that the implantation of
N+ ions on the Nb layer would modify its structural properties and reinforce its corrosion
resistance ability. In the present study, the microstructural features of the N+-implanted Nb
layer and the interaction of implanted ions with the neighboring Nb sites were investigated.
The experimental results revealed the effects of N+-implantation on the corrosion behavior
in the simulated PEMFC environment.

2. Materials and Methods

A SS316L sheet with a thickness of 0.1 mm was used as the base material, and its
chemical composition is shown in Table 1. In this study, the specimen was first cleaned
by argon plasma etching for 30 min at 0.66 Pa. Next, a Nb layer of ca. 1.5 µm thickness
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was deposited on the SS316L sheet using pulsed DC magnetron sputtering in accordance
with a previous study [14], as summarized in Table 2. The base pressure in the chamber
was maintained at 0.001 Pa. Subsequently, N+ ions were implanted on the Nb-coated
SS316L using PIII technique using a 60 kV class pulsed power supply, and the implantation
conditions are summarized in Table 2.

Table 1. Chemical composition of 316L stainless steel.

Elements Cr Ni Mn Si C Mo S N Ti B Cu Fe

Wt% 16.62 10.1 1.35 0.43 0.018 2.06 0.028 0.046 0.01 0.01 0.34 balance

Table 2. Experimental conditions for Nb sputtering and N+ implantation.

Nb sputtering

Pressure (Pa) 0.666

Gas flow (sccm) 10 (Ar)

Target power (W) 600

Bias voltage (V) 700

N+ implantation

Pressure (Pa) 0.14

Gas flow (sccm) 5 (N2)

Pulse width (µs) 3

Bias voltage (kV) 5, 10

In this study, both experimental and computational approaches were performed to
investigate the distribution of the implanted ions. The Monte Carlo simulation program
(TRIM-2013.00) was used to predict the distribution of ions. As the target material, Nb
was set at 8.57 g/cm3 of density, and the total nitrogen ions for calculation were set at
99,999 ions. A secondary ion mass spectrometry (SIMS, IMS-6f, CAMECA, Paris, France)
analysis was performed with 15 keV impact energy and 34 nA current to investigate the
distribution of practically implanted ions. The phase and structure of the modified Nb
layer were identified using X-ray diffraction (XRD) analysis. For this, an X-ray diffrac-
tometer (Rigaku, Tokyo, Japan, D/Max 2500-V/PC) was performed in the 2θ range of
30◦ to 140◦ with step size of 0.2◦. The partial phase transformation was investigated by
X-ray photoelectron spectroscopy (XPS) with a monochromic Al-Kα source (NEXSA at
15 kV, 15 mA; ThermoFisher, Waltham, MO, USA). A field emission scanning electron
microscope (FE-SEM, Tokyo, Japan, JEOL JSM-5900LV) was used to examine the variation
in microstructure due to the implantation of ions. The electrochemical properties were
investigated using a three-electrode system by a potentiostat (Wonatech, Seoul, Republic
of Korea, WPG-100). The saturated calomel electrode was used as a reference electrode,
and a platinum mesh was used as a counter electrode. The PEMFC environment was
simulated using 0.5 M sulfuric acid (H2SO4) aqueous solution as an electrolyte at 70 ◦C
with saturating air as the cathode and hydrogen as the anode. The potentiodynamic curves
were determined in the range of −1.5 to +1.5 V with a scan rate of 5 mV/s. In addition, a
potentiostatic test was performed at the constant voltages of +0.6 V and −0.1 V with a scan
rate of 1 mV/s for cathode and anode conditions, respectively, to evaluate durability in the
long-term operation.

3. Results and Discussion
3.1. Range and Distribution of Implanted Ions

When ions bombard on to a target surface, since the ions randomly settle on the inside
of the target, the implanted ions with the same energy or incidence angle cannot be sure
to reach the same site. Thus, even though ions implant under the identical conditions,
they might possibly distribute onto different site. The distributions of implanted N+ ions
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in the coated Nb layers were predicted using computational approaches, which were
compared with the results from experimental approaches obtained by a secondary ion mass
spectrometry (SIMS) analysis.

As shown in the simulated results (Figure 1), the depth and width of implantation
tended to increase with increasing applied bias voltages. According to distribution theory
for implanted ions, higher ion energy induces a wider range of ion distribution [22,23].
However, as the bias voltages increased, the peak nitrogen concentration migrated from
the surface into the inside of the Nb layer with an ever increasing in implantation depth.
Thus, although the total ion range and concentration increased, the nitrogen concentration
at the surface decreased. The obtained results imply that a higher bias voltage induces
a relatively deficient concentration of N+ ions at the surface, resulting in an insufficient
surface modification of the Nb layer. Comparing the computational and the experimental
results (Figure 2, Table 3), the implantation depth and the peak nitrogen concentration
presented a similar tendency. Although 10 kV of bias voltage led to the peak nitrogen
concentration migrating into the inside, the number of nitrogen ions at the surface presented
a higher value than the 5 kV applied to the sample. Therefore, the obtained results suggest
that if 10 kV was applied to the sample, there would be sufficiently implanted N+ ions at
both surface and inside of the Nb layer.
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Table 3. Implanted ion range and concentration of TRIM simulation and SIMS analysis.

Bias (kV)
Ion Range (Å) Implantation

Dose (Ions/cm2)
Peak Nitrogen Concentration

(Atoms/cm3)TRIM SIMS

5 95 57 2.78 × 1016 1.61 × 1022

10 158 140 6.40 × 1017 2.37 × 1023

3.2. Phase Characterization

The XRD patterns were compared to investigate the effect of implantation of ions
on the crystal phase, as shown in Figure 3. The parameters are summarized in detail in
Table 4. After the implantation of N+, the Nb peaks were slightly shifted to a lower angle
and became broader. These results might indicate the implantation of N+ ions into the
interstitial sites of the Nb lattices whereby the Nb lattices were expanded and the d-spacing
increased. In addition, the grain refinement and partial amorphization might contribute to
peak broadening [24]. The crystallite size was derived from the XRD patterns using the
Williamson–Hall method. As can be seen in Table 4, the crystallite size tended to decreased
with N+-implantation due to energetic ion bombardment. As previously reported, the Nb
structure and physical properties were drastically changed depending on the implantation
rate [25–27]. When the implantation rate was below 3 × 1016 N2/cm2, small defects
including lattice strain or dislocation loop occurred. Subsequently, when the implantation
rate exceeded 6 × 1016 N2/cm2, structural changes to the amorphous layer were initiated.
Eventually, when the implantation rate reached 1 × 1017 N2/cm2, continuous amorphous
layers were formed. In other words, the Nb layer changed its structure from crystalline to
amorphous or a highly disordered phase when the implantation rate exceeded a certain
level [27]. Based on the literature, since the implantation rate of the sample when 10 kV bias
voltage (6.40 × 1017 N2/cm2) was applied exceeds the anticipated transition point to an
amorphous phase, the amorphous layer should have formed on the surface. However, the
formed amorphous layer was not very thick, and presented crystalline diffraction patterns
with small, broadening peaks. In the case of 5 kV bias voltage, the amorphous layer was not
expected to be formed since the implantation rate was below a certain level. Meanwhile,
no additional peaks were observed in the XRD patterns such as Nb nitride. We therefore
further performed an XPS analysis to investigate partial phase transformation. As shown in
the N1s spectra (Figure 4), NbN, NbNx, and NbNxOy peaks were detected, indicating that
the implanted N+ ions randomly and partially formed nitride in the Nb matrix. The results
also indicate that the intensity of the nitride peak was stronger at higher bias voltage. The
detected NbNxOy peak might arise from the formation of native oxide due to exposure in
the air.
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Table 4. Conducted parameters of as-deposited Nb and N+-implanted samples from XRD patterns.

Bias (kV) 2θ
(Degree)

d-Spacing
(Å)

FWHM
(Radian)

Crystallite Size
(nm)

As-deposited Nb 38.40 2.342 0.020 17.00
5 kV 38.12 2.358 0.024 12.28

10 kV 38.16 2.356 0.025 11.76
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The phase characterization results suggested that a thin amorphous layer was formed
on the surface and Nb nitride was partially formed in the Nb layer. The amorphous alloy
is known to be a corrosion inhibitor, and often shows higher corrosion resistance than
crystalline alloys at the same composition [28–31]. Furthermore, Nb nitride possesses good
corrosion resistance even under aggressive environmental conditions, which have been
widely studied for preventing metal corrosion [32–35]. Therefore, partial phase changes in
the Nb layer might positively affect the corrosion behavior.

3.3. Microstructure

The surface and cross-section of the as-deposited and N+-implanted Nb layers were
observed by using electron micrographs, as shown in Figure 5. The FE-SEM images of the
surface showed that N+-implanted Nb layers present truncated grain morphology due
to ion bombardment which was absent in the as-deposited Nb layer. When 10 kV bias
voltage was applied, a relatively nonuniform and blurred grain boundary was formed. The
obtained results are consistent with the results of the surface roughness in Figure 6. Due to
higher bias voltage, the crystalline structure is truncated and becomes smaller, resulting
in a decrease in surface roughness. In the case of the cross-section, the as-deposited Nb
layer presented a columnar structure with voids between columns; by contrast, in the
N+-implanted Nb layers the interface between the columns became smoother and most of
the voids were filled up. The obtained results demonstrated that the Nb layer was densified
due to the bombardment of high energy ions.

To clarify the densification of the Nb layer, the defects on the surface and the inside
of layers including voids and pinholes were examined. The critical passivation current
density (CPCD) method was used to evaluate density and distribution of defects. The CPCD
method electrochemically evaluates the defect area ratio (Rda) using a current density at the
active–passive transition region that is proportional to the exposed area of the substrate [36].
The calculated Rda pattern was as follows: as-deposited Nb (0.61 %) > 5 kV (0.57 %) > 10 kV
(0.32 %). The Rda decreased with N+-implantation, and higher bias voltage led to further
decrease. Therefore, a higher ion energy could contribute to densification of the structure,
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and it having less defects, which is consistent with microstructural observation. We assume
that these microstructural changes would contribute to improving the corrosion behavior.
The densified microstructure could prevent direct contact with the corrosive electrolyte,
and decreased surface roughness could reduce surface area an exposed to the electrolyte.
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3.4. Electrochemical Properties

The potentiodynamic polarization test was performed under simulated PEMFC op-
erating conditions (Figure 7, Table 5). The simulated cathode and anode conditions were
described in the method section. As shown in Figure 7, the N+-implanted Nb layers exhib-
ited a wide passive region compared to the as-deposited Nb layer and maintained passive
state at both the cathode (0.6 V) and anode (–0.1 V) operating potentials. The corrosion
current density (icorr) was obtained from the Tafel extrapolation and linear polarization, and
was slightly decreased at the N+-implanted Nb layers. The icorr, Tafel was determined from
extrapolation between the Ecorr with the anodic and cathodic Tafel slopes in the obtained po-
larization curve. The icorr, Rp was calculated by the Stern–Geary equation using polarization
resistance and tafel slopes. Both the obtained icorr, Tafel and icorr, Rp showed similar values
and the same trend. Likewise, the passivation current density (ipass) was smaller than that
of the as-deposited Nb layer. The lower value of ipass implies a facile and fast transition to
the passivation state. The polarization resistance (Rp) was determined from linear polariza-
tion. In comparison with the as-deposited layer, the Rp of the N+-implanted Nb layers was
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increased. Moreover, when 10 kV bias voltage was applied, the Rp was more than twice
that of the as-deposited Nb layer. Since the Rp implies tolerance to an oxidation reaction
when an external potential is applied, it can be used to estimate corrosion resistance. Thus,
the N+-implantation might contribute to greater protection against corrosion and enhanced
tolerance to an aggressive oxidation environment. Although the corrosion potential was
slightly decreased with N+-implantation, the corrosion and passivation current density
and polarization resistance were improved with increasing bias voltage. In other words,
even though the corrosion occurred a little earlier, the passive film was quickly formed and
reached a passive state due to the N+-implantation effects.
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Table 5. Corrosion parameters extracted from potentiodynamic polarization curves.

Sample Ecorr (V)
icorr, Tafel
(A/cm2)

icorr, Rp

(A/cm2)
i0.6V vs. SCE

(A/cm2)
i−0.1V vs. SCE

(A/cm2)
ipass (A/cm2) Rp (Ω cm2)

316L bare −0.3374 1.33 × 10−4 1.67 × 10−4 4.95 × 10−5 1.31 × 10−4 3.64 × 10−5 61
As-deposited −0.3278 1.26 × 10−6 2.08 × 10−6 4.78 × 10−5 7.88 × 10−6 7.69 × 10−6 5010

5 kV −0.3688 1.19 × 10−6 1.43 × 10−6 1.31 × 10−5 5.67 × 10−6 5.08 × 10−6 6688
10 kV −0.3746 1.08 × 10−6 1.23 × 10−6 2.52 × 10−6 4.66 × 10−6 1.99 × 10−6 11,457

Meanwhile, for the bipolar plate application, the corrosion behavior at the operating
potential is highly significant. The N+-implanted Nb layers presented a smaller current
density at the cathode (i0.6 V) and anode (i−0.1 V) operating potential when compared with
that of the as-deposited Nb layer and bare 316L SS. In particular, the 10 kV applied sample
showed the lowest value of current density in the cathode potential, that is one and two
orders of magnitude smaller current density than that of the as-deposited Nb layer or bare
316L SS, respectively. Thus, these results suggest that the implanted N+ ions effectively
protect the Nb layer and the substrate under an aggressive PEMFC operating environment.

The bipolar plate is immersed in the corrosive electrolyte at both cathode and anode
potentials during PEMFC operation. Thus, a durable corrosion resistance at the electrode
potential is necessary. A potentiostatic polarization test performed under the simulated
PEMFC operating conditions (Figure 8) showed that the higher initial current density
of all the samples at the cathode (Figure 8a) rapidly decreased and stabilized to a lower
value. However, a difference in the stabilization time was observed. The N+-implanted
Nb layers stabilized within 2000 s, while the as-deposited Nb layer took more than two
times longer for the current density to stabilize. This difference might correspond to the
different redox reaction rates. A relatively fast redox reaction of the N+-implanted Nb
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layers resulted in the fast formation of a passive film on the surface [37]. Moreover, in
the stabilized current density, the N+-implanted Nb layers exhibited a current density
one order of magnitude smaller than that of the as-deposited Nb layer. In the case of
the anode (Figure 7b), the polarization curves revealed a similar tendency to the cathode.
Consequently, N+-implantation induced a more stable and lower current density in both
cathode and anode, thereby satisfying the target set by the US department of energy (DOE).
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10 kV −0.3746 1.08 × 10−6 1.23 × 10−6 2.52 × 10−6 4.66 × 10−6 1.99 × 10−6 11,457 

Meanwhile, for the bipolar plate application, the corrosion behavior at the operating 
potential is highly significant. The N+-implanted Nb layers presented a smaller current 
density at the cathode (i0.6 V) and anode (i−0.1 V) operating potential when compared with 
that of the as-deposited Nb layer and bare 316L SS. In particular, the 10 kV applied sample 
showed the lowest value of current density in the cathode potential, that is one and two 
orders of magnitude smaller current density than that of the as-deposited Nb layer or bare 
316L SS, respectively. Thus, these results suggest that the implanted N+ ions effectively 
protect the Nb layer and the substrate under an aggressive PEMFC operating 
environment. 

The bipolar plate is immersed in the corrosive electrolyte at both cathode and anode 
potentials during PEMFC operation. Thus, a durable corrosion resistance at the electrode 
potential is necessary. A potentiostatic polarization test performed under the simulated 
PEMFC operating conditions (Figure 8) showed that the higher initial current density of 
all the samples at the cathode (Figure 8a) rapidly decreased and stabilized to a lower 
value. However, a difference in the stabilization time was observed. The N+-implanted Nb 
layers stabilized within 2000 s, while the as-deposited Nb layer took more than two times 
longer for the current density to stabilize. This difference might correspond to the 
different redox reaction rates. A relatively fast redox reaction of the N+-implanted Nb 
layers resulted in the fast formation of a passive film on the surface [37]. Moreover, in the 
stabilized current density, the N+-implanted Nb layers exhibited a current density one 
order of magnitude smaller than that of the as-deposited Nb layer. In the case of the anode 
(Figure 7b), the polarization curves revealed a similar tendency to the cathode. 
Consequently, N+-implantation induced a more stable and lower current density in both 
cathode and anode, thereby satisfying the target set by the US department of energy 
(DOE). 

  
(a) (b) 

Figure 8. Potentiostatic polarization curves of the as-deposited Nb layer and N+-implanted samples 
with purged (a) air (constant 0.6 V) and (b) H2 (constant –0.1 V). 

  

Figure 8. Potentiostatic polarization curves of the as-deposited Nb layer and N+-implanted samples
with purged (a) air (constant 0.6 V) and (b) H2 (constant –0.1 V).

The above results confirmed that the N+-implantation effectively modified the Nb
layer, thereby improving electrochemical properties under the simulated PEMFC operating
conditions. We regard the reason for such results likely to arise from the following effects.
First, the bombardment of higher energy ions induced a densified Nb layer with fewer
defects, which prevented direct contact between substrate and corrosive electrolyte. The
synergetic effect between partially formed Nb nitride and the Nb matrix might contribute
to additional improvement of electrochemical properties. In addition, tuning of the surface
roughness by ion sputtering led to an increased electron work function and reduced the
exposed area at the surface, thereby improving corrosion behavior [38–40]. It should also be
considered that a thinly formed amorphous layer on the surface might contribute to surface
passivation. Furthermore, in the present work, we investigated effective methods for
modification of the protective layer. We found that this—in combination with reinforcement
of substrate materials—will help further improve corrosion behavior of bipolar plate
materials.

4. Conclusions

The deposited pure Nb layers were modified by the implantation of N+ ions, and
the FE-SEM observation demonstrated that the higher ion energy could densify the Nb
layer. The reduced defects inside the Nb layer effectively prevented the penetration of
the corrosive electrolyte, resulting in improved corrosion resistance. Moreover, partially
formed nitride in the Nb matrix further contributed to the improvement in corrosion
resistance. In the polarization test, N+-implantation at 10 kV resulted in a current density
one order of magnitude smaller than that of the as-deposited Nb layer. With respect to
durability, N+-implanted Nb layers exhibited a current density one order of magnitude
smaller with rapid surface passivation. Therefore, the N+-implantation effectively modified
the deposited Nb layer to form an improved protective film for the metal bipolar plate.
We believe that these results will provide new possibilities for surface modification and
improvement of fuel cell performance, as well as other potential applications.
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Abstract: The analyzed topic refers to the corrosion resistance and changes in microhardness of
the heat-treated (HT) hot-dip zinc coating deposited on bolts. The research aimed to evaluate the
influence of the HT on the increase of the coating hardness and changes in anticorrosion properties.
Hot-dip zinc coating was deposited in industrial conditions (acc. EN ISO 10684) on chosen bolts
(M12x60). The achieved results were assessed based on corrosion resistance tests in neutral salt
spray (salt chamber) and microhardness measurements. Tests were conducted in accordance with the
adopted fractional plan, generated in the DOE module of the Statistica software. Using the conjugate
gradient method optimal parameters of HT were determined. The conducted tests proved that the
controlled heat treatment may increase the hardness of the hot-dip zinc coating without a significant
deterioration in its basic protective function (corrosion resistance). The observed changes in the
hardness and corrosion resistance of the zinc coating are a consequence of changes in its structure.

Keywords: heat treatment; corrosion resistance; hot-dip zinc galvanizing; coating hardness

1. Introduction

Zinc is the most commonly used element in the production of anticorrosion coatings [1].
Processes of Zn coating deposition are relatively simple and do not require advanced
devices, complicated technologies or large financial resources [2]. The report of the In-
ternational Lead and Zinc Study Group regarding years 2016–2020 [3] states that global
zinc production amounted to about 12 million tons yearly and more than 6 million tons
were used as anticorrosion protection for steel. In practice, four galvanizing methods
are used. The oldest method used on an industrial scale for corrosion protection of steel
parts is immersion galvanizing, commonly known as “hot-dip galvanizing”. By contrast,
the latest technology using zinc to protect steel surfaces is the so-called “lamella tech-
nique”. This is a typically adhesive process—the surface before immersion is prepared to
obtain the greatest possible degree of development. In addition to the methods mentioned
above, sherardization (where the coating has a structure similar to hot-dip galvanizing)
and electro-galvanizing are also applied [4–6].

The most commonly used method for protecting industrial steel parts is hot-dip
galvanizing [7–9]. Because hot-dip zinc galvanizing ensures high quality and long-term
protection against corrosion, examples of its application can be found in every environ-
ment (marine, rural, industrial) and different kinds of industry (shipbuilding, machine,
agriculture)—in most environments corrosion protection lasts on average 25–75 years,
depending on the thickness of the coating correlated with the environment of exposure to
corrosive agents [7].

Fasteners are protected primarily by hot-dip zinc galvanizing [5]—the thickness of the
deposited coatings is usually in the range of 45–65 µm [4], and the coating microstructure

112



Materials 2022, 15, 5887

has a typical diffusive character and consists of several intermetallic phases of the Fe–Zn
system (η, ζ, δ, Γ) [10]. In addition to hot-dip galvanizing, electro-galvanizing is also used
for anticorrosion protection for different kinds of bolts, especially those with a smaller
diameter. However, the coating obtained by this method is usually much thinner, which
usually results in lower corrosion resistance. This process also entails the risk of reducing
the mechanical properties of the base material due to hydrogen embrittlement [11] and has
a negative impact on the environment [12]. To achieve a thinner zinc coating on the surface
of bolts characterized by comparable corrosion resistance to the standard hot-dip zinc
galvanizing, the high-temperature galvanized method is applied. As a result of this process,
the zinc coating is also composed of Fe–Zn intermetallic phases. Since galvanizing takes
place at a temperature about 100 ◦C higher than during standard hot-dip galvanizing, the
process requires the use of ceramic or ceramic lining baths (instead of the steel ones used
in most galvanizing plants), which results in higher costs of energy and equipment [13].
In addition, in the case of galvanizing bolts made in the higher strength classes, the high-
temperature method carries the risk of deterioration of the bolts’ strength properties as a
result of tempering [4]. A coating with a similar structure, as in the case of high-temperature
galvanizing (composed of intermetallic phases), is also deposited using thermo-diffusion
galvanizing [14]. As a result, parts showing very good anti-corrosion protection, without
hydrogen embrittlement [15], are obtained. However, in comparison to hot-dip galvanizing,
this method has limitations related to the size of the parts which can be subjected to this
process (it is not possible to galvanize parts as large as those in the case of hot-dip zinc
coating in galvanizing baths) and zinc plating takes more time (several, or up to even a
dozen, hours).

One of the weaknesses of the hot-dip zinc coating is the relatively low hardness. The
hardness measured on the zinc surface of the hot-dip coating, i.e., the hardness of the η
layer, according to various sources oscillates around the value of 50 HV (50–57 HV [16];
52 HV [17]; 41 HV [18]). One of the methods of improving the properties of commonly used
coatings is heat treatment. In the literature on materials subjected to elevated temperatures,
the attention is focused mainly on oxidation mechanisms [19–22], influence of different
elements on the oxidation resistance [23,24] and the mechanical properties of oxidized
materials [25]. In addition to the above, the subject of the coatings’ controlled heat treatment
and its impact on the properties of coatings is also increasingly taken up by researchers
testing various types of coatings (Zn-Ni-P-W [26], Ni-W [27]; diamond-like [28]; bronze [29];
Ni-B [30]). In the presented article, the HT impact on the structure of coatings and their key
properties related to exploitation conditions are analyzed.

Azadeh et al. [31] analyzed the effect of heat treatment on the deformability of hot-dip
galvanized DC01 steel. Samples were subjected to temperature exposures of: 500, 510,
520, 530 and 540 ◦C. The treatment time was from 10 to 180 s. After the heat treatment,
the samples were cooled in water. The presented results of the research (SEM, EDS, XRD,
FLD) showed that the applied parameters (temperature and time) of the treatment result
in structure changes in the coating. It was found that the use of higher temperatures
in combination with shorter processing times allows for improving the plasticity of the
zinc coating.

In the research of Szabadi et al. [32], the subject of which was the abrasive wear of the
hot-dip zinc coating applied to S235JRG2 steel, the results of microhardness measurements
using the Vickers method as well as tests of the condition and qualitative composition
of the surface are presented (SEM-EDS). The authors compared data obtained for the
samples galvanized in the crude state and the ones galvanized after being subjected to heat
treatment. Measurements of abrasive wear were conducted in a specially designed abrasion
tester. The researchers claim that the heat treatment caused a change in the structure of
the zinc coating, which in turn increased abrasion resistance. The suggested reason for
increased abrasion resistance is the intensification of iron diffusion. The zinc coating on the
base sample had an average hardness value of about 47 HV. The heat treatment resulted in
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an increase in the hardness of the zinc coating to about 106 HV. In the work, however, there
is no detailed data on the basic parameters of the heat treatment (time, temperature).

In the work of P. P. Chung et al. [33], the authors note the phenomenon of the beneficial
effect of heat treatment on zinc coatings applied to fasteners. The research concerned zinc
coating deposited onto 1022 steel bolts and flat samples made of CA3SN-G steel. The
researchers heat-treated the galvanized parts using a temperature of 340 ◦C and a time of
10, 15 and 30 min. Heat treatment was carried out in ambient air. Corrosion resistance was
tested by the potentiodynamic method in a 5% NaCl solution. Microscopic examinations
(optical LOM, scanning SEM with EDS analysis) and structure analysis (XRD) were also
carried out. The authors claim that the heat treatment caused changes in the structure
of intermetallic phases, which contributed to the improvement of corrosion resistance
because they could become a barrier to progressive corrosion processes. The researchers
also observed an increase in the thickness of the treated coatings in relation to samples that
were not heated at 340 ◦C.

So, considering the above analysis and the opinion of authors of the article [34], we
can state that corrosion resistance is the most important property of zinc coating. How
zinc protects iron alloys (steel, cast iron) against corrosion depends on its specific physico-
chemical properties [35]: in relation to iron, zinc becomes the anode that is first attacked by
corrosion; zinc can create a corrosion resistance barrier and shows a high passivation ability.

The anti-corrosion properties of hot-dip zinc coating depend on many factors, includ-
ing microstructure [36,37] and thickness [37–40]. There is no absolute uniqueness among
data regarding the corrosion resistance of individual layers of zinc coating. There is also a
statement in the literature [33,41] confirming that corrosion rate in alloyed zone is usually
lower and thicker coatings exhibit higher corrosion resistance due to the presence of a larger
fraction of Fe–Zn phases. However, most publications confirm the lower corrosion resis-
tance of alloyed layers in comparison to pure zinc η layer in different environment—both
in fresh, hardened and chloride-contaminated concrete [42] and in wet–dry cyclic con-
ditions, in chloride-containing environments [43]. In article [44], authors claim that the
low-temperature annealing (225 ◦C) causes the formation of intermetallic Fe/Zn com-
pounds, a transformation of amorphous oxide inclusions to the crystalline form and a
decrease in the Zn lattice parameter for Zn–Co and Zn–Fe alloys, which also results in a
decrease in corrosion resistance.

As shown in articles [45,46], an increase in HT temperature results in an increase in
the thickness of the iron-rich layers (ζ, δ, Γ) in the zinc coating, and after the HT at 460 ◦C
there is practically no pure η phase [45].

Considering the data from the literature and results of our own research presented in
the previous article [47], where both disk samples and bolts were tested and the effect of
heat treatment on the change of zinc coating microhardness, microstructure and coefficient
of friction was studied, it seems crucial to assess the impact of the proposed heat treatment
on the change in corrosion resistance of the tested coatings.

The aim of the presented research was to verify the possibility of increasing the hard-
ness of zinc hot-dip coating by HT (up to 130–150 HV), with an acceptable reduction in
corrosion resistance not exceeding 10%. During the experiment the impact of the heat treat-
ment on the zinc coating deposited on typical steel bolts (M12x60) was assessed. Changes
in microhardness (HV 0.02) values, microstructure character and corrosion resistance (NSS
test) allowed to choose the optimal treatment conditions. The research was conducted
in accordance with the adopted fractional plan, generated in the DOE module of the Sta-
tistica software. The optimal heat treatment parameters (ensuring hardness at the level
of 140 HV.02 and corrosion resistance reduced by no more than 10%) were determined
by the conjugate gradient method. The conducted studies confirmed that the controlled
heat treatment allows a significant increase in the hardness of the zinc coating deposited
on the tested bolts without a serious deterioration in the key property of the coating,
i.e., corrosion resistance.
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2. Materials and Methods

Steel bolts M12x60—8.8U (23MnB4 steel) were selected for the tests. On the one hand,
the selected bolt diameter facilitated hot-dip zinc galvanizing (reducing the risk of zinc
flashes formed on the thread). On the other hand, it met the requirements of the method
used in the previous article for the friction coefficient determination (Schatz Analyze M12
testing machine system—where bolts with a maximum diameter of 12 mm can be tested).
Samples were hot-dip galvanized according to EN ISO 10684 [48]—etching in 12% HCl,
fluxing, dipping in Zn bath with Al, Bi and Ni at temp. of 460 ◦C within the time of 1.5 min
and cooling in water.

Heat treatment was carried out in temperature range t = 270–430 ◦C in an electric
chamber furnace. The bolts were held at the treatment temperature in time τ = 7–11 min.
The parameters of heat treatment were selected based on the preliminary tests performed
at work [47] with the use of disc-shaped samples measuring 25 mm in diameter and 4 mm
in thickness and compared with the kinetics of heating disc samples and bolts (M12x60)
using a thermal imaging camera. Table 1 presents values of the heat treatment parameters
applied in the tests together with the variant numbers (1–9), i.e., the trivalent fractional
plan (three values of variable parameters) for two input quantities (temperature and time
of heat treatment). The plan was generated in the DOE (Design of Experiments) module of
the Statistica software.

Table 1. Values of the heat treatment parameters and numbers of fractional plan variant.

Parameter of Heat Treatment
No. of Fractional Plan Variant

Temperature t, ◦C Time τ, min.

270 7 1
9 2
11 3

350 7 4
9 5
11 6

430 7 7
9 8
11 9

After the heat treatment samples were taken out of the furnace chamber and were
air-cooled to the ambient temperature. The following parameters were analyzed during
investigations: the heating process (chamber furnace FCF 75HM, Flir E95—thermal imaging
camera), the microstructure of zinc coating structure and steel—with the use of a scanning
microscope with EDS analysis (scanning electron microscope EVO 25 MA Zeiss with
an EDS attachment), the microhardness changes measured on the bolts head (Vicker’s
HV 0.02, Mitutoyo Micro-Vickers HM-210A device 810–401 D), corrosion resistance (salt
chamber—Liebisch Labortechnik, type S 1000 M-TR, with capacity 1 000 l). To analyze
the microstructure, chemical composition, phase identification in thin coatings, advanced
devices (X-ray diffraction (XRD) and scanning electronic microscope (SEM) with EDS)
were usually used [49,50]. In this study, to identify individual phases occurring in the zinc
coating, only a scanning microscope with an EDS attachment was used, which seems to be
quite sufficient due to the very characteristic and at the same time diverse morphology of
the analyzed phases (η, ζ, δ, Γ).

Considering the planned effects of the heat treatment (coating hardness increase to the
value in the range: 130–150 HV and acceptable reduction in corrosion resistance less than
10%), the optimal heat treatment parameters were determined using the conjugate gradient
method [51].
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3. Results and Discussion
3.1. Coating Thickness and Microhardness Measurements

Measurements of the thickness of the coatings deposited on galvanized bolts M12× 60—8.8U
were made by the magnetic method, in accordance with PN-EN ISO 2178:2016-06 [52]. The
measurements were carried out in places defined by standard on the bolts heads before
and after their heat treatment, using an electronic coating thickness gauge. On each bolt,
10 measurements were made, the results of which were averaged. For every bolt, the
average coating thickness was in the range of 59.76 ± 1.27 µm, which corresponds to the
requirements of the fasteners [4]. It follows from the achieved results that the applied heat
treatment does not affect the change in the thickness of the zinc coating.

Microhardness measurements were carried out on the bolt’s head (outer layer) using
the Vickers HV 0.02 method. Five measurements were made on the surface of each of the
bolts. The obtained averaged results are shown in Figure 1.
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Figure 1. Comparison of the microhardness of zinc coatings measured on bolts surface before and
after heat treatment.

Heat treatment conducted at fixed values (t = 270 ◦C, τ = 9 min) caused almost a
twofold increase in the microhardness of the outer zinc coating layer. The highest—almost
fourfold increase in microhardness (in comparison to the microhardness of coatings de-
posited on base bolts, without HT)—was obtained for coatings applied to bolts subjected
to the treatment at the highest temperature and the longest time (t = 430 ◦C, τ = 11 min).
Comparing the hardness measured after heat treatment at 430 ◦C and time τ = 11 min)
(variant 9—Table 1) to the literature data (Table 2), it can be concluded that a phase ζ already
appeared in the outer layer of the coating. Classical hot-dip zinc coating is composed of
four phases according to the Fe–Zn diagram [17,53,54]: —Fe3Zn10, δ—FeZn7, ζ—FeZn13
and an iron solid solution in zinc—η (Figure 2a), which is settled on the surface during
pulling out of the bath. After heat treatment carried out using parameters corresponding
to the other variants (2–8), the outer layer of the coating was composed of a mixture of
the phases η and ζ. The above statement was additionally verified on the basis of the
microscopic observations and EDS analysis—Figure 2, the results of which are been related
to the literature data—Table 3.
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Table 2. Hardness of individual intermetallic phases of zinc coating deposited by hot-dip zinc
galvanizing according to: Evans [8] (a) and Pokorný et al. [55] (b).

Phase Kind
Phase Hardness

(a) (b)

, Fe3Zn10 326 HB 326

1, Fe5Zn21 - 505 HV

δ
δ, FeZn10 - 358 HV

δ, FeZn7 270 HB -

ζ ζ, FeZn13 220 HB 208 HV

η η, Zn(Fe) 70 HB 52 HV
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Figure 2. The microstructure observed in the cross section (a,c) and on the outer surface of zinc
coating deposited on heads bolts (b,d) ((a,b)—without HT; (c,d)—t = 430 ◦C, τ = 11 min).
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Table 3. The content of iron in individual intermetallic phases of the zinc coating, deposited by
ho-dip zinc galvanizing, according to: J. D. Culcasi et al. [54] (a), D. Kopyciński et al. [56] (b) and
H. Kania et al. [57] (c).

Phase Kind Content Fe,% Phase Kind Content Fe, % Phase Kind Content Fe, %

(a) (b) (c)

, Fe3Zn10 18–31
1, Fe3Zn10 21–28 , Fe3Zn10 23.7–31.5

1, Fe5Zn21 19–24

δ, FeZn10δ, FeZn7 8–137–10 [58] δ, FeZn10δ, FeZn7
[59] 7–11.510.87 δ1, FeZn10 8.1–13.4

ζ, FeZn13 6–7 ζ, FeZn13 5–6 ζ, FeZn13 6.5–7.5

η, Zn(Fe) 0.04 η, Zn(Fe) 0 η, Zn(Fe) 0.03

Figure 2b,d shows a view of the outer surface of the zinc coatings obtained under
extreme conditions: without heat treatment (Figure 2b and after HT), using the longest
time and the highest temperature (τ = 11 min., t = 430 ◦C; Figure 2d). Iron content was
determined by EDS analysis in five randomly selected places on the outer surface of the zinc
coating and the obtained results were averaged. The error of a single measurement did not
exceed 5%. An increase in HT temperature results in an increase in the thickness of the iron-
rich layers (ζ, δ)—the measured Fe content in areas on the outer surface (Figure 2b,d) was
equal accordingly to 0.17 (standard deviation σ = 0.02) and 7.31% (σ = 0.27). Additionally,
the linear EDS analysis confirmed the extension of the ζ, δ, Γ phases range in comparison
to zinc coating without HT. The outer surface of the coating without heat treatment is
composed of solid solution η (smooth and compact), while the surface after heat treatment is
composed of a column-crystalline phase ζ (more diverse, heterogeneous, less compact). The
conditions for zinc coating structure recomposition during heat treatment are completely
different than for hot-dip zinc coating deposition during galvanizing—the Zn amount in
the coating is limited. It is quite possible that during the HT, the liquid solutions diffuse
along the channels between the cells of ζ and δ phases (like in the model presented by
Wołczyński [60]), but a more probable is the occurrence of bulk diffusion that results in the
thickening of ζ and δ phases, which in the extreme cases leads to the occurrence of one
phase ζ on the outer surface of the coating (Figure 2c).

The analysis of the obtained results using the DOE module of the Statistica software
made it possible to present the impact of heat treatment parameters on the change in the
hardness of the applied coatings in the entire range of used parameters both in the form of
a graph (Figure 3) and an equation (Equation (1)). The coefficient of determination (fitting
equation to experimental data) for microhardness results is R2 = 0.99.

ŷHV = −192.39 + 0.716t− 0.000416t2 + 18.3τ− 0.2916τ2 (1)

3.2. Corrosion Resistance Measurements

Both the bolts without HT and those that have been treated in accordance with the
fractional experiment plan were placed inside the salt chamber. Samples were placed
on a support made of chemically inert plastic in relation to the tested objects, allowing
them to be positioned at an angle of ~20◦ from the vertical (Figure 4a) in accordance with
the requirements presented in standard ISO 9227:2017 [61]. Five bolts treated at each of
the selected temperatures and times were placed in the chamber. The appearance of red
corrosion signs was controlled at intervals of 24 h.
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Figure 4. Bolt position during the NSS test (a) and their appearance after the test (b).

Bolts were subjected to an accelerated corrosion resistance test in a neutral salt spray
(NSS). The parameters of accelerated corrosion tests in the salt chamber were as follows:
5% NaCl, condensate pH 6.8–7.0, temperature 35 ± 1 ◦C, salt spray fall rate 1.5 mL/h.
Figure 4b shows an example of the appearance of bolts after the corrosion resistance test.
The achieved results are presented in Table 4. The bolts without the heat treatment were
characterized by corrosion resistance of 360 h. This result was a reference point during
the calculation of the reduction of corrosion resistance as a result of the conducted heat
treatment (100% corresponds to the corrosion resistance of the bolts without HT).
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Table 4. Values of the heat treatment parameters and corrosion resistance of zinc coating after HT.

Parameter of Heat Treatment Time to Red Corrosion
Appearance, Hours/DaysTemperature t, ◦C Time τ, min.

0 0 360/15

270 7 360/15
9 360/15

11 336/14

350 7 360/15
9 336/14

11 312/13

430 7 336/147
9 312/13

11 288/12

Changes in the corrosion resistance expressed as a percentage reduction of the starting
value are presented in Figure 5. The same resistance as the one determined for bolts without
heat treatment was shown by the bolts treated in the following conditions: t = 270 ◦C,
τ = 7 min; t = 270 ◦C, τ = 9 min; and t = 350 ◦C, τ = 7 min. In the case of bolts treated under
the conditions as follows: t = 270 ◦C, τ = 11 min; t = 350 ◦C, τ = 9 min; t = 350 ◦C, τ = 11 min;
and t = 430 ◦C, τ = 7 min, corrosion resistance decreased by 24 h (i.e., 6.6%). A reduction in
corrosion resistance by 48 h, corresponding to 13.3%, was observed for bolts subjected to
heat treatment under the following temperature and time conditions: t = 350 ◦C, τ = 11 min
and t = 430 ◦C, τ = 9 min. In turn, the shortest time to the appearance of red corrosion was
measured for bolts heat-treated under conditions: t = 430 ◦C, τ = 11 min, i.e., there was a
reduction in resistance time under corrosive conditions by 72 h in comparison to bolts that
were not heat treated (so the resistance decreased by 20%). Therefore, it can be concluded
that the heat treatment carried out at the highest temperature in combination with the
longest holding time results in the greatest loss of corrosion resistance. The reason for the
decrease in corrosion resistance of the coating after heat treatment may be explained by the
expansion of the range of occurrence of iron-enriched phases (which, according to some
researchers, are characterized by lower corrosion resistance [33,41]), and in the extreme
case, the appearance on the surface of only the phase ζ, which is less homogeneous and
less compact than the phase η. As a result, surface development and surface roughness also
increase. On the other hand, heat treatment can also lead to the appearance of microcracks
visible in the cross-section of the coating (reducing the compactness). The obtained results
are similar to those achieved in the previous tests with application of disk samples [47].
This also proves that the conducted analysis of heating kinetics was correct, and the heat
treatment parameters selected on its basis made it possible to obtain comparable results on
both flat samples and M12x60 bolts.
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The analysis of the obtained results using the DOE module of the Statistica software
made it possible to present the impact of heat treatment parameters on the change in the
corrosion resistance of the applied coatings in the entire range of used parameters both in
the form of a graph (Figure 6) and an equation (Equation (2)).

ŷNSS = 358.60 + 0.18749T− 0.0006249T2 + 7.9τ− 0.9τ2 (2)
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deposited on the f M12 x 60 bolts—determined in “Statistica” software.

The coefficient of determination (fitting equation to experimental data) for corrosion
resistance results is R2 = 0.95. Because the heat treatment has the opposite influence on the
changes in hardness and corrosion resistance of the tested zinc coatings, the analyzed issue
is an excellent area for the application of optimization solutions.

3.3. Solving the Optimization Problem

Regression equations determined on the basis of data obtained as a result of ex-
perimental studies (Figures 3 and 6, Equations (1) and (2)) were used to formulate the
optimization problem. In the conducted experiments, the influence of two parameters of
the heat treatment was investigated (decision variables), i.e., temperature t and time τ, on
microhardness, expressed in HV scale (criterion q1), and the corrosion resistance, expressed
in hours of duration of the corrosion resistance test (criterion q2). The optimization problem
was therefore formulated as a two-criteria task with component criteria q1 and q2.

To solve the above task, the concept of target programming was used, according
to which the original two-criteria task is replaced by a single-criteria task, in which the
cumulative criterion is the distance from the ideal point in the criteria space Q̃ (q̃1, q̃2) in
the sense of the square of the Euclid metric [62]. The following values were accepted as
the coordinates of the ideal point: q̃1 = 140 HV i q̃2 = 324 h. In the first step, in the space of
decision variables, a set of acceptable solutions Φ was defined, which is determined by the
permissible intervals of variation of heat treatment parameters (t = 270–430 ◦C, τ = 7–11 min)
fixed on the basis of the analysis of the results of preliminary tests [47]. The permissible set
took the shape of a rectangle shown in Figure 7. Having regression Equations (1) and (2),
the task was transformed into a criteria space mapping the permissible set Φ in a set of
permissible values of criteria Ψ (Figure 8).
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pressed in hours of duration of the corrosion resistance test (criterion q2). The optimiza-
tion problem was therefore formulated as a two-criteria task with component criteria q1 
and q2.  

To solve the above task, the concept of target programming was used, according to 
which the original two-criteria task is replaced by a single-criteria task, in which the 
cumulative criterion is the distance from the ideal point in the criteria space 𝑄෨ ሺ𝑞෤ଵ, 𝑞෤ଶሻ in 
the sense of the square of the Euclid metric [62]. The following values were accepted as 
the coordinates of the ideal point: 𝑞෤ଵ = 140 HV i 𝑞෤ଶ = 324 h. In the first step, in the space 
of decision variables, a set of acceptable solutions 𝛷 was defined, which is determined 
by the permissible intervals of variation of heat treatment parameters (t = 270–430 °C, τ = 
7–11 min) fixed on the basis of the analysis of the results of preliminary tests [47]. The 
permissible set took the shape of a rectangle shown in Figure 7. Having regression equa-
tions ((1) and (2)), the task was transformed into a criteria space mapping the permissible 
set 𝛷 in a set of permissible values of criteria Ѱ (Figure 8). 
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Figure 8. Set of acceptable criteria values.

Each point in the set Φ was assigned a point q = [q1(x), q2(x)]T, adopting microhard-
ness as q1 = q1 (t, τ) and corrosion resistance as q2 = q2 (t, τ). Then, due to the formulated
assumptions regarding the postulated value of microhardness and the postulated reduction
of corrosion resistance, the ideal point was determined, Q̃ = [q̃1, q̃2]

T. Taking into account
the thesis put forward in the work, the postulated value of microhardness (q̃1) should be
in the range of 130–150 HV, and the ideal value of this criterion was the average value q̃1
= 140 HV. It was further assumed that the postulated permissible reduction of corrosion
resistance should not exceed 10% of the total corrosion resistance of the coatings applied to
bolts without heat treatment (360 h). This value was accepted as a reference point and gave
the ideal value of the criterion of q̃2 = 324 h. Assuming that both component criteria are
equally valid, the aggregate criterion expressing the distance from the ideal point takes the
form as follows:

Q = (q̃1 − q1)
2 + (q̃2 − q2)

2 → min (3)

The solution to the task of bi-criteria optimization in the goal space is the point Q̂
belonging to a set of permissible values of criteria Ψ located the closest to the ideal point Q̃.
This point has coordinates q1 = 142 HV and q2 = 329 h (Figure 8). The exact coordinates of
the optimal solution were achieved using conjugate gradient method [51,63].

After the inverse transformation of the task from the criteria space to the decision
variable space using regression equations (Equations (1) and (2)), optimal point Q̂ has the
coordinates: temperature 280 ◦C and time 11 min (Figure 7), which corresponds to optimal
hardness, q1 = 142 HV, and optimal corrosion resistance, q2 = 329 h (the duration of the test
until the appearance of red corrosion).
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4. Conclusions

(1) Microhardness measured on the heads of bolts subjected to the HT in the tested
temperature range showed max. 4 times increase in the HV in the outer surface layer
(85–204 HV 0.02) in relation to the reference samples (52 HV).

(2) The observed changes in the hardness and corrosion resistance of the zinc coating
are a consequence of changes in its structure. As the treatment time and temperature
increase, the range of occurrence of the harder phase ζ increases too, at the expense of
the η phase range (the total thickness of the coating does not change).

(3) Only after a heat treatment conducted at 270 ◦C and a duration of 7 and 9 min and a
heat treatment at 350 ◦C and a duration of 7 min, the corrosion resistance of the tested
coatings did not decrease concerning coatings without heat treatment.

(4) The obtained results confirm that it is possible to increase the hardness of the tested
zinc coatings deposited on the bolts to a value of approx. 120 HV without reducing
their corrosion resistance.

(5) The obtained solution of the two-criteria optimization task allows for determining
the most favorable/optimal parameters of heat treatment of hot-dip zinc coating
(temperature and time) with reference to the postulated values of microhardness and
corrosion resistance.

(6) The determined optimal parameters of for the heat treatment of bolts (fulfilled the as-
sumptions formulated in the work, i.e., HV = 140; corrosion resistance reduction ≤10%)
in the tested range of variability of parameters are as follows: temperature 280 ◦C and
time 11 min. The presented values of heat treatment parameters allow obtaining a
coating hardness of 141 HV and coating corrosion resistance of 329 h.
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Abstract: The article presents the results of research on abrasive and tribocorrosion wear of boron
steel. This type of steel is used in the automotive and agricultural industries for the production of
tools working in soil. The main goal of the article is the evaluation of tribocorrosion and abrasive
wear for hot-formed 22MnCrB5 steel and a comparison of the obtained results with test results for
steel in a cold-formed state. The spinning bowl method to determine the wear of samples working
in the abrasive mass was used. Furthermore, a stand developed based on the ball-on-plate system
allows to determine the wear during the interaction of friction and corrosion. After the hot-forming
process, 22MnCrB5 steel was three times more resistant for the abrasive wear than steel without this
treatment. The average wear intensity for 22MnCrB5 untreated steel was 0.00046 g per km, while for
22MnCrB5 hot-formed steel it was 0.00014 g per km. The tribocorrosion tests show that the wear trace
of hot-formed 22MnCrB5 steel was about 7.03 µm, and for cold-formed 22MnCrB5 steel a 12.11 µm
trace was noticed. The hot-forming method allows to obtain the desired shape of the machine element
and improves the anti-wear and anti-corrosion properties for boron steel.

Keywords: tribocorrosion; abrasive wear; hot-forming process; boron steel

1. Introduction

Manufacturers of machines and vehicles seek to extend their failure-free operation
through scheduled maintenance, which reduces the wear of individual elements. Excessive
wear of cooperating parts results in disturbances in proper operation and the necessity to
perform repairs. This situation generates machine downtime and additional costs. The
wear of machine elements cannot be stopped; therefore, it is aimed at limiting it with
various methods. For many years, both manufacturers of machines as well as scientists
have conducted research on reducing the parts’ wear [1–3]. As well as the wear of machine
elements during their operation, corrosive processes take place which have a destructive
effect on the condition of the elements [4,5].

An example of a complex wear process is tribocorrosion [6,7]. In this process, the
material loss of friction nodes in machines as a result of simultaneous friction and corrosion
effects occurs. Generally, tribocorrosion is the synergy of friction and corrosion that deter-
mines the loss of material. Most often, such a mechanism of the synergy effect is observed
for materials covered with a layer of passive oxides in a corrosive environment [8–11]. This
protective layer is removed due to the frictional effects. Intensive electrochemical processes
are initiated on the exposed surface of the material. On the other hand, in the case of
materials that do not show the ability of passivation, the factors causing greater corrosion
wear in the friction area may be the movement of the electrolyte or a change in the stress
state in the surface layers [12,13].
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The increase in resistance to only mechanical wear (abrasion) is usually achieved by
increasing the hardness of the material. Unfortunately, most of the classic technological
treatments that produce such an effect (heat treatment, plastic working) reduce the corrosion
resistance [14]. The selection of the optimal material solution to minimize tribocorrosive
wear is difficult [15–17].

One of the methods of improving the durability and strength of machine elements
is to use a different material with better mechanical properties [18]. Nevertheless, this
type of change is not always possible, especially in the case of the influence on the steel
elements of several factors. An example of this problem is the wear of elements working
in the ground (soil), where both abrasive and corrosive factors act together. In this case,
additional modification of the material or its surface layer can be applied, which increase
the resistance to wear and corrosion [19,20].

The wear of steel elements of agricultural machinery in soil mass is defined as a
phenomenon of shearing, grooving, scratching, or cutting processes, causing the destruction
of the surface layer of the material [21]. In addition, in abrasive wear, the properties of
the abrasive mass, such as grain size composition, moisture, and compactness of the soil,
should be considered [22–24]. Napiórkowski [25] presented a comprehensive study to
understand the relationship between the physicochemical properties of soil, agrotechnical
extortion, or properties of materials, and the wear process of the element of an agricultural
machine. The obtained dependencies allowed for changes in the process of the design and
selection of steel for the ploughshare, depending on various soil conditions. Similar studies
were carried out by Natsis et al. [26], in which a strong correlation between soil type and
share wear for different values of share hardness was established. Other factors influencing
abrasive wear include the working time and the depth of the element’s immersion in the
abrasive mass, as well as the hardness of the material [27–29].

22MnB5 steel has been used for several years in the construction of car bodies, espe-
cially for elements that require high strength. The main advantages of this material solution
(steel + forming technology) are:

• High abrasion resistance of boron steel.
• Large possibilities of forming complex shapes (greater than in the case of cold-forming).

Therefore, as part of various tests, the properties of this steel are verified, especially
after heat treatment processes [30]. Merklein [31] found that the temperature increase
during the hot-stamping process for 22MnB5 steel results in a significant decrease of the
flow stress values and the slope of the initial strain hardening. Escosa et al. [32] conducted
a wear test of 22MnB5 steel using the pin-on-disc test. The research result showed that AlSi
reduces the friction coefficient during the test. The electrochemical behavior of 22MnB5
steel coated with hot-dip AlSi before and after the hot-stamping process was investigated
by Couto et al. [32]. These studies confirmed that the hot-stamping process changes
the coating morphology, and consequently, the electrochemical behavior. A significant
change in the anodic/cathodic coupling of the coating/steel due to iron enrichment in the
coating layer was observed. Other studies assess the effect of the applied coating on steel
corrosion [33,34]. Allely et al. [35] tested anticorrosion mechanisms of aluminized steel for
hot stamping. The main conclusion from the test is that the AlSi coating can be applied
for the 22MnB6 substrate to reduce the corrosion potential. Additionally, Park et al. [36]
showed that hot-forming can provide better corrosion resistance to steel than cold-forming.

There are various methods of improving abrasive resistance, such as pad
welding [37,38], hardening [39], laser treatment [40], or application of coatings with the
required technological properties [41,42]. Other methods of increasing the resistance to
abrasive wear include the use of cemented carbides [43] and oxide ceramics [44]. Consider-
ing the above technological possibilities, the authors proposed the hot-forming process as a
method that allows for the modification of the structure and the surface layer, which may
increase the corrosion resistance and wear resistance in relation to the basic material.

This article compares hot- and cold-formed 22MnCrB5 steel in terms of wear resistance
under the following conditions:
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• Intense abrasion in the abrasive mass—the influence of the shaping technology on
the material properties (especially hardness) determining the abrasion resistance
was analyzed.

• Tribocorrosion—combined action of friction and corrosive environment, where the
influence of the shaping technology on the complex properties (hardness, corrosion
resistance) was analyzed.

The tests were performed for samples cut from ready-made factory products. The
subject of the analysis was the wear resistance under the conditions mentioned above, but
not the material properties.

Boron steels are used in the construction of elements of agricultural and heavy ma-
chinery working in the ground (soil). Therefore, it is important to evaluate the influence
of the hot-forming process on the resistance of tribocorrosion and abrasive wear of steel.
The hot-forming process is used not only to change the shape of the elements, but also
to change the internal structure, which can have a positive effect on wear and corrosion
resistance. The tests were carried out in laboratory conditions on prepared stands that
allowed to obtain the same conditions (humidity, pH, grain size) during the research.

The research was divided in two main stages. One of them included the tribocorrosion
test, and the second one focused only on the abrasive wear test. The main goal of the article
was achieved by performing the following tasks:

• Determination of material loss for tested samples of 22MnCrB5 (after the hot-forming
process) under tribocorrosion conditions on a laboratory stand.

• Determination of material loss for tested samples of 22MnCrB5 (after the hot-forming
process) under the abrasive wear test in a spinning bowl unit.

• Comparison of sample wear in the tribocorrosion test and abrasive wear test without
the influence of corrosive factors, with results for 22MnCrB5 cold-formed steel.

The above tests allow to determine how the hot-forming process affects the wear
resistance and corrosion resistance of boron steels. It is important from the point of view of
the application of these steels, especially in the agricultural industry. Limiting the process
of steel wear as well as corrosion through the hot-forming operation will allow for longer
periods of use of agricultural tools, which is extremely important during field work.

2. Materials

The resistance to tribocorrosion and abrasive wear was assessed for hot-formed 22Mn-
CrB5 steel and compared to untreated boron steel. Materials used in the research contain
boron. The mechanical properties of the material are presented in Table 1. Table 2 includes
the chemical composition of the tested steel. The microstructure of the steel is presented
in Figure 1, which includes a view of the 22MnCrB5 steel before the hot-forming process
(cold-formed state). There is a hard pearlite phase embedded in ferrite. This is one of the
boron-alloyed quenched and tempered steels. Steel is characterized by good formability
in the hot-rolled state and high strength after the heat treatment. Low boron additions to
the composition of the steel ensure high hardenability, better mechanical properties, and
weight savings of up to 50% compared to conventional steel used in the automotive and
agriculture industry. Boron is also added to the steel to increase the hardenability as it
retards the heterogeneous nucleation of ferrite at austenite grain boundaries. In addition,
in the quenching process, shrinkage occurs. Therefore, parts are resistant to the aggressive
conditions, including adhesive wear, abrasion, thermal stresses, and fatigue.
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Table 1. Mechanical properties of the tested materials.

Properties 22MnCrB5

Hardness 165–235 HV,
after hot-forming, 400–520 HV

Tensile strength (MPa) 400–570,
after hot-forming, 1300–1650

Yield strength (MPa) 200
Elongation A80 (%) 15

Table 2. Chemical composition.

Material C Si P S Mn Al Cr Ti B

22MnCrB5 0.19–0.25 0.4 0.025 0.015 1.10–1.40 0.02–0.06 0.15–0.25 0.02–0.05 0.0008–0.005
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Figure 1. Microstructure of the tested 22MnCrB5 steel in the cold-formed state.

The hot-forming method is gaining importance due to the possibility of changing
properties inside the material, in accordance with technical requirements in terms of
strength [45–47]. It allows to obtain a shape similar to the final product, as well as to adjust
the microstructural properties in one production step [48]. To obtain specific properties
of the final part in the form of a burr, it is necessary to use parameters such as time and
temperature in a controlled manner. Thanks to this, it is possible to maintain appropriate
structural changes in the material during the heating, annealing, and cooling process. This
approach allows gradation of hardness and strength along the thickness or length of the
part. The scope of the transition zone and the achievement of precisely located hard and
soft areas with different zone properties was possible mainly due to the ability to control
the exact range of temperature during the heating of the blank. The main advantages of
the hot-forming process are the excellent shape accuracy of the burr, as well as the ability
to produce ultra-high-strength parts without spring-back. It is due to the conversion of
austenite to martensite during the pressing operation. In the literature, there are test results
that present the hot-forming technology of new materials [49,50] as well as those that
improve the entire process [51].

The hot-forming process consists of various stages: austenitization, blank transfer,
hot-forming, and cutting. The first step is to heat the blank to 900–950 ◦C for a few minutes.
At this temperature, the steels are very ductile and can easily be formed into complex
shapes. The heating time depends on the thickness of the blanks (for our process and
thickness of the steel, the heating time was around 25 s). Then, the operation of transferring
the hot blank is performed. It is important to control the temperature of the blank so that it
does not fall below 780 ◦C, as bainite and/or ferrite begin to form. During the stamping
process, the hot blank is placed by the robotic arm in a tool—a die—which is cooled with
water at ambient temperature. The tools are cooled down for approximately 15 s on the
hydraulic press. The part is then taken from the tool at a temperature of around 80 ◦C to

129



Materials 2022, 15, 3892

guarantee a good geometry after the last air-quench. The last stage is cutting the product to
its final dimensions. The development of laser cutters, especially 3D, resulted in the use of
these machines for cutting moldings made with the hot-forming technology.

Six identical samples of the tested steel, in accordance with the dimensions shown
in Figure 2 (for the abrasive wear test), were prepared. The samples of 22MnCrB5 steel
were cut from the finished machine element, which was manufactured in the hot-forming
process. For untreated steel (cold-formed state), samples from a sheet of metal were cut.
To evaluate the tribocorrosion of the tested steel, samples with a diameter of 10 mm and a
thickness of 2 mm were prepared.
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3. Research Methods
3.1. Tribocorrosion Test

Tribocorrosion tests were performed for a ball-on-plate model node using the stand
(Figure 3) presented in the previous publication [52]. A sample made of the tested material
had the shape of a cylinder with a diameter of 10 mm. Using a special holder, the sample
was mounted inside a chamber filled with a corrosive environment (3.5% NaCl was used
in the tests). The ball was moving on the surface of the sample in a reciprocating motion.
The stroke length (distance between the extreme positions of the ball) was about 6 mm.
In the tests, Al2O3 balls with a diameter of 7.0 mm and a load of about 9.6 N were used.
Spheres with Al2O3 (as counter-samples) were used in the tests. The hardness of the balls
was approximately 1800 HV. The balls were made in the G25 accuracy class. The contact
force and ball diameter were selected according to the hardness of the tested materials [53].

Three research tests (each one lasted about 1 h) were performed for each of the tested
materials. During this test, the ball made about 14,400 displacements (movement frequency
2 Hz). The duration of the test and the frequency of ball movement were selected to achieve
measurable sample wear (above 2 µm). The wear of the sample was determined after the
end of the tests based on profilometric measurements of the wear trace. The maximum
depth of the wear trace (determined in the middle of the friction path) was assumed as the
measure of wear. Measurements were performed using a Carl Zeiss ME-10 (Carl Zeiss AG,
Jena, Germany) profilometer. The device made it possible to estimate the depth with an
accuracy of about 0.01 µm.

130



Materials 2022, 15, 3892Materials 2022, 15, x FOR PEER REVIEW 6 of 21 
 

 

 

Figure 3. View of the sample during the tribocorrosion test: (1)—sample, (2)—Al2O3 ball. 

Three research tests (each one lasted about 1 h) were performed for each of the tested 

materials. During this test, the ball made about 14,400 displacements (movement fre-

quency 2 Hz). The duration of the test and the frequency of ball movement were selected 

to achieve measurable sample wear (above 2 µm). The wear of the sample was determined 

after the end of the tests based on profilometric measurements of the wear trace. The max-

imum depth of the wear trace (determined in the middle of the friction path) was assumed 

as the measure of wear. Measurements were performed using a Carl Zeiss ME-10 (Carl 

Zeiss AG, Jena, Germany) profilometer. The device made it possible to estimate the depth 

with an accuracy of about 0.01 µm. 

Electrochemical measurements (determination of polarization curves) in a three-elec-

trode system were carried out. The ATLAS 9833 potentiostat was used for this purpose. 

The reference electrode was the calomel electrode (SCE). The role of the auxiliary electrode 

was played by a platinum mesh. The area of the sample, except for the wear place, was 

covered with a tape made of non-conductive material. The essence of the tribocorrosion 

process is the occurrence of the synergy of friction and corrosion (ΔZ) according to the 

relationship: 

ZT = ZM + ZK + Z (1) 

where ZT is material loss under tribocorrosion conditions, ZM is material loss caused only 

by mechanical effects, and ZK is material loss caused only by corrosive effects. 

To estimate the value of the component ΔZ, tests under the conditions of only me-

chanical impact were carried out. The cooperation of the ball–sample friction association 

took place in a corrosive environment, but with cathodic polarization eliminating the cor-

rosive processes. The material loss determined in these conditions corresponds to the 

component ZM. The component ZK was analytically calculated using the Faraday equation. 

3.2. Abrasive Wear Test 

The abrasive wear test on the laboratory stand, by the “spinning bowl unit” method, 

was performed. The view of the test stand is shown in Figure 4. The tests were carried out 

in sand with a grain diameter of 0.2–0.8 mm. The humidity level of the abrasive mass was 

also controlled and equaled around 1.5%. The rotational speed of the bowl unit allowed 

to obtain the working conditions in the field, which equaled an average speed of 6–7 km/h. 

The total distance covered by one sample during the test was 300 km. The weight of the 

samples was measured before starting the tests and after every 100 km of the distance test 

in the abrasive environment. After each measurement, the samples were replaced on the 

stand. It was caused by the distribution of samples on the holder (Figure 5), and samples 

covered different distances (radius R1, R2, and R3). 
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Electrochemical measurements (determination of polarization curves) in a three-
electrode system were carried out. The ATLAS 9833 potentiostat was used for this purpose.
The reference electrode was the calomel electrode (SCE). The role of the auxiliary electrode
was played by a platinum mesh. The area of the sample, except for the wear place, was cov-
ered with a tape made of non-conductive material. The essence of the tribocorrosion process
is the occurrence of the synergy of friction and corrosion (∆Z) according to the relationship:

ZT = ZM + ZK + ∆Z (1)

where ZT is material loss under tribocorrosion conditions, ZM is material loss caused only
by mechanical effects, and ZK is material loss caused only by corrosive effects.

To estimate the value of the component ∆Z, tests under the conditions of only mechan-
ical impact were carried out. The cooperation of the ball–sample friction association took
place in a corrosive environment, but with cathodic polarization eliminating the corrosive
processes. The material loss determined in these conditions corresponds to the component
ZM. The component ZK was analytically calculated using the Faraday equation.

3.2. Abrasive Wear Test

The abrasive wear test on the laboratory stand, by the “spinning bowl unit” method,
was performed. The view of the test stand is shown in Figure 4. The tests were carried out
in sand with a grain diameter of 0.2–0.8 mm. The humidity level of the abrasive mass was
also controlled and equaled around 1.5%. The rotational speed of the bowl unit allowed to
obtain the working conditions in the field, which equaled an average speed of 6–7 km/h.
The total distance covered by one sample during the test was 300 km. The weight of the
samples was measured before starting the tests and after every 100 km of the distance test
in the abrasive environment. After each measurement, the samples were replaced on the
stand. It was caused by the distribution of samples on the holder (Figure 5), and samples
covered different distances (radius R1, R2, and R3).
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Figure 4. Spinning bowl unit: (a) view of the stand, (b) model of the stand: 1—transmission shaft,
2—engine, 3—travel rail, 4—bowl, 5—sample holder, 6—compacting roller frame, 7—compacting
roller, 8—frame, 9—main frame, 10—water tank.
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Figure 5. Distribution of samples on the stand: (a) view, (b) radius R1, R2, and R3, along which the
sample moves on the stand.

Samples’ weight measurements were each time preceded by cleaning in an ultrasonic
bath to remove impurities. Then, the samples were dried at the temperature of 80 ◦C
for 20 min. The samples prepared in this way were weighed on the device with the
accuracy of ±0.001 g. The samples were placed in the same direction each time on the scale.
Based on the test results, the weight loss of the samples in accordance with Equation (2)
was determined:

Zpw = mw − mi [g] (2)

where mw is the initial sample mass before the test, in g, and mi is the sample mass after the
friction test, in g.

Based on the above equation and data, the intensity of mass wear was calculated (3):

Ipw =
Zpw

S

[ g
km

]
(3)

where S is the friction distance, in km.
Additionally, the topography (surface roughness profile) for the samples tested in the

abrasive wear process was measured. The T8000 contact profilograph and HommelMap
Expert software by Hommelwerke were used to study the topography of the surface. The
measuring tip TKL100/17 was used with a cone-shaped diamond needle with an angle
of 90◦ and a tip radius of 2 µm. The probe travel speed was 0.15 mm/s. The dimensions
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of the recorded area were 1.5 × 1.5 mm. It consisted of 301 tracks separated by 0.005 mm.
After registration, the surface was leveled, and then roughness was filtered using a cut-off
wavelength of 0.25 mm. As a result of filtration, the outer surface fragments of 0.125 mm
on each side were cut-off (the analyzed area was reduced to 1.25 × 1.25 mm).

4. Results of Research
4.1. Tribocorrosion Test Result

Figure 6 shows the martensitic structure, which was created in the hot-forming process.
Additionally, it shows the AlSi layer with around 50 µm thickness that was applied to the
steel surface to prevent oxidation during the hot-forming process.
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Figure 6. Microstructure of the tested 22MnCrB5 steel after the hot-forming process with the
AlSi layer.

Before the tribocorrosion tests, the polarization curves of the tested materials were
determined. The obtained results are shown in Figure 7. Three tests were performed for
each material. To quantify the resistance of the tested steels to the corrosive action of
3.5% NaCl, the corrosion potential and the corrosion current density were determined.
The Tafel method and the AtlasLab software were used for this purpose. The results
are presented in Table 3. The obtained results have shown that the hot-forming process
improves the material’s resistance to corrosion with 3.5% NaCl. The corrosion current
density for 22MnCrB5 steel is several times lower for the same type of steel but in the
cold-formed state.

Table 3. Corrosion potential (Ecorr) and corrosion current density (icorr).

22MnCrB5—Cold-Formed State 22MnCrB5 after Hot-Forming

Ecorr (mV) (SCE) −710 ± 20 −620 ± 20
icorr (µA/cm2) 13 ± 1 2.3 ± 0.3

Table 4 presents the material loss of the tested steels for the tribocorrosion process
(ZT) and only mechanical wear (ZM). Only mechanical wear was determined under the
conditions of cathodic polarization, using the polarization potential of 200 mV lower than
the corrosion potential. For the comparative analysis, it was assumed that the main measure
of material loss was the depth of the wear pattern. Figure 8 shows exemplary wear patterns.
Table 5 contains the wear volume in the tribocorrosion test for a 6 mm track length.
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Figure 7. Polarization curves of tested materials in 3.5% NaCl (5 mV/s).

Table 4. Experimental research results.

Material
Material Loss in the
Tribocorrosion (ZT) Mechanical Wear (ZM) (∆Z = ZT − ZM) ∆Z/ZT

(µm) (µm) (µm) (%)

22MnCrB5 in cold-formed state 12.1 ± 0.2 7.9 ± 0.2 4.20 35

22MnCrB5 after hot-forming 7.0 ± 0.2 5.0 ± 0.2 2.02 28
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Figure 8. Examples of wear patterns: (a) only mechanical wear, (b) tribocorrosion.

Table 5. Calculation of wear volume.

Material

Material Loss in the
Tribocorrosion (ZT) Mechanical Wear (ZM)

(mm3) (mm3)

22MnCrB5 in cold-formed state 0.028 ± 0.001 0.015 ± 0.001

22MnCrB5 after hot-forming 0.013 ± 0.001 0.008 ± 0.001
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During tribocorrosion research, the wear of 22MnCrB5 steel after the hot-forming
process was about 7.03 µm, and for steel in the cold-formed state, about 12.11 µm. Under
the conditions of only mechanical wear, the wear trace depth for the hot-formed 22MnCrB5
steel was approximately 5.01 µm, while for the untreated steel it was approximately
7.91 µm.

Based on the test results, the synergy effect of friction and corrosion (∆Z) was also
calculated. According to the information provided in Section 3.1, the material loss caused
only by the corrosive effects (ZK) was estimated using the Faraday equation. The calcu-
lations were performed for the corrosion current density (Table 3) and the test duration
(1 h). The depth of the removed material layer was approximately 0.003 µm for 22MnCrB5
hot-formed steel and 0.016 µm for steel in the cold-formed state. Due to the very small
values of the component (ZK), the synergy effect of friction and corrosion was estimated as
the difference (∆Z = ZT − ZM).

4.2. Abrasive Wear Test Result

The test results in the form of weight loss (wear) in grams for individual samples
are shown in Figures 9 and 10. Figure 11 presents a comparison of the average wear of
the samples depending on the distance affected by the abrasive mass. The average wear
intensity for cold-formed steel was 0.00046 g/km, while for the 22MnCrB5 steel sheet after
the hot-forming process it was 0.00014 g/km. This means there was a three times greater
resistance to the abrasive wear of steel after the hot-forming process. The results of the
wear of samples are presented in grams because the sand pressure occurred from the front
of the sample on the surface, regardless of the material from which it was made.

In addition to the weight loss test, the surface of the sample was verified to determine
the wear model and the dominant damage mechanism of the surface layer. A selected view
of the samples after the test in the abrasive mass is shown in Figure 12.
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5. Discussion

The results of wear tests indicate that 22MnCrB5 hot-formed steel is characterized by
a greater resistance to tribocorrosion (Tables 4 and 5). In the case of this steel, a significantly
smaller material loss was found under the conditions of simultaneous frictional and corro-
sive effects. The main reason for this is a significant increase in the hardness of the material
obtained as a result of the hot-forming process. The higher hardness of hot-formed steel
resulted in shallower wear marks (than for 22MnCrB5 steel in the cold-formed state) after
tests under only mechanical impacts.

In the case of both tested steels, a clear synergy effect of friction and corrosion was
found in the tribocorrosion process. Most likely, this effect was caused by the influence of

137



Materials 2022, 15, 3892

the frictional interactions in the ball-on-plate sliding association on the corrosion processes.
The synergy effect (∆Z) was smaller for the 22MnCrB5 hot-formed steel, around 28%. The
lower effects of the interaction of friction and corrosion resulted from the greater resistance
of the hot-formed 22MnCrB5 steel to the corrosive action of 3.5% NaCl (Figure 6). It is worth
emphasizing that in the analyzed case, the hot-forming process improved the hardness and
corrosion resistance of the material. Consequently, it may be suitable for steels used in the
construction of friction junctions operated in tribocorrosion conditions.

Based on the microscopic observations of the surface of the wear trace, an attempt
was made to identify the elementary mechanisms causing removal of the material. Sample
views of the surface after tests are presented in Figure 13. In the case of only mechanical
interactions, micro-cutting dominates for both samples. This is evidenced by parallel grooves
in the direction of the ball sliding (counter samples). These traces were clearer and deeper for
22MnCrB5 steel in the cold-formed state (lower hardness of the sample). After tribocorrosion
tests, traces of micro-cutting were less visible. This may be the result of the removal of the
surface layers of the material by corrosive interactions. In the case of 22MnCrB5 hot-formed
steel, numerous cracks are visible. This material is characterized by high hardness and may
be prone to local cracking under conditions of high unit pressures. Such conditions prevail
in a ball-on-plate association. The presence of the electrolyte and its corrosive effect favor
the propagation of microcracks in the subsurface layers of the material.

An additional layer of AlSi, which was applied to the surface of the sheet before the
hot-forming process, had a significant influence on corrosion. This is a standard operation
that primarily prevents oxidation of the sheet during the hot-stamping process. Therefore,
Figure 14 shows the chemical composition of the surface layer before and after the test,
depending on the treatment (cold-formed state and hot-formed state). In the case of the
cold-formed state sample, the minimum Al values were observed. For samples after the hot-
forming process, the content of this element was many times higher due to the additional
coating. The influence of the tribocorrosion phenomenon causes the partial abrasion of this
layer and the decrease of the Al content by about half in relation to the original value.

Materials 2022, 15, x FOR PEER REVIEW 14 of 21 
 

 

In the case of both tested steels, a clear synergy effect of friction and corrosion was 

found in the tribocorrosion process. Most likely, this effect was caused by the influence of 

the frictional interactions in the ball-on-plate sliding association on the corrosion pro-

cesses. The synergy effect (ΔZ) was smaller for the 22MnCrB5 hot-formed steel, around 

28%. The lower effects of the interaction of friction and corrosion resulted from the greater 

resistance of the hot-formed 22MnCrB5 steel to the corrosive action of 3.5% NaCl (Figure 6). 

It is worth emphasizing that in the analyzed case, the hot-forming process improved the 

hardness and corrosion resistance of the material. Consequently, it may be suitable for 

steels used in the construction of friction junctions operated in tribocorrosion conditions. 

Based on the microscopic observations of the surface of the wear trace, an attempt 

was made to identify the elementary mechanisms causing removal of the material. Sample 

views of the surface after tests are presented in Figure 13. In the case of only mechanical 

interactions, micro-cutting dominates for both samples. This is evidenced by parallel 

grooves in the direction of the ball sliding (counter samples). These traces were clearer 

and deeper for 22MnCrB5 steel in the cold-formed state (lower hardness of the sample). 

After tribocorrosion tests, traces of micro-cutting were less visible. This may be the result 

of the removal of the surface layers of the material by corrosive interactions. In the case of 

22MnCrB5 hot-formed steel, numerous cracks are visible. This material is characterized 

by high hardness and may be prone to local cracking under conditions of high unit pres-

sures. Such conditions prevail in a ball-on-plate association. The presence of the electro-

lyte and its corrosive effect favor the propagation of microcracks in the subsurface layers 

of the material. 

  

(a) (b) 

Figure 13. Cont.

138



Materials 2022, 15, 3892Materials 2022, 15, x FOR PEER REVIEW 15 of 21 
 

 

  

(c) (d) 

Figure 13. View of the surface after the wear tests: (a) 22MnCrB5 hot-formed steel—tribocorrosion 

test, (b) 22MnCrB5 hot-formed steel—mechanical wear test, (c) 22MnCrB5 cold-formed state—tri-

bocorrosion test, (d) 22MnCrB5 cold-formed state—mechanical wear test. 

An additional layer of AlSi, which was applied to the surface of the sheet before the 

hot-forming process, had a significant influence on corrosion. This is a standard operation 

that primarily prevents oxidation of the sheet during the hot-stamping process. Therefore, 

Figure 14 shows the chemical composition of the surface layer before and after the test, 

depending on the treatment (cold-formed state and hot-formed state). In the case of the 

cold-formed state sample, the minimum Al values were observed. For samples after the 

hot-forming process, the content of this element was many times higher due to the addi-

tional coating. The influence of the tribocorrosion phenomenon causes the partial abrasion 

of this layer and the decrease of the Al content by about half in relation to the original 

value. 
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tribocorrosion test, (d) 22MnCrB5 cold-formed state—mechanical wear test.
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Based on the wear tests of the samples in the abrasive mass on the spinning bowl unit,
it was found that for the 22MnCrB5 steel (after the hot-forming process), over three times
lower wear was determined than for the 22MnCrB5 cold-formed state steel. This fact can
be due to the presence of martensite in the material structure and the additional AlSi layer.
It was noticed that the wear intensity for 22MnCrB5 untreated steel was constant, while for
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22MnCrB5 hot-formed steel, a slight decrease was observed. Tests were carried out over
a distance of 300 km. The wear measurements were conducted every 100 km of the test.
For 22MnCrB5 steel in the cold-formed state, it was found that the average wear of the
samples was 0.00049 g/km for the first 100 km, and for the next 100 and 200 km, 0.00046
and 0.00044 g/km, respectively. For 22MnCrB5 steel (after the hot-forming process), the
wear was 0.00015, 0.00014, and 0.00011 g/km, for each 100 km of the test in the spinning
bowl unit. The average wear intensity for 22MnCrB5 untreated steel was 0.00046 g per km,
while for 22MnCrB5 hot-formed steel it was 0.00014 g per km. Based on the view of the
surface structure after the wear tests (Figure 15) in the abrasive mass, it was found that the
main mechanism destroying the structure of the material was the crushing of particles from
the surface layer. In the case of samples after the hot-forming process, damages of the AlSi
layer were additionally noticed (Figure 11b,d and Figure 13b—the area of damage to the
layer is marked with arrows). Moreover, for 22MnCrB5 cold-formed state steel, cracks in
the surface layer of the material were visible in several places. A smaller number of cracks
were also noticed for the 22MnCrB5 hot-formed steel, which occurred in the area where the
AlSi coating was removed. However, in the case of the two tested samples, there were no
observed particles in the surface layer, which was shown in [54] for boron steel.

In addition, in the case of testing the wear resistance of materials in the abrasive mass,
the surface roughness profile (surface topography) was verified both before and after the
test using the spinning bowl method (Figure 16). For the roughness profile study, the
surface was analyzed in the most worn area before the fault, and near the hole in the least
worn area. Based on the obtained results, it was found that there were local increases in the
roughness profile. This may be caused by impacts of the abrasive particles, which locally
damaged the surface and crushed the material (this was also confirmed by cracks on the
surface of the samples). This was especially visible for 22MnCrB5 cold-formed steel. In
the case of steel after the hot-forming process, a greater smoothing of the surface of the
samples was visible. Moreover, detachment of the AlSi coating was found. The wear of
this coating is additionally illustrated in Figure 17. The additional coating allowed for the
reduction of material wear.

Additional treatment in the form of the hot-forming process allowed to improve the
anti-wear and anti-corrosion properties. Similar results of increasing the wear resistance
were obtained by the authors of [55], who reduced the wear of boron steel (30MnCrB4) used
for rotavator blades via cryogenic treatment. The main reason why the hot-formed samples
have better corrosion and tribocorrosion resistance than cold-formed samples is the change
in the microstructure of the steel. The pearlitic structure, which is the basic structure of
22MnCrB5 steel, was changed into a martensitic structure during the hot-forming process.
Accordingly, the hardness of the samples changed. Additionally, to avoid oxidation during
the hot-forming process, an AlSi layer was applied. As the test results show, this coating
can additionally protect the material against corrosive agents.
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6. Conclusions

Based on the performed research, the following conclusions can be made:

• In the case of both tested materials (in the cold-formed state and the hot-forming
process), a clear synergy effect of friction and corrosion was identified in the tribo-
corrosion process. This effect was most likely caused by the influence of frictional
interactions on the course of electrochemical phenomena on the material surface.

• The test results indicated that 22MnCrB5 hot-formed steel obtained significantly
greater resistance to tribocorrosion. For this material, a smaller material loss was
found after tribocorrosion tests, as well as a smaller share of the friction–corrosion
synergy effect in total wear.

142



Materials 2022, 15, 3892

• The hot-forming process significantly improved the anti-wear properties of boron steel
due to the change in the internal structure (mechanical properties) and an additional
AlSi coating applied on the surface of the sample.

• The performed laboratory tests showed that the use of the hot-forming technology for
boron steel significantly reduced the abrasive wear and limited the corrosion steel of
the process. This may result in an increase in the operation time of agricultural and
machinery components working in soil.

A disadvantage (limitation) related to the use of the technology of shaping machine
elements by plastic deformation may be the differentiation of the structure, and conse-
quently, the properties of the material on the surface. Unfortunately, such a state favors
the development of corrosion (the presence of corrosive micro-cells). Therefore, based on
the performed tests and the analysis of their results, within a certain range of conditions
affecting the tested steels, the analyzed material solution and the hot-forming process can
be used.

The directions of further research should include the comparison of wear and tribo-
corrosion of steel subjected to the hot-formed process with steel that has undergone various
heat treatments. This will allow to optimize the production of selected machine parts,
especially in terms of wear and corrosion resistance, which may have a significant impact
on the lifetime of a selected machine element.
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Abstract: Polysilazane-based double layer composite coatings consisting of a polymer-derived
ceramic (PDC) bond-coat and a PDC top-coat that contains ceramic passive and glass fillers were
developed. To investigate the environmental protection ability of the prepared coatings, quasi-
dynamic corrosion tests under hydrothermal conditions were conducted at 200 ◦C for 48–192 h.
The tested PDC coatings exhibited significant mass loss of up to 2.25 mg/cm2 after 192 h of corrosion
tests, which was attributed to the leaching of elements from the PDC coatings to the corrosion medium.
Analysis of corrosion solutions by inductively coupled plasma optical emission spectrometry (ICP-
OES) confirmed the presence of Ba, Al, Si, Y, Zr, and Cr, the main component of the steel substrate,
in the corrosion medium. Scanning electron microscopy (SEM) of the corroded surfaces revealed
randomly distributed globular crystallites approximately 3.5 µm in diameter. Energy-dispersive X-ray
spectroscopy (EDXS) of the precipitates showed the presence of Ba, Al, Si, and O. The predominant
phases detected after corrosion tests by X-ray powder diffraction analysis (XRD) were monoclinic and
cubic ZrO2, originating from the used passive fillers. In addition, the crystalline phase of BaAl2Si2O8

was also identified, which is in accordance with the results of EDXS analysis of the precipitates
formed on the coating surface.

Keywords: polymer derived ceramics; coatings; fillers; stainless steel; hydrothermal corrosion

1. Introduction

Ferritic stainless steels are frequently used as components in high temperature in-
dustrial processes, such as solid oxide fuel cells, exhaust gas elements, waste incineration
plants or in the chemical industry, because of their excellent corrosion and oxidation re-
sistance as well as their relatively low cost. However, even stainless steels are susceptible
to corrosion under extreme conditions and interact with the environment in which they
are used, leading to a deterioration of their physical and mechanical properties which
adversely affects their further applicability. Thus, corrosion resistance is one of the most
important factors for determining the overall material performance [1]. With the help of
protective coatings, the surfaces of metals can be adapted for a specific application and their
service life can be drastically extended. Advanced silicon-based ceramics are suitable for
operation in aggressive chemical environments, as they resist molten metals, molten salts,
hot gases, hot solutions of acids, bases and salts, or supercritical water [2]. For example,
their corrosion resistance was shown to be significantly higher than that of metals, even at
ultrahigh temperatures [3].

In recent years, the polymer-derived ceramic (PDC) synthesis route has gained atten-
tion as an economical and easy approach for producing ceramic coatings by the pyrolysis
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of suitable organoelemental precursors (preceramic polymers) [4–7]. The chemical compo-
sition of the ceramic after pyrolysis is based on the chemistry of the starting precursors,
the preparation conditions (temperature, pressure, pyrolysis atmosphere) and the possible
incorporation of other additives or modifiers (fillers, metal alkoxides). Polysiloxanes [8,9],
polycarbosilanes [10,11] and polysilazanes [12], characterized by Si–O, Si–N and Si–C
chains, allow the preparation of amorphous SixOyCz, SixCyNz and SixCy ceramics after
pyrolysis in an inert atmosphere [4,13]. The pyrolysis mechanism involved in the ceramiza-
tion process is quite complex and involves structural rearrangement and radical reactions
that result in the cleavage of Si–H, Si–C and C–H chemical bonds, the release of organic
functional groups (CH4, C6H6, CH3NH2) and the formation of an inorganic network. How-
ever, the greatest disadvantage of this approach is high shrinkage of the organosilicon
polymer (up to 50 vol. %, depending on the precursor) during pyrolysis [14]. The shrinkage
of the precursor can be compensated by adding active (ZrSi2 [15] or TiSi2 [16]) and/or
passive fillers (BN [17], Si3N4 [18], ZrO2 [19], NbC [20] or Al2O3 [21]). The use of fillers
not only reduces the shrinkage of the polymer during pyrolysis, but also allows the prepa-
ration of composites with special properties, e.g., high mechanical strength, thermal and
electrical conductivity, and improved corrosion and oxidation resistance. When preparing
PDCs with the addition of passive fillers, the coefficient of thermal expansion (CTE) of the
passive filler must be taken into account, as it affects the total CTE of the final composite.
The ability to adapt the CTE is particularly useful in the preparation of coatings on metals,
because a large mismatch of the CTE between the coating and a metallic substrate can
cause the formation of cracks. This can adversely affect the final mechanical properties and
eventually even cause the spallation of the coating from the substrate. The application of
polymer precursors represents one of the greatest advantages of PDCs, since all common
methods used for application and shaping of conventional polymers can, in principle,
also be applied to polymer precursors. Several authors have prepared PDC coatings by
spraying [22], dip coating [23,24], the doctor blade method [25], tape casting [26], or spin
coating [27]. These features of the PDC can be successfully utilized in the protection of met-
als, especially steels, used in the construction of heat exchangers in thermal power plants
and municipal waste incinerators, which are exposed to the long-term corrosive action of
combustion gases at high temperatures. A variety of PDC coatings, such as SiOC [15,16],
SiCN [19,28], and SiON [28,29], have been investigated in order to improve the corrosion
and oxidation resistance of metallic substrates. However, there is a lack of information
about their corrosion behavior in hot, aqueous solutions under subcritical conditions.

The objective of the present study is to demonstrate the possibility of fabrication of
environmental barrier coatings from preceramic polymers as well as to asses and discuss
their corrosion behavior under hydrothermal conditions at 200 ◦C. Thick (~40 µm) PDC
coatings were prepared, as the increased coating thickness is expected to act as a more
robust protective barrier and provide better separation between corrosion medium and the
steel substrate. The extent of corrosion in the coatings was monitored by the weight change
of the corroded samples, followed by detailed study of the microstructure, phase and chem-
ical composition before and after corrosion tests, and the formation of corrosion products.
Analysis of specific elements released from the tested specimens into the corrosion medium
was also performed. Our previous work identified this type of PDC glass/ceramic coatings
as a suitable coating system for the protection of stainless steel from oxidation in synthetic
air and water vapor atmospheres up to 950 ◦C [30]. The results presented in this paper
introduce new information on the corrosion behavior of thick PDC coatings suitable for
applications in the field of chemical industry to protect metals against corrosion.

2. Materials and Methods
2.1. Coatings Processing

The low carbon ferritic stainless steel AISI 441 was selected as a substrate. This material
is widely used as a structural material in systems containing water at elevated temperatures
and pressures, with the maximum recommended temperature of use 950 ◦C in dry air.
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The 1 mm thick steel substrates were dimensioned as 10× 15 mm2 sheets and ultrasonically
cleaned in acetone, ethanol, and deionized water (10 min for each) in order to remove the
impurities and degrease the surface. Two types of organosilicon precursors were selected:
perhydropolysilazane Durazane2250 (Merck KGaA, Darmstadt, Germany) was used to
prepare the ceramic interlayer (bond-coat), and Durazane1800 (Merck KGaA, Darmstadt,
Germany), liquid organosilazane, was used to prepare the ceramic top-coat. The bond-coat
was obtained by the conventional dip-coating technique (dip-coater RDC 15, Relamatic,
Glattbrugg, Switzerland): a deposition time of 20 s and a hoisting speed of 0.3 m/min
were employed. After deposition, the bond-coat was heat treated in air at 450 ◦C for 1 h
using a heating rate of 5 ◦C/min (Nabertherm® N41/H, Nabertherm, Lilienthal, Germany).
Two prepared preceramic suspensions (denoted as C2c and D4), both containing ZrO2
stabilized with 8 mol. % Y2O3 (8YSZ, Inframat® Advanced Materials TM, Manchester,
CT, USA) and a commercial barium aluminosilicate glass (G018-281, Schott AG, Mainz,
Germany) as passive fillers, were used to deposit the top-coat onto the pyrolyzed bond-coat
by spray-coating (Nordson EFD 781S-SS). The composite glass/ceramic coatings were
cured in air at 850 ◦C at a heating rate of 3 ◦C/min (Classic 0718E, Prague, Czech Republic)
with a 1 h isothermal dwell. In the case of the D4 suspension, a polycrystalline Al2O3-Y2O3-
ZrO2 (AYZ) precursor powder prepared by the modified Pechini sol–gel method was used
as an additional filler. The filler material was included in the mixture to modify the CTE of
the top-coat to closely match the CTE of the steel substrate (11 × 10−6/K) and to minimize
volume changes during the polymer to ceramic transformation. The compositions of the
prepared coatings are listed in Table 1. The detailed preparation of glass/ceramic coatings
as well as AYZ precursor powder and its basic characterization was described in our
previous work [30,31]. The basic properties of the filler materials are listed in Table 2.

Table 1. Compositions of prepared composite coatings (vol. %) and their coefficients of thermal
expansion (CTE).

Compositions Durazane1800 YSZ Glass
G018-281 AYZ CTE

(10−6/K)

C2c 30 35 35 - 10.1
D4 30 17.5 35 17.5 9.4

Table 2. Basic properties of filler materials.

Passive Fillers d50 (µm) $ (g/cm3) CTE (10−6/K)

8YSZ 0.5 6.1 11.5
AYZ 1–10 4.6 8.6

Glass G018-281 0.5–5 2.7 12.1

2.2. Hydrothermal Corrosion Tests

The hydrothermal corrosion resistance of the prepared glass/ceramic coatings was
monitored under quasi-dynamic conditions. The corrosion tests were carried out in stain-
less steel pressure reactors with an inner Teflon lining that prevented direct contact of the
corrosion medium with the steel reactor; 18 ml of deionized water was used as the corrosion
medium. Coated samples and uncoated steel substrates were placed in the steel reactors
in special holders to ensure maximum contact area of the specimens with the corrosion
medium. Quasi-dynamic tests were carried out in a laboratory oven at 200 ◦C for 192 h.
The temperature was selected to fill the gap in knowledge on the corrosion resistance of
PDC coatings under subcritical hydrothermal conditions, and to provide new information
on the corrosion behavior of the PDC coatings that may be used in e.g., the chemical indus-
try. At defined time intervals (every 48 h), corroded samples and corrosion medium were
removed from the reactors. The coated and uncoated samples were rinsed with deionized
water, dried in an oven at 100 ◦C for 2 h and weighed. The pH value of the corrosion
medium after each time interval was determined using a pH meter (Mettler ToledoSev-
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enEasy, Columbus, OH, USA). Next, the corrosion medium was stabilized for chemical
analysis using nitric acid to pH < 2 at room temperature. Finally, the tested samples were
returned to the steel reactors and the corrosion medium was replaced with fresh deionized
water. The tests were carried out in three reactors in parallel, i.e., three samples of the same
composition were tested under identical conditions in order to ensure the reproducibility
of the corrosion results. Moreover, tests without any sample were performed for the given
time intervals, providing a blank solution. The concentrations of the elements identified in
the blank were subtracted from the concentrations determined in the corrosion medium
obtained after the corrosion tests with the coated and uncoated sample.

2.3. Characterization Methods

The weight changes of the tested samples as a function of corrosion time were mea-
sured using an electronic balance with an accuracy of ±0.0001 g (Axis AD 1000, Gdansk,
Poland). The content of metallic elements released from the coated and uncoated samples
into the corrosion medium were determined by ICP-OES (Agilent 5100 SVDV, Santa Clara,
CA, USA). In this work, the amount of Y, Zr, Si, Ba, Al, and Cr, the main component
of the steel substrate, leached from the tested samples was considered for each parallel
experiment. The amount of elements released into the solution was calculated according to
the Formula (1):

Qt
i =

(ci − cblank).V
S

+ Qt−∆t
i (1)

where Qi is the total amount of leached element i in time t [mg/m2], ci is the concentration
of leached element i in time t [mg/dm3], cblank is the concentration of element i in the
blank [mg/dm3], V is the volume of the corrosion medium [dm3], and S is the sample
surface in contact with the corrosion medium [m2]. The microstructure of both uncor-
roded and hydrothermally corroded samples was examined in detail by SEM (JEOL JSM
7600 F, JEOL, Tokyo, Japan). The chemical composition of the investigated samples and
corrosion products formed at the corroded surfaces was determined by EDXS (Oxford in-
struments, Abingdon, UK). XRD (PANalytical Empyrean DY1098 (Panalytical, BV, Almelo,
The Netherlands)) with a Cu anode and an X-ray wavelength of λ = 1.5405 Å over 2θ
angles of 10–80◦ was used to determine the phase composition of the stainless steel and
prepared coatings before and after corrosion tests. Diffraction records were evaluated
using HighScore Plus (v. 3.0.4, Panalytical, Almelo, The Netherlands) with the use of the
Crystallographic Open Database COD2019. Raman spectra of the uncoated steel substrates
were recorded in the range of the Raman shift (200–800) cm−1 by a RENISHAW inVia
Reflex Raman spectrometer (RENISHAW, Wotton-under-Edge, UK).

3. Results and Discussion
3.1. Weight Changes Measurement

Corrosion may be defined as the physical and chemical alteration of a material due
to its interaction with the surrounding environment, which leads to the loss of functional
properties of the material of interest. Corrosion may be broadly divided into two modes:
active and passive. The active form is characterized by the loss of material in contact
with the environment, which is accompanied by the decrease in size and weight of the
specimen. The losses can be in the form of gaseous or dissolved species. The passive
form involves processes where the material reacts with the environment to form a new
condensed phase covering the surface (layer or scale) and is associated with a weight gain
of the component [32]. Hence, the weight gain or loss is an important parameter indicating
the lifetime prediction and corrosion mechanism involved.

Figure 1 displays the time dependencies of the cumulative weight changes normalized
with respect to the corroded surface area for the coated and uncoated samples tested in
deionized water at 200 ◦C. Both tested coatings, C2c and D4, exhibited significant mass loss
during corrosion tests in deionized water compared to the uncoated steel substrates. This
indicates an active corrosion mode, which is a typical behavior of Si-based ceramics upon

149



Materials 2021, 14, 7777

exposure to a hydrothermal environment [33,34]. The observed weight losses of the coated
samples can be explained by the reaction of some of the glass-ceramic matrix components
with the deionized water and the subsequent dissolution and release of elements from
the coatings. In contrast, the uncoated steel substrates showed a relatively small mass
gain after the tests due to the formation of corrosion products on their surface. The largest
weight gain of uncoated steel exposed to deionized water was observed after 144 h of
corrosion tests, reaching a value of only 0.121 mg/cm−2. At the end of the experiment, i.e.,
after 192 h, the uncoated steel achieved a smaller weight gain of 0.051 mg/cm2. In the first
48 h of corrosion tests, comparable values of weight losses were measured for both PDC
coatings. After 48 h, the weight loss in the C2c coating was found to be higher than for the
D4 coating for the rest of the experiment. The measured weight loss in the D4 coating after
192 h was 1.99 mg/cm2. In the C2c coating the weight loss was higher at 2.25 mg/cm−2.
In the time interval up to 96 h, rapid mass loss in both coatings was observed, followed by
a slower rate of mass loss until the end of the corrosion tests. This could indicate that a
state of saturation was achieved after 96 h of exposure to deionized water. However, there
are two phenomena that influence weight change measurements and the determination of
corrosion mechanisms in the present case: the dissolution and release of elements from the
coatings that cause a mass loss, and the almost immediate corrosion products formation
causing mass gain. Other factors, especially inhomogeneous dissolution in some places
(e.g., microcracks in the coatings) with simultaneous precipitation of reaction products and
the formation of a passivation layer at other places, could influence the mass loss-time
dependencies significantly. Therefore, in this case, we do not consider the mass change
measurement to be a definitive parameter for evaluating corrosion mechanisms.
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3.2. Surface Morphologies of Corroded Samples

SEM analysis was used for a detailed study of the surfaces of uncoated and coated
samples after corrosion tests. Visual inspection of the uncoated steel substrates revealed
that all tested steel samples exhibited a loss in brightness and the initial shiny silver surface
turned into a red-yellowish color after the corrosion tests. Figure 2 shows the surface
morphologies of stainless steel substrates without any coating after 96 h and 192 h of
corrosion tests. As can be seen in Figure 2 (96 h), most of the surface exhibits thin oxide
scales consisting of tiny rod-shaped crystals up to 1 µm in size rather than a continuous
layer of corrosion products. After 192 h of corrosion testing, the bare substrate shows
a homogeneous corrosion attack and growth of the rod-shaped corrosion products all
over the surface. The EDXS analysis (not shown) of these crystals formed at the steel’s
surface showed the presence of Fe, Cr, and O, with a small amount of Mn, indicating
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(Mn, Cr, Fe)3O4 spinel formation. However, due to the small size of crystals and the
thickness of the layer of corrosion products, the EDXS analysis was probably affected by
the underlying steel substrate and is, therefore, not considered as a suitable indication of
the real composition of the crystallites. SEM examination also revealed a few randomly
distributed crystallites with spherical morphology, approximately 2.5 µm in diameter,
identified by EDXS analysis as a mixture of iron and chromium oxide (see Figure 2—192 h).
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water at 200 ◦C.

SEM micrographs of the C2c and D4 coated samples’ surfaces, before and after cor-
rosion tests, are shown in Figure 3. After pyrolysis in air at 850 ◦C for 1 h, homogeneous
and almost dense protective coatings, with only small pores, were prepared. Both coatings,
C2c and D4 (Figure 3), showed neither delamination nor significant cracks at the surface.
Hence, they were expected to protect the steel substrate against corrosion in deionized
water. According to the visual inspection of the coatings after corrosion tests, both composi-
tions showed no signs of corrosion and the coatings adhered very well to the steel substrate.
SEM examination of the corroded surfaces (Figure 3) revealed randomly distributed glob-
ular crystallites, approximately 3.5 µm in diameter. The precipitates were found to form
after 96 h of testing, remaining spherically shaped during the whole experiment. In both
coatings, the precipitates were morphologically similar, and from the point of view of
their chemical composition, they were identical. The surface of the coating became less
smooth with increasing time of exposure to the corrosion medium, which was attributed to
crystal growth.

In Figure 4, the morphology of the D4 coating surface, including an EDXS elemental
map, is displayed. EDXS analysis of the spherical crystals showed the presence of Ba, Al, Si,
and O, indicating the formation of BaAl2Si2O8 precipitates. The EDXS map of the surface
of the D4 coating was similar to the C2c coating and is, therefore, the only one shown here
(Figure 4).

3.3. Analysis of Corrosion Solutions

The amount of elements leached from the tested samples to the corrosion medium was
determined by ICP-OES. Stainless steels contain Fe, C and at least 11 % of Cr, the element
responsible for their corrosion resistance. In the case of uncoated steel (Figure 5), only
the amounts of leached Cr and Si were considered because other elements contained
in the steel were below the detection limit of the applied analytical method. Si was
detected in the corrosion solutions, as Si, a common element in materials for elevated
temperature applications, is also included in the composition of the studied ferritic AISI
441 stainless steel.
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Figure 5. The amounts Q of elements (Si, Cr) leached from uncoated steel substrates in deionized
water at 200 ◦C.

As for the coatings, analysis of the corrosion liquid by ICP-OES confirmed the presence
of Ba, Al, Si, Zr, and Cr in the solution (Figure 6a–d). As with the uncoated steel substrates,
the concentrations of Mn and Fe in deionized water were under the detection limit of ICP-
OES. As can be seen in Figure 6c,d, only a negligible amount of Zr and Y in the corrosion
solution was also observed. Very low concentrations of Zr detected in the corrosion
solution suggest a high chemical durability of the YSZ used as a ceramic filler. Comparable
amounts of Al were leached from both coatings to the solution at the applied quasi-dynamic
conditions. Therefore, we suspect the AYZ filler was not the source of Al (it is contained
only in the D4 coating) but the Al originates from barium aluminosilicate glass frits. These
observations also suggest that AYZ filler is resistant to hydrothermal corrosion attack
under the applied test conditions. As can be seen in Figure 6c,d, a small amount of Cr was
identified in the corrosion solutions after 48 h and 96 h due to the outward diffusion of the
Cr through the PDC coating. However, Cr content in both solutions dramatically increased
after 144 h of corrosion test. This can be attributed to the faster outward diffusion of Cr
ions probably due to higher occurrence of micropores and microcracks in the coatings that
started to form after 144 h of exposure to the corrosive environment. Moreover, a higher
content of Cr in the corrosion medium for both tested coatings was detected compared to
the solution in which the uncoated steel was tested (Figure 5). The differences in Q values
for Cr can be explained by the diffusion and release of Cr from steel and simultaneous
precipitation of corrosion products containing Cr at the uncoated steel surface. In the case
of the tested coatings, Cr remained dissolved in the corrosion medium since the coatings
acted as a barrier for Cr migration back to the steel surface and prevented its precipitation.
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From Figure 6 it is evident that the Q values for Si are significantly higher than the
values for Ba and other leached elements. Moreover, the amount of Si and Ba leached into
the corrosion media was found to be higher for the C2c coating than for the D4 coating.
The total amount of Si identified in the solution is probably the sum of the contributions of
Si leached from the glass frits, steel substrate, bond-coat as well as from the PDC matrix.
In both coatings, the content of Si leached into the solution grew quickly in the first 96 h
of the corrosion test, then the dissolution reaction slowed down as the state of saturation
was attained and the precipitates were formed at the coating surface. We suppose that
the amount of released Si increased even further, since existing and newly forming micro-
cracks or micro-pores acted as weak points through which the corrosive medium can pass,
thus causing further dissolution from these places. As a result, equilibrium was achieved
and accompanied by a precipitation of reaction products at the coating surface.

The pH values of corrosion solutions were determined before and after corrosion tests
and are summarized in Table 3.

Table 3. Evolution of the pH values of the corrosion medium with increasing time of corrosion.

Sample 48 h 96 h 144 h 192 h

Steel 7.05 7.12 7.10 7.11
C2c 8.90 8.30 7.55 7.46
D4 8.64 8.24 7.51 7.43
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The deionized water used in this study had a starting pH of 7.04 (19.5 ◦C) which
increased upon the hydrothermal corrosion of the coated samples. In the time interval up
to 96 h during the corrosion tests, the pH value of the corrosion solutions was found to be
higher than 8 for both C2c and D4 coating tests. Considering the chemical composition
of the two tested polysilazane-based (Si–C–N–O) coatings, this indicates that hydrolysis
reactions in the PDC matrix occurred upon corrosion leading to the formation of silica
and release of ammonia. Thus, we propose that the following process describes the
hydrothermal corrosion of PDC-based coatings investigated in this work (2) (equation
not balanced):

SixCyNzO + H2O→ xSiO2 + yCH4 + zNH3 (2)

In the first step, Si–N and Si–C bonds are attacked by deionized water accompanied
by the formation of silica and a release of methane and ammonia, which is a weak base
highly soluble in water [35]. This is in agreement with the increase of the pH values of the
corrosion solutions during the corrosion tests. In a second step, water reacts with Si–O
bonds, and silica dissolution occurs according to Equation (3):

SiO2 + H2O→ Si(OH)4 (3)

Based on the results shown above, we assume that Si–N bonds in the investigated
polysilazane-based coatings were attacked by hydrothermal corrosion while Si was re-
leased and present in the form of soluble Si(OH)4 in the corrosion solution. Considerably
high concentrations of Si released into the corrosion medium from both tested coatings
(Figure 6) further support this observation. However, as mentioned earlier, Si detected in
the solutions could originate not only from the cleavage of Si–N and Si–C bonds, but also
from the dissolution of the glass frits used as fillers in the coatings. However, the presence
of a glassy phase in the coating structure is important for the corrosion protection due
to the additional protective barrier provided by the glasses. The amounts of Al and Ba,
along with Si, released to the solution likely shift the equilibrium towards precipitation
within a short time interval. Because of this, the solution becomes saturated with respect
to some secondary phases, which in turn precipitate at the coating surface in the form of
insoluble barium aluminosilicate crystals, as confirmed by EDXS analysis of the coating
surface after 192 h of corrosion tests (Figure 4). This could lead to a decreased rate of
active corrosion for the studied coatings. A comparison of the corrosion behavior of our
samples with other PDC glass/ceramic coatings is difficult to perform because of the lack
of standard procedures in the corrosion testing of this type of protective coatings under
hydrothermal conditions. However, similar behavior was observed in the case of SiC, Si3N4
or SiOC-based material [33,34,36]. For instance, SiOC-based ceramic nanocomposites were
investigated with respect to their hydrothermal corrosion behavior at 250 ◦C. The results
show an active corrosion behavior, i.e., silica was leached out of the samples [34].

3.4. Identification of Corrosion Products

XRD patterns of stainless steel before and after corrosion tests at 200 ◦C in deionized
water are shown in Figure 7. In the steel substrates before and after corrosion tests, only
the Fe phase (PDF-96-901-3474) was identified from the XRD patterns. No diffraction peaks
belonging to the newly formed corrosion products were detected. However, the corrosion
systematically led to a decreased amount of the Fe phase with increasing time of corrosion.
This explains the gradual formation of corrosion products covering the steel surface, thereby
reducing the intensity of the diffused signal from Fe.

Literature data [37,38] suggests that the oxide scale formed at the stainless steel surface
in hot aqueous solutions exhibit a duplex structure with a Cr-enriched inner layer while
the outer layer is Fe-enriched. Chromia Cr2O3 inner layer acts as a diffusion barrier for
other elements (e.g., Fe, Ni), which prevents the metal from further corrosion [39]. For a
Cr2O3 layer to be protective, it must be dense and continuous and cover the entire metal
surface. However, the chemical compositions of the steel, its microstructure, and the service
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environments are the major factors affecting the formation of the passive oxide film. It is
well known that corrosion of stainless steels is accelerated in atmospheres containing H2O.
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In order to identify the corrosion products formed at the steel surface after the corro-
sion tests, the specimens were also analyzed by Raman spectroscopy, as shown in Figure 8.
The most intense feature in the spectrum of the uncoated steel after 192 h of corrosion tests
was observed at ~660 cm−1 and corresponds to (Mn, Cr, Fe)3O4 spinel [40]. The bands
around ~295 cm−1 and ~405 cm−1 were attributed to Fe2O3 [41,42]. The Raman bands of
Cr2O3, typically appearing at ~550 cm−1 [40,43], were not found in the measured results.
This indicates that crystalline Cr2O3 was absent or only present at low concentrations.
Therefore, two hypotheses of the formation of corrosion products on the steel surface were
considered. First, the protective Cr2O3 scale did not form in the initial corrosion stage,
and it could not provide effective protection of the steel from future corrosion. The sec-
ond hypothesis is that the protective Cr2O3 layer was formed in the initial time interval
according to the reaction (4). However, at some point it lost its protective behavior due to
the reaction with the deionized water resulting in the formation of chromium hydroxides.
Both hypotheses correlate well with the absence of Cr2O3 peak in the XRD as well as
in the Raman spectrum of corroded steel substrate. Furthermore, we assume that the
deionized water reacts with the diffusing metallic species (Cr, Mn and Fe) according to the
reaction (5) [44]:

2Cr + 3H2O→ Cr2O3 + 3H2 (4)

3(Mn, Cr, Fe) + 4H2O→ (Mn, Cr, Fe)3O4 + 4H2 (5)

Based on the Raman results, we can conclude that a majority of the corrosion products
are a mixture of Fe2O3 and Mn, Fe, Cr spinels, as reported by other authors for Fe–Cr
ferritic steels tested in water-containing atmospheres [43,44].

In the coated samples, XRD was used to detect any secondary phases that could
result from chemical reactions between the components of the steel substrate, coating,
and corrosive agent. In both tested coatings, the dominant phases detected after pyrolysis
by XRD are monoclinic (PDF- 96-901-6715) and cubic ZrO2 (PDF-96-210-1235). Moreover,
a peak located near the most intense diffraction peak of cubic ZrO2, assigned as SiO2 (quartz,
PDF-96-901-2602), also appeared in the coatings, probably as a result of crystallization
of the glass frit during pyrolysis. In the D4 coating, yttrium-aluminum garnet (YAG,
PDF-96-431-2143) was also identified. This phase originates from the polycrystalline AYZ
precursor powder used as passive filler. After 96 h of corrosion tests, new diffraction peaks
are observed in both coatings, which are assigned to the crystalline phase BaAl2Si2O8
(celsian, PDF-96-201-3138). This is in accordance with the results of EDXS analysis of the
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precipitates formed at the coating surface. It can be noted that after 96 h of corrosion
testing, a new phase, namely BaAl2Si2O8—hexacelsian (PDF-01-088-1049), a polymorph
of celsian—is detected in the D4 coating. With increasing time, the XRD patterns show a
decrease in the peak intensities of this phase (Figure 9b). The intensity of the diffraction
peaks corresponding to cubic ZrO2 increased with the time of corrosion tests, while the
SiO2 peak totally vanished after 48 h of exposure to the corrosion medium. This effect can
be explained by the incorporation of SiO2 into other crystalline/amorphous phase and/or
to the dissolution of the silica to the corrosion medium according to Equation (3).
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Considering the chemical composition of the fillers used and the tested PDC coatings,
and the corrosion products found on the corroded surfaces, it was deduced that the
chemical reactions (6)–(10) likely occurred during corrosion test in deionized water at
200 ◦C:

BaO + Al2O3 → BaAl2O4 (6)

2BaO + SiO2 → Ba2SiO4 (7)

Ba2SiO4 + 3SiO2 → 2BaSi2O5 (8)

BaAl2O4 + 2SiO2 → BaAl2Si2O8 (9)

BaSi2O5 + Al2O3 → BaAl2Si2O8 (10)

Since the presence of these transient phases (BaO, BaAl2O4, Ba2SiO4) was not detected
in the XRD patterns, it was hypothesized that they reacted with the glassy phase or at
other places in the coating locally enriched in SiO2 and Al2O3 as soon as they were formed
to form the main corrosion product, BaAl2Si2O8. A large part of the coating surface was
then covered by celsian precipitates, with an additional very small amount of residual
hexacelsian crystals on the D4 coating. However, the formation of barium aluminosilicates
by reactions of other components contained in the coatings or in the corrosion solution
cannot be completely ruled out.

Rietveld refinement of XRD data was used for the semi-quantitative analysis of the
phase composition of the tested coatings. The time dependences of the phase composition
of both C2c and D4 coatings are shown in Figure 10. The results indicate that the content of
monoclinic ZrO2 slightly decreased with increasing time. As shown in the XRD patterns
(Figure 9), the SiO2 phase disappeared in the early stage of corrosion testing. In contrast,
an increasing content of celsian phase can be observed as a consequence of the chemical
reactions between the individual components of the layers and/or elements leached to the
corrosion medium.
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3.5. Microstructures of Polymer-Derived Ceramic (PDC) Coatings

SEM/EDXS analysis was used for a detailed study of the cross-sections of coated
samples before and after corrosion tests (Figure 11). Parchovianský et al. [30,45] have
already described the microstructure of the PDC coatings studied in this work after py-
rolysis. Results of these investigations are briefly described here. After pyrolysis in air
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at 850 ◦C for 1 h, homogeneous and almost dense protective coatings, with only small
pore sizes, were prepared. Both coatings, C2c and D4, showed good adhesion: no gaps
or cracks propagating along the metal/coating interface were detected. On steel exposed
to ambient environment, a natural oxide layer with chemically bonded water is always
present. Because of the high reactivity of Durazane 2250 with hydroxyl groups, steel
forms direct metal–O–Si chemical bonds with the precursor-based bond-coat, leading to
strong adhesion [17]. As indicated by SEM and EDXS elemental mapping [30], the coating
microstructure is composed of three main constituents: evenly distributed original filler
particles, and residual porosity aggregated in the amorphous PDC phase. The coating
C2c is characterized by higher residual porosity. However, such a microstructure with
residual porosity is beneficial for the thermal stability of the coatings, as it contributes to
the reduction of residual stresses during heating and cooling cycles [46].
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More promising results after corrosion tests were observed for the D4 coating, which
contains the polycrystalline AYZ powder as passive filler. The D4 coating showed lower
porosity than the C2c coating (Figure 11). SEM cross-sectional images also showed good
coating adhesion, even after l92 h of corrosion tests. Overall, no significant visible corrosion
damage was observed on D4 coating after the tests, confirming it acted as an efficient
protection system. In the case of the C2c coating after corrosion tests, a significant increase
in the porosity of the layer accompanied by the growth of pores was observed. Moreover,
spalling of the C2c coating occurred after 192 h of exposure to deionized water.

There are several factors that could cause the better corrosion performance of the D4
coating. The first is the composition, the lower content of YSZ filler and the addition of
polycrystalline AYZ powder in the D4 coating structure. The lower weight loss during
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the corrosion tests of the D4 coating could also be influenced by the use of AYZ filler,
which obviously acts as reinforcing phase, resistant to the attack of deionized water and
improving the hydrothermal stability of the PDC matrix. The better corrosion resistance
of the D4 coating can be also attributed to the different microstructure of the coatings.
The addition of the AYZ powder with irregular and angular particles helped create a
solid and rigid structure which allowed outgassing of the preceramic polymer pyrolysis
products from the system, thereby effectively reducing the size and amount of pores after
pyrolysis. The absence of larger pores, and thus an increased density, led to a significantly
more compact coating in comparison to the C2c composition pyrolyzed under the same
conditions. The defects of a critical size in the C2c coating could induce macroscopic failure
and thus reduce the adhesion strength resulting in the delamination of the ceramic layer
during corrosion testing. The increased occurrence of pores and cracks in the C2c coating
also allowed a faster penetration of deionized water through the coating to the metal
substrate causing a subsequent spallation and disintegration of the layer. The contents of
preceramic polymer (source of Si) and glass frits (source of Si and Ba) in both coatings are
identical and cannot explain the difference of the leached amounts of these elements to the
corrosion solutions. Therefore, the higher number of pores is likely to be responsible for
higher dissolution rates of Si and Ba in deionized water, which could cause faster recession
and failure of the C2c coating during the corrosion tests. Based on the observations shown
above, it is proposed that the highly porous microstructure of the C2c coating is the main
reason of failure for this coating.

EDXS mapping was performed on the cross-section of the D4 coating (Figure 12).
The EDXS maps identified a homogeneous distribution of Zr, Y, Si, Ba, Al, and O in
the top-coat. The presence of Fe and Cr is clearly seen in the stainless steel substrate.
As confirmed by ICP-OES analysis of the corrosion solutions, no diffusion of Fe from
the substrate through the coating was observed. This is also shown in the EDXS map
where the presence of Fe ends exactly at the steel/coating interface. However, EDXS cross-
sectional analysis revealed the presence of a small amount of Cr in the top-coat, which
likely diffused out of the steel during the tests. This is also consistent with the presence of
Cr in the corrosion solution detected by ICP-OES. No corrosion products were observed at
the stainless steel/top-coat interfaces after corrosion tests.
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4. Conclusions

In this work, the hydrothermal corrosion resistance of ferritic stainless steel and
two PDC-based coatings was studied systematically in deionized water. Two types of
corrosion product morphologies were found on the exposed uncoated steel surface. Most
of the surface was covered by a thin layer of rod-shaped crystallites identified by Raman
spectroscopy as a mix of Fe2O3 and (Mn, Cr, Fe)3O4 spinels. Occasionally, Fe- and Cr-
enriched globular crystallites were found on the corroded steel surface after the corrosion
tests. In the case of the coated samples, the results of weight gain measurements together
with SEM and ICP-OES indicate that a state of saturation was achieved in the early stage of
the dissolution reactions. These reactions were followed by the precipitation of spherical-
shaped BaAl2Si2O8 crystals. M–ZrO2, c–ZrO2, YAG, and BaAl2Si2O8 –hexacelsian, celsian
phases were identified from XRD patterns of the corroded PDC coatings. The D4 coating
exhibited better protective properties than the C2c coating in deionized water under quasi-
dynamic conditions at 200 ◦C. No significant corrosion damage was observed for the
D4 coating, but the C2c coating showed a highly porous structure, delamination of the
protective layer and the loss of corrosion resistance. The results of this study indicate the
high potential of the investigated PDC coating with AYZ passive filler for applications in
harsh environments, such as hydrothermal corrosion conditions.
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Abstract: H13 steel is often damaged by wear, erosion, and thermal fatigue. It is one of the essential
methods to improve the service life of H13 steel by preparing a coating on it. Due to the advantages
of high melting point, good wear, and corrosion resistance of Mo, Mo coating was fabricated on
H13 steel by electro spark deposition (ESD) process in this study. The influences of the depositing
parameters (deposition power, discharge frequency, and specific deposition time) on the roughness
of the coating, thickness, and properties were investigated in detail. The optimized depositing
parameters were obtained by comparing roughness, thickness, and crack performance of the coating.
The results show that the cross-section of the coating mainly consisted of strengthening zone and
transition zone. Metallurgical bonding was formed between the coating and substrate. The Mo
coating mainly consisted of Fe9.7Mo0.3, Fe-Cr, FeMo, and Fe2Mo cemented carbide phases, and an
amorphous phase. The Mo coating had better microhardness, wear, and corrosion resistance than
substrate, which could significantly improve the service life of the H13 steel.

Keywords: electro spark deposition (ESD); Mo coating; H13 steel; microhardness; wear resistance;
corrosion resistance

1. Introduction

H13 mold steel is mainly used for casting, extrusion, hot forming, and plastic molding
applications due to its excellent hot-cold manufacturing properties, dimensional stability,
and impact toughness resistance [1–4]. H13 mold steel is usually manufactured by casting
and forging processes [5], which result in coarse carbides formation because of its low
cooling and solidification rate [6,7]. The surface performance will be significantly reduced
if H13 mold steel is exposed to high temperature for a long time [8–10]. Nowadays, some
researchers have proposed to refine carbides by forging and rolling [11]. Although some
achievements have been made, the problem has not been fundamentally solved. Moreover,
mold steel can be easily damaged or fail due to wear and electrochemical corrosion, which
vastly shortens its service life. To further improve the mold’s service life, it is necessary
to strengthen mold’s wear resistance and corrosion resistance [12,13]. The appropriate
strengthening methods of improving wear and corrosion performance have become a
hotspot on the surface modification of hot work molds [14]. Therefore, many scholars from
various countries have conducted extensive research on mold’s surface modification. Kong
et al. [15] prepared WC-12Co coatings to improve H13 mold steel’s wear resistance and
electrochemical corrosion performance. Żórawski et al. [16] revealed that the nanostruc-
tured WC-12Co composite coating has a denser structure and higher abrasive resistance
than conventionally sprayed coatings. Meng et al. [17] investigated the mechanical prop-
erties and microstructures of H13 steel processed by a bionic laser surface alloying with
different amount of TiC addition. With the increase of TiC fraction, the laser alloying zone’s
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microstructure was refined and the microhardness was increased. Salmaliyan et al. [18]
studied the effect of ESD process parameters on WC-Co coating with substrate of H13 steel.
The results indicate that the crack propagation properties of the coating at low spark energy
are different from those at high spark energy. Compared with other coating preparation
technologies, ESD has attracted more interest as a promising surface technique for engi-
neering materials [19–21]. ESD technology has unique advantages in preparing coatings
such as WC-Co, FeNiCrBSiC-MeB2, Ti-Al intermetallic, CoCrFeNiMo High-Entropy Alloy,
Ti6Al4V, and Cr coating due to its simple equipment, flexible operation, low cost, ecological
greenness, wide adaptation range, and low heat input [22–28].

Mo is important to the industry due to its high-melting-point, high thermal conduc-
tivity, and low thermal expansion coefficient [29]. Moreover, Mo is an excellent coating
metal in surface modification due to its superior metallurgical bonding with various metals
and alloys. Existing researchers mostly use thermal spraying technology to prepare Mo
coating. The only problem of thermal spraying technology is to have a high degree of
oxidation [30]. In the present study, Mo coating was fabricated on the H13 steel using
ESD technology to obtain better properties (microhardness, wear resistance, and corrosion
resistance) than substrate. Properties of Mo coating with different ESD process parameters
were investigated in detail.

2. Materials and Experimental Methods
2.1. Materials

In this study, the H13 steel was chosen as the substrate with sizes of 10 mm × 10 mm
× 5 mm. The chemical compositions of H13 steel are shown in Table 1. The specimens were
washed with acetone to remove oil and then ground with 600# sandpaper to remove oxides.

Table 1. Chemical compositions of H13 steel. (wt%).

Cr Mo Si V C Mn S P Fe

5.0 1.30 0.95 0.92 0.40 0.35 0.05 0.03 Bal.

2.2. Coating Preparation

The DZS-1400 ESD system (Institute of Surface Engineering Technology, Chinese
Academy of Agricultural Mechanization Sciences, Beijing, China) was used to prepare
the Mo coating on the substrate. Figure 1 shows the schematic diagram of preparing Mo
coating on H13 steel by ESD process. Mo was used as the electrode. The electrode was cut
into a cylinder with diameter of 3 mm. The inclination angle between the electrode and
the substrate was 45 degrees. The rotation speed and moving speed of the processing gun
were 1500 r/min during ESD. The shielding gas was argon with a flow rate of 8 L/min.
The main processing parameters for ESD are presented in Table 2.

Figure 1. Schematic diagram of preparing Mo coating on H13 steel by ESD.
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Table 2. ESD process parameters.

Deposition Power Output Voltage Discharge
Frequency

Specific Deposition
Time

100~1400 W 100 V 50~650 Hz 1~5 min/cm2

2.3. Microstructure and Morphology Testing

The microstructure and wear scar morphology and the chemical compositions were
observed and analyzed by scanning electron microscope (SEM, TESCAN VEGA3, Czech
Republic) equipped with an energy dispersive spectrometer (EDS). The roughness and
three-dimensional morphology of the coating were tested by the OLS3000 (China) laser
confocal microscope. Roughness was evaluated quantitatively by arithmetical mean devia-
tion of profile Ra. The phase constitutions were determined via the X-ray diffractometer
(XRD) machine (D/Max2500Pc, Japan) using Cu Kα radiation.

2.4. Microhardnes and Wear Resistance Testing

The microhardness of the coating was tested by the HVS-1000 microhardness machine
(Beijing Times Guangnan Testing Technology Co., Ltd, China) with a load of 100 g and
dwell time of 10 s. The wear resistance of the coating was investigated for the low-speed
rotation by the ML-100 abrasive wear test machine (Jinan Jingcheng Test Technology Co.,
Ltd, Jinan, China). Figure 2 shows the schematic of friction and wear. The silicon carbide
sandpaper of 2000# was used as friction material. The travel period of a clockwise rotation
and an anticlockwise of the testing machine is taken as the wear time. The load of abrasive
wear test machine is 2~10 N. The mass of samples before and after wear is measured by
electronic balance (precision 0.0001). The samples with the same parameters were subjected
to three wear tests. The wear weight loss was averaged and recorded.

Figure 2. Schematic of friction and wear.

2.5. Electrochemical Corrosion Testing

The electrochemical corrosion performance and corrosion mechanism were studied
by the VersaSTAAT3 electrochemical corrosion workstation (Guangzhou Beituo Science
and Technology Co., Ltd, Guangzhou, China) with a three-electrode system. The saturated
calomel electrode was used as the reference electrode and the platinum black electrode as
the auxiliary electrode. The potential scanning range was −1.5 V~1 V with the scanning
speed of 45 mV/min, and the corrosion medium was 3.5 wt.% NaCl solution. Because the
sample was a metal material with electrical conductivity, the non-corrosive area had to
be coated with a layer of insulating material to prevent other areas from conducting and
affecting the test results.
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3. Results and Discussion
3.1. Coating Appearance

The Mo coating appearance is shown in Figure 3. The arrowed area is an enlargement
view of the area in the red frame. Figure 3 displays the orange peel-like morphology of Mo
coating, which is a typical morphology of ESD coating. The coating is formed by fusion
and superposition of numerous deposition points during ESD process. As a result, the Mo
coating has a rough surface due to the uneven coverage of deposition points.

Figure 3. Typical Mo coating appearance.

Figure 4 shows the three-dimensional morphology of the coating with different depo-
sition powers. Figure 5 indicates the effect of the deposition power on the roughness of the
coating. It can be seen that the roughness of the coating is different. When the deposition
power is less than 800 W, the roughness of the coating increases with the deposition power.
However, when the deposition power exceeds 800 W, the roughness decreases. The rough-
ness is mainly related to the discharge energy per unit time. During the ESD process, the
pulse discharge energy per unit time can be expressed by the following formula:

E = P × f × ton (1)

where E is the pulse electric spark discharge energy per unit time, P is the deposition
power; f is the pulse frequency, and ton is the single pulse discharge time. According to
Equation (1), the greater the deposition power P is, the greater the pulse spark discharge
energy E per unit time is. When the deposition power is less than 800 W, the melting
amount of the electrode increases with the deposition power. It is difficult to uniformly
connect and stack of the deposition points during the deposition process due to the rapid
cooling rate of the liquid metal, resulting in the increase of roughness. The melting amount
of the electrode increases significantly when the deposition power exceeds 800 W. The flow
of liquid metal could fill the concave of the deposited layer, so the roughness of the coating
can be reduced.

Figure 6 shows the effect of the discharge frequency on the roughness of the coating.
The results indicate that the roughness of the coating increases with the increase of discharge
frequency at first and then decreases slowly. However, the discharge energy used to melt the
Mo electrode increases with the increase of discharge frequency. The maximum roughness
of the coating is obtained when the discharge frequency is 500 Hz. When the discharge
frequency increases from 50 Hz to 500 Hz, the more quickly the Mo deposition points
superimpose and the larger of surface height difference is, which results in an increase of
roughness. When the discharge frequency increases from 500 Hz to 650 Hz, the amount of
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liquid metal increases significantly enough to make the liquid metal flow to fill the concave
part of the deposition layer. Therefore, the roughness of the coating is reduced.

Figure 4. The three-dimensional morphology of coating deposited with different deposition power: (a) 100 W (Ra = 2.6 µm),
(b) 500 W (Ra = 2.9 µm), (c) 800 W (Ra = 4.75 µm), (d) 1000 W (Ra = 4.35 µm), and (e) 1400 W (Ra = 3.8 µm).

Figure 5. Effect of deposition power on the roughness of coating.
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Figure 6. Effect of discharge frequency on the roughness of coating.

The substrate of the 10 mm ×10 mm area is carried out by ESD to prepared Mo
coating with different specific deposition time. The specific deposition time is 1~5 min/cm2.
Figure 7 shows the effect of the specific deposition time on the roughness of the coating. It
can be seen from the figure that the roughness of the coating increases with the increase
of specific deposition time. The longer the specific deposition time is, the more difficult it
is to stack and connect the deposition points evenly and the larger the roughness is. As
the specific deposition time increases, the heat input of the coating increases. The thermal
stress increases due to multiple rapid melting and rapid cooling. The surface defects of
the coating such as shedding, cracks and pores, and the roughness of the deposition layer
increase sharply when the specific deposition time exceeds 4 min/cm2.

Figure 7. Effect of specific deposition time on the roughness of coating.

3.2. Coating Thickness

The thickness seriously affects the properties of the coating. The specific deposition
time is the crucial parameter that affects the thickness of the coating during ESD. The
cross-section images of the coating obtained with different specific deposition time are
shown in Figure 8. The thickness of the coating is relatively uniform when the specific
deposition time is less than 3 min/cm2. The thickness of the coating is uneven when the
specific deposition time exceeds 3 min/cm2. At the same time, there are microcracks that
appear in the coating. There are many reasons for the occurrence of microcracks. On the
one hand, the ESD process is a process of instantaneous heating and rapid cooling. If the
liquid electrode material that has transitioned to the substrate surface has not completely
solidified, the next pulse discharge will arrive. Thereby, thermal stress is generated in
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the material. On the other hand, the ESD process is accompanied by thermal diffusion.
The heat from the coating surface was diffused along the depth direction of the substrate.
Appearance of microcracks in the coating is due to the large temperature gradient during
the ESD process.

Figure 8. Cross-sectional images of coating: (a) 2 min/cm2, (b) 3 min/cm2, (c) 4 min/cm2, and (d) 5 min/cm2.

The frontal images of coating fabricated by different processing parameters are shown
in Figure 9. The coatings display a splash pattern. With the increasing of the specific
deposition time, the coating surface has more microcracks.

Figure 10 shows the effect of specific deposition time on the thickness of the coating.
The thickness of the coating increases with specific deposition time when the specific depo-
sition time is less than 4 min/cm2. However, the thickness of the coating decreases when
the specific deposition time increases to 5 min/cm2. Due to the long specific deposition
time, the coating undergoes many times rapid melting and cooling processes. Therefore,
the surface of the coating produces thermal stress. It is shown in Figure 8c,d that the
microcracks defects are formed in the coating. These defects cause the coating to fall off,
and then the thickness of the coating decreases significantly. The plasticity and toughness
of the coating can be decreased.

The effect of deposition power on the thickness of the coating is shown in Figure 11.
The thickness of the coating first increases and then decreases with the increase of the
deposition power. The maximum thickness of the coating is obtained when the depo-
sition powers is 1000 W. The energy of electro spark discharge and melting rate of the
electrode increase with the increase of the deposition power when the deposition powers
are 100~1000 W. Therefore, the coating thickness increases gradually with the increase of
deposition power. However, the melting rate of the electrode increases considerably when
the deposition power exceeds 1000 W, resulting in the increase of cooling time of molten
Mo, and the splatters of molten Mo increase with the rotation of the electrode. In addition,
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due to the increase of high thermal stress, it is easy for the coating to fall off and crack, so
the coating thickness decreases with the improvement deposition power.

Figure 9. Frontal images of coating: (a) 2 min/cm2, (b) 3 min/cm2, (c) 4 min/cm2, and (d) 5 min/cm2.

Figure 10. Effect of specific deposition time on the thickness of coating.
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Figure 11. Effect of deposition power on the thickness of coating.

Figure 12 shows the relationship between the discharge frequency and the coating
thickness. The discharge frequency was set to 50 Hz, 200 Hz, 350 Hz, 500 Hz, and 650 Hz
as variable parameters to prepare the coating. The results show that the thickness of
the coating increases with increasing discharge frequency. According to Equation (1),
the discharge energy used to melt the electrode increased with the increase of discharge
frequency, and then the thickness of the coating increased with the same specific deposition
time. The electrode melting rate increases with the increase of discharge frequency when
the discharge frequency exceeds 350 Hz. However, the thickness of the coating growth
rate also slows down due to the slow growth of melting rate and melting amount of
the electrode.

Figure 12. Effect of discharge frequency on the thickness of coating.

3.3. XRD and Chemical Compositions Analysis of the Typical Coating

The thickness and roughness of the coating are important indexes to evaluate the
quality of the coating. The effects of the deposition power, discharge frequency, and specific
deposition time on the coating quality were studied, and the optimal parameters were
obtained as follows: the deposition power, discharge frequency, and specific deposition
time were 1000 W, 350 Hz, and 3 min/cm2, respectively. Finally, the Mo coating with 35 µm
thickness and about 5.0 µm roughness was prepared without severe cracks.

The XRD pattern of the coating fabricated under 1000 W/350 Hz/(3 min/cm2) by
the ESD process is shown in Figure 13. The results show that the coating was composed
of Fe9.7Mo0.3, Fe-Cr, FeMo, and Fe2Mo cemented carbide phases. Jia Delong et al. ob-
tained similar XRD analysis results at the plasmas sprayed Mo coating on stainless steel
substrate [31]. The Fe9.7Mo0.3, FeMo, and Fe2Mo phases were formed by the metallurgical
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reaction between the Mo electrode material and the H13 steel substrate during the ESD
process. It is beneficial for good mechanical properties that the coating was formed by the
metallurgical bond between the Mo coating and the H13 steel substrate [32]. In addition,
the diffraction peaks of the Mo coating were scattered and miscellaneous, indicating that
the coating contained a large number of amorphous phase structure.

Figure 13. XRD pattern of coating fabricated under 1000 W/350 Hz/(3 min/cm2).

Figure 14 shows the cross-section image and line scanning results of elements distri-
bution of the coating. The elemental mapping of Figure 14a is shown in Figure 15. The
cross-section of the coating mainly consists of the strengthening zone and transition zone.
The thickness of the coating is about 35 µm, and that of the transition zone is about 10 µm.
There are continuous and close bonds between the coating and the substrate, and there
are no cracks and pores at the interface. The line and map scanning results of elements
distribution indicate that the coating is mainly composed of Mo, Fe, and Cr elements.
The contents of Fe and Cr elements gradually increase from the coating top surface to the
substrate, while the content of Mo element gradually decreases. As shown in Figure 15, the
enrichment of Mo element in the upper part of the coating is pronounced, while there are
also a few Mo element in the substrate. The results also indicate that coating and substrate
elements diffuse each other, and the metallurgical bond is formed between the coating and
substrate. During the ESD process, there would be a small amount of Fe and Cr elements
in the coating due to a small amount of substrate melted by electric erosion. Besides, the
coating temperature is higher than the substrate, which is beneficial to diffusing the Fe and
Cr elements into the coating. Simultaneously, this is also the reason for the formation of
the transition zone.

3.4. Properties Analysis of the Typical Coating
3.4.1. Microhardness

Microhardness tests are conducted on the coating cross-section, and Figure 16 shows
the hardness distribution of the coating. The results indicate that the microhardness of
the coating gradually decreased from the coating top surface to the substrate. The highest
microhardness of the coating value is 1369.5 HV, which is about 6.7 times the substrate.
Due to the thin thickness of the coating, the element content in the micro zone of the coating
changes greatly, so the microhardness gradient of the coating changes greatly. The analysis
shows that during the ESD process, the Mo electrode has a metallurgical reaction with an
H13 steel substrate, and the cemented carbide phase is generated on the surface of the H13
steel substrate. At the same time, the amorphous structure is formed inside the coating.
The amorphous phase and the cemented carbide phase improve the microhardness and
strengthen the bearing capacity of the coating. However, the microhardness distribution of
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the coating shows obvious gradient, which is beneficial to improve the friction and wear
capacity of the coating.

Figure 14. Morphology cross-section and elements distribution of coating fabricated under 1000 W/350 Hz/(3 min/cm2):
(a) the cross-section of coating and (b) line scanning results of elements distribution.

Figure 15. Map scanning results of elemental distribution of coating fabricated under 1000 W/350 Hz/(3 min/cm2).

Figure 16. Hardness distribution of coating fabricated under 1000 W/350 Hz/(3 min/cm2).
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3.4.2. Wear Resistance

The coating and the substrate samples are conducted at room temperature by the
abrasive wear test, and the weight losses of the samples under different loads are measured
to evaluate the wear resistance. The wear resistance curves of substrate and Mo coating
samples are shown in Figure 17. Under the same load, the weight loss of the coating
is less than that of the substrate. With the increase of the load, the weight loss of the
coating increases slightly and gently, but the weight loss of substrate increases sharply.
According to the weight loss under the same load condition, the wear resistance of the
coating is about seven times higher than that of the substrate. The good wear resistance
of the coating corresponds to the defect-free and high microhardness of the coating and
the good metallurgical bonding between the substrate and coating. In addition, there are a
large number of cemented carbides in the coating, which are dispersed in the coating, thus
significantly improving the wear resistance of the coating. The wear scar morphology of
substrate and coating samples is shown in Figure 18. For the wear sample of the substrate,
the furrow-shaped wear scars are deep and wide, and there are many pits formed by
the material peeling off locally. However, the furrow-shaped wear scars on the coating
surface are smoother and shallower, and there are no pits, which is consistent with the
microhardness and weight loss results.

Figure 17. Curves of wear resistance for substrate and coating.

Figure 18. Wear scar morphology: (a) substrate and (b) coating.

3.4.3. Corrosion Resistance

The polarization curves of substrate and coating are obtained by electrochemical
etching as shown in Figure 19. It can be seen that the sample of the substrate self-corrosion
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potential is −682 mV, and the self-corrosion current density is 2.01 × 10−3 A/m2. The
coating’s self-corrosion potential was −621 mV, and the self-corrosion current density is
4.89 × 10−4 A/m2. Compared with the substrate, the self-corrosion of the coating potential
increased by 9%, and the self-corrosion current density was 24% of the substrate, which
meant that the corrosion rate of the coating was significantly reduced. The corrosion
resistance of the coating was much better than that of the substrate due to Mo’s excellent
corrosion resistance.

Figure 19. Polarization curves of substrate and coating.

4. Conclusions

In this study, the ESD process was used to prepare Mo coating on the H13 steel
substrate, and the properties of the coating were investigated. The main conclusions are
as follows.

(1) The Mo coating without defects was successively prepared on the H13 steel substrate
by ESD process. The effect of main parameters on the thickness and roughness of
the coating was studied. The well main parameters were obtained as follows: the
deposition power, discharge frequency, and specific deposition time were 1000 W,
350 Hz, and 3 min/cm2, respectively.

(2) The Mo coating was mainly composed of Fe9.7Mo0.3, Fe-Cr, and FeMo, Fe2Mo ce-
mented carbide phases and amorphous phase. The coating cross-section mainly
consisted of the strengthening zone and transition zone. The metallurgical bonding
was formed between the coating and substrate.

(3) The microhardness of the coating distribution showed a noticeable gradient, and the
microhardness gradually decreased from the coating top surface to the substrate. The
wear resistance of the coating was about seven times higher than that of the substrate.
The amorphous phase and cemented carbide phase improved the microhardness and
strengthened the bearing capacity of the coating.

(4) The self-corrosion of the coating potential increased by 9%, and the self-corrosion
current density was 24% of the substrate. The corrosion resistance of the coating was
much better than that of the substrate due to Mo’s excellent corrosion resistance by
ESD technology preparation.

Author Contributions: Conceptual and experimental design, W.W. and X.Z.; data collection and
analysis, drafting, and writing, M.D.; literature research and data investigation, C.L.; supervision
and validation, Y.T.; editing and revising, X.Z. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was financially supported by the Jilin Province Science and Technology Devel-
opment Plan Project (No. 20200401034GX), Jilin Province Development and Reform Commission

176



Materials 2021, 14, 3700

Industrial Technology Research and Development Project (grant no.2020C029-1), and the Fundamen-
tal Research Funds for the Central Universities (grant no.45120031B004).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lu, H.; Xue, K.; Xu, X.; Luo, K.; Xing, F.; Yao, J.; Lu, J. Effects of laser shock peening on microstructural evolution and wear

property of laser hybrid remanufactured Ni25/Fe104 coating on H13 tool steel. J. Mater. Process. Technol. 2021, 291, 117016.
[CrossRef]

2. Besler, R.; Bauer, M.; Furlan, K.P.; Klein, A.N.; Janssen, R. Effect of Processing Route on the Microstructure and Mechanical
Properties of Hot Work Tool Steel. Mater. Res. 2017, 20, 1518–1524. [CrossRef]

3. Pagounis, E.; Talvitie, M.; Lindroos, V.K. Microstructure and mechanical properties of hot work tool steel matrix composites
produced by hot isostatic pressing. Powder Metall. 1997, 40, 55–61. [CrossRef]

4. Bahrami, A.; Anijdan, S.M.; Golozar, M.; Shamanian, M.; Varahram, N. Effects of conventional heat treatment on wear resistance
of AISI H13 tool steel. Wear 2005, 258, 846–851. [CrossRef]

5. Zhang, B.; Yang, F.; Qin, Q.; Lu, T.; Sun, H.; Lin, S.; Chen, C.; Guo, Z. Characterisation of powder metallurgy H13 steels prepared
from water atomised powders. Powder Metall. 2019, 63, 9–18. [CrossRef]

6. Randelius, M.; Sandström, R.; Melander, A. Fatigue strength of conventionally cast tool steels and its dependence of carbide
microstructure. Steel Res. Int. 2012, 83, 83–90. [CrossRef]

7. Fischmeister, H.F.; Riedl, R.; Karagöz, S. Solidification of high-speed tool steels. Met. Mater. Trans. A 1989, 20, 2133–2148.
[CrossRef]

8. Yao, F.; Fang, L. Thermal Stress Cycle Simulation in Laser Cladding Process of Ni-Based Coating on H13 Steel. Coatings 2021, 11,
203. [CrossRef]

9. Chen, H.; Lu, Y.; Sun, Y.; Wei, Y.; Wang, X.; Liu, D. Coarse TiC particles reinforced H13 steel matrix composites produced by laser
cladding. Surf. Coat. Technol. 2020, 395, 125867. [CrossRef]

10. Li, G.S.; Li, J.H.; Feng, W.L. Effects of specific powder and specific energy on the characteristics of NiWC25 by laser cladding.
Surf. Technol. 2019, 48, 253–258.

11. Boccalini, M.; Goldenstein, H. Solidification of high-speed steels. Int. Mater. Rev. 2001, 46, 92–115. [CrossRef]
12. Kudryashov, A.E.; Potanin, A.Y.; Lebedev, D.N.; Sukhorukova, I.V.; Shtansky, D.V.; Levashov, E.A. Structure and properties

of Cr-Al-Si-B coatings produced by pulsed electrospark deposition on a nickel alloy. Surf. Coat. Technol. 2016, 285, 278–288.
[CrossRef]

13. Cadney, S.; Brochu, M. Formation of amorphous Zr41. 2Ti13. 8Ni10 Cu12. 5Be22. 5 coatings via the ElectroSpark Deposition
process. Intermetallics 2008, 16, 518–523. [CrossRef]

14. Kong, W.C.; Shen, H.; Gao, F.X.; Wu, F.; Lu, Y.L. Electrochemical corrosion behavior of HVOF sprayed WC-12Co coating on H13
hot work mould steel. Anti Corros. Methods Mater. 2019, 66, 827–834.

15. Kong, D.J.; Sheng, T.Y. Wear behaviors of HVOF sprayed WC-12Co coatings by laser remelting under lubricated condition. Opt.
Laser Technol. 2017, 89, 86–91.

16. Zórawski, W. The microstructure and tribological properties of liquid-fuel HVOF sprayed nanostructured WC-12Co coatings.
Surf. Coat. Technol. 2013, 220, 276–281. [CrossRef]

17. Meng, C.; Cao, R.; Li, J.Y.; Geng, F.Y.; Zhang, Y.W.; Wu, C.; Wang, X.L.; Zhuang, W.B. Mechanical properties of TiC-reinforced H13
steel by bionic laser treatment. Opt. Laser Technol. 2021, 136, 106815–106823. [CrossRef]

18. Salmaliyan, M.; Malek Ghaeni, F.; Ebrahimnia, M. Effect of electro spark deposition process parameters on WC-Co coating on
H13 steel. Surf. Coat. Technol. 2017, 321, 81–89. [CrossRef]

19. Frangini, S.; Masci, A. A study on the effect of a dynamic contact force control for improving electrospark coating properties. Surf.
Coat. Technol. 2010, 204, 2613–2623. [CrossRef]

20. Alexander, V.R.; Sahin, O.; Korkmaz, K. A modified electrospark alloying method for low surface roughness. Surf. Coat. Technol.
2009, 203, 3509–3515.

21. Luo, C.; Dong, S.J.; Xiang, X. Microstructure and properties of TiC coating by vibrating electrospark deposition. Key Eng. Mater.
2008, 27, 180–183. [CrossRef]

22. Li, Z.M.; Zhu, Y.L.; Sun, X.F.; Huang, Y.L.; Zhang, H.W. Development in Research and Application of Electro Spark Deposition
Technology. Hot Work. Technol. 2013, 42, 32–37.

23. Alexander, A.B.; Sergey, A.P. Formation of WC-Co coating by a novel technique of electrospark granules deposition. Mater. Des.
2015, 80, 109–115.

177



Materials 2021, 14, 3700

24. Umanskyi, O.P.; Storozhenko, M.S.; Tarelnyk, V.B.; Koval, O.Y.; Gubin, Y.V.; Tarelnyk, N.V. Protective and Functional Powder
Coatings Electrospark Deposition of FeNiCrBSiC-MeB2 Coatings on Steel. Powder Metall. Met. Ceram. 2020, 59, 330–341.
[CrossRef]

25. Alexander, A.B.; Chigrin, P.G. Synthesis of Ti-Al intermetallic coatings via electrospark deposition in a mixture of Ti and Al
granules technique. Surf. Coat. Technol. 2020, 387, 125550–125558.

26. Karlsdottir, S.N.; Geambazu, L.E.; Csaki, L.; Thorhallsson, A.I.; Stefanoiu, R.; Magnus, F.; Cotrut, C. Phase Evolution and
Microstructure Analysis of CoCrFeNiMo High-Entropy Alloy for Electro-Spark-Deposited Coatings for Geothermal Environment.
Coatings 2019, 9, 406. [CrossRef]

27. Wang, W.F.; Han, C. Microstructure and Wear Resistance of Ti6Al4V Coating Fabricated by Electro-Spark Deposition. Metals 2018,
9, 23. [CrossRef]

28. Cao, G.J.; Zhang, X.; Tang, G.Z.; Ma, X.X. Microstructure and Corrosion Behavior of Cr Coating on M50 Steel Fabricated by
Electrospark Deposition. J. Mater. Eng. Perform. 2019, 28, 4086–4094. [CrossRef]

29. Wang, Y.W.; Wang, X.Y.; Wang, X.L.; Yang, Y.; Cui, Y.H.; Ma, Y.D. Microstructure and properties of in-situ composite coatings
prepared by plasma spraying MoO3-Al composite powders. Ceram. Int. 2021, 47, 1109–1120. [CrossRef]

30. Satish, T.; Ankur, M.; Modi, S.C. High-Performance Molybdenum Coating by Wire–HVOF Thermal Spray Process. J. Therm. Spray
Technol. 2018, 27, 757–768.

31. Jia, D.L.; Yi, P.; Liu, Y.C.; Sun, J.W.; Yue, S.B.; Zhao, Q. Effect of laser textured groove wall interface on molybdenum coating
diffusion and metallurgical bonding. Surf. Coat. Technol. 2021, 405, 126561–126569. [CrossRef]

32. Chen, Z.; Zhou, Y. Surface modification of resistance welding electrode by electro-spark deposited composite coatings: Part I.
Coating characterization. Surf. Coat. Technol. 2006, 201, 1503–1510. [CrossRef]

178



materials

Article

Optimization of Pickling Solution for Improving the
Phosphatability of Advanced High-Strength Steels

Sangwon Cho 1, Sang-Jin Ko 1, Jin-Seok Yoo 1, Joong-Chul Park 2, Yun-Ha Yoo 2 and Jung-Gu Kim 1,*

Citation: Cho, S.; Ko, S.-J.; Yoo, J.-S.;

Park, J.-C.; Yoo, Y.-H.; Kim, J.-G.

Optimization of Pickling Solution for

Improving the Phosphatability of

Advanced High-Strength Steels.

Materials 2021, 14, 233. https://

doi.org/10.3390/ma14010233

Received: 2 December 2020

Accepted: 30 December 2020

Published: 5 January 2021

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2021 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Materials Science and Engineering, Sungkyunkwan University, Suwon-Si 16419, Korea;
ppkh@skku.edu (S.C.); tkdwls121@skku.edu (S.-J.K.); wlstjr5619@skku.edu (J.-S.Y.)

2 Steel Solution Marketing Dept., POSCO Global R&D Center, Incheon 21985, Korea;
heavymetal@posco.com (J.-C.P.); yunha778@posco.com (Y.-H.Y.)

* Correspondence: kimjg@skku.edu; Tel.: +82-31-290-7360

Abstract: This study investigated the optimum pickling conditions for improving the phosphatability
of advanced high-strength steel (AHSS) using surface analysis and electrochemical measurements.
To remove the SiO2 that forms on the surface of AHSS, 30 wt.% NH4HF2 was added to the pickling
solution, resulting in a significant reduction in the amount of SiO2 remaining on the surface of the
AHSS. The phosphatability was improved remarkably using HNO3 concentrations higher than 13%
in the pickling solution. Furthermore, phosphate crystals became finer after pickling with a HNO3-
based solution rather than a HCl-based solution. Electrochemical impedance spectroscopy (EIS) data
indicated that the corrosion resistance of AHSS subjected to HNO3-based pickling was higher than
that of AHSS subjected to HCl-based pickling. Fluorine compounds, which were involved in the
phosphate treatment process, were only formed on the surface of steel in HNO3-based solutions. The
F compounds reacted with the phosphate solution to increase the pH of the bulk solution, which
greatly improved the phosphatability. The phosphatability was better under HNO3-based conditions
than a HCl-based condition due to the fineness of the phosphate structure and the increased surface
roughness.

Keywords: advanced high-strength steel; phosphate coating; acid cleaning; electrochemical impedance
spectroscopy

1. Introduction

Consumer demand for automobiles has been increasing over the last decade, with
particular regard for features such as appearance, driving performance, comfort, safety,
fuel efficiency, and environmental friendliness. In response, the automotive industry has
spurred the development of new and advanced technologies to improve safety while reduc-
ing vehicle weight. However, the technology used to manufacture lightweight automobiles
is associated with environmental problems [1]. Research into automotive weight reduction
can be divided into the fields of lightweight materials and high-strength steel sheets [2].
Studies on the use of lightweight materials for automobiles have mainly focused on alu-
minum and fiber-reinforced plastics [3–5], but the practical use of these materials is difficult
due to product design limitations and manufacturing problems. However, high-strength
materials can be used without making significant changes to conventional manufacturing
methods, so they have the advantage of minimal additional investment costs. In addition,
multi-material applications can be used with high-strength materials, depending on the
function of the component; thus, a variety of designs are possible. Another advantage
of using high-strength materials is that reductions in the thickness and weight of the ma-
terial are obtained at the same time. Therefore, various grades of steel, from mild steel
to advanced high-strength steel (AHSS), have been used in recent automotive bodies. In
addition, steel manufacturers are actively researching applications for more advanced steel
sheets to further reduce the weight.
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Generally, a steel sheet for automobiles is subjected to a phosphate treatment to
improve corrosion resistance and ensure coating film adhesion before painting [6,7]. Phos-
phate crystals form on the steel sheet surface from the phosphate treatment, which greatly
enhances the adhesion of electro-painting [7]. The size of the phosphate crystals and
coating weight are very important factors: relatively small crystals result in the formation
of denser phosphate crystals, resulting in better adhesion to the coating.

During phosphate treatment, an acidic zinc phosphate solution reacts with the surface
of the metal and consumes hydrogen ions in the solution. This reaction increases the pH
near the metal surface. Then, the phosphate solution is saturated with zinc phosphate. As
a result of the increase in pH, the formation of phosphate crystals is promoted. Therefore,
phosphatability can be improved by an accelerator that increases the rate of hydrogen ion
consumption on the metal surface [8].

Alloy elements such as Si and Mn are indispensable elements for obtaining high
strength and high ductility. Therefore, AHSS has a higher content of these alloying elements
compared to general steels. However, during steel manufacturing and use, Si and Mn
oxides are easily formed on the steel surface. When these composite oxides densely form
on the surface of a steel sheet, they have a significant effect on the phosphate treatment. In
particular, a Si oxide film that forms on the AHSS surface acts as a barrier to phosphating,
thereby decreasing the phosphatability [9]. Therefore, to improve the phosphatability of
AHSSs that contain a large amount of Si, the formation of these oxides on the surface of the
steel must be suppressed.

Currently, two main methods are used to remove the Si oxide that forms on the surface
of AHSS. The first method uses a high-temperature, high-concentration inorganic acid
(e.g., hydrochloric acid, sulfuric acid, nitric acid, or formic acid) solution, which removes
the Si oxide by dissolving the base metal under the Si oxide [10]. In this method, if the
concentration of the inorganic acid is low, the Si oxide on the surface is not removed;
conversely, if the concentration is too high, over-etching occurs and the material cannot be
used in automotive manufacturing. Therefore, it is important to appropriately control the
concentration of the inorganic acid.

The second method utilizes hydrofluoric acid (HF) in a pickling solution to remove
the Si oxide, using the following reaction:

SiO2 + 4HF→ SiF4 + 2H2O (1)

This method does not use HF alone; rather, HF is mixed with an inorganic acid to
activate its reaction [11]. However, because HF is very dangerous, it is challenging to use it
in a pickling solution. To react with silicate, which is a basic form of Si oxide, F− is required.
Therefore, many researchers have attempted to replace HF with ammonium fluoride
(NH4F) and ammonium hydrogen fluoride (NH4HF2) as a new source of F– because they
are eco-friendly and less hazardous than HF. NH4F and NH4HF2 have been used in a
mixture with an inorganic acid solution; the etching rate can be adjusted by controlling the
type and concentration of the inorganic acid [12]. Because NH4HF2 has more F than NH4F,
its etching efficiency is better and its cost is lower; thus, it is suitable as a HF substitute.

Although many studies on the phosphatability of AHSS have been carried out, some
problems still exist, such as a decrease in phosphatability due to Si oxides. The phos-
phatability of AHSS under the conventional pickling conditions used in industry are not
optimal; as shown in Figure 1, the coating coverage and the coating weight are insufficient.
Therefore, in this study, we investigated the optimum pickling conditions to improve the
phosphatability of AHSS while minimizing environmental hazard.
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Figure 1. Surface SEM image of advanced high-strength steel (AHSS) after phosphate treatment
under the conventional pickling condition.

2. Materials and Methods

The specimens used in the experiment were AHSSs with Si contents of 0.4 and 1.0,
as described in Table 1. The specimens were dipped in an alkaline solution at 45 ◦C for
2 min for degreasing before testing. The phosphate treatment process was divided into
two steps: pickling and phosphating. As listed in Table 2, the pickling solutions used in
the experiment were prepared by adding 30 wt.% NH4HF2 to HCl and HNO3 at various
concentrations (5.5, 8, 10.5, 13, 15.5, and 18 wt.%). Pickling tests were performed at 55 ◦C
for 7 s. Then, after a degreasing and surface conditioning process, phosphate treatment
was performed in a Zn–phosphate solution according to the common automotive process.

Table 1. Chemical compositions of the steels. (Unit: wt.%).

Grade C Mn Si P S

0.4Si steel 0.17 2.8 0.25 0.02 0.005
1.0Si steel 0.1 2.8 1.2 0.03 0.003

Table 2. Pickling conditions for the steels.

Parameter Conventional
Pickling Condition

HCl-Based
Pickling Condition

HNO3-Based
Pickling Condition

Inorganic acid HCl HCl HNO3
Acid concentration

(wt.%) 5.5, 18 5.5, 8, 10.5, 13, 15.5, 18 5.5, 8, 10.5, 13, 15.5, 18

Additives − NH4HF2 (30 wt.%) NH4HF2 (30 wt.%)

Temperature (◦C) 55 55 55

Time (s) Within 7 7 7

Phosphatability was evaluated by coating coverage and coating weight. In an image
obtained using the back scattered electron (BSE) mode in scanning electron microscopy
(SEM; JSM-6700F, JEOL Ltd., Akishima, Japan), a difference in brightness existed between
the areas where phosphate crystals were formed and where they did not form. The
difference between the light and dark was measured to determine coating coverage using
Image J S/W (Laboratory for Optical and Computational Instrumentation, University of
Wisconsin). The coating weight was analyzed using energy dispersive X-ray fluorescence
(EDXRF; EDX-8000, SHIMADZU, Kyoto, Japan). After calibrating the P signal detected
in a standard specimen of known phosphate coating thickness, the coating weight can be
calculated by multiplying the measured P signal by density. The oxides that remained
on the steel surface after pickling were analyzed using secondary ion mass spectrometry
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(SIMS; TOF-SIMS-5, Ion-ToF company, Munster, Germany), X-ray diffraction (XRD; D/max-
2500V/PC, Rigaku, Tokyo, Japan), energy dispersive spectroscopy (EDS; JEOL JSM-6700F,
JEOL Ltd., Akishima, Japan), and an electron probe micro-analyzer (EPMA; JEOL, JXA-
8530F, JEOL Ltd., Akishima, Japan).

Electrochemical impedance spectroscopy (EIS; VSP300, Neoscience, Seoul, Korea)
tests were performed with an amplitude of 10 mV in the frequency range of 100 kHz to 1
mHz. The electrochemical cell consisted of a three-electrode system. The counter electrode
was a graphite rod, and a saturated calomel electrode was used as the reference electrode.
The area exposed to the electrolyte was 1 cm2. The test solution was a cyclic corrosion
test solution from the Society of Automotive Engineering (SAE solution), and its chemical
composition is listed in Table 3. EIS data were fit to the form of a Bode plot, and Bode
spectra were fit to equivalent circuit models by using ZSimpWin software (Ver. 3.21).

Table 3. Chemical composition of Society of Automotive Engineering (SAE) solution.

Chemicals NaCl CaCl2 NaHCO3 (NH4)2SO4

SAE solution
(wt.%) 0.05 0.1 0.075 0.35

To analyze the pH change of the phosphate solution due to the oxides, 1 M of the iron
oxides and the F compounds generated during pickling were dissolved in the phosphate
solution. The change in pH was measured using a pH meter. To analyze the correlation
between surface roughness and phosphatability, the surface roughness of the specimen after
pickling was measured using an α-step (Alpha-Step IQ, KLA-Tencor, Milpitas, CA, USA).

3. Results and Discussion
3.1. Surface Analysis

Figures 2 and 3 show the amount of SiO2 remaining on the 1.0Si steel surface layer as
analyzed by TOF-SIMS and XPS after pickling with various solutions. Figure 2a shows a
conventional pickling condition, in which the amount of SiO2 remaining on the surface is
larger and the distribution of SiO2 is more uneven than under the other pickling conditions.
In Figure 2b,c, however, in the pickling solutions with added NH4HF2, the SiO2 on the
steel surface was noticeably reduced, even though it was not completely removed. Figure 3
shows that the intensity of the SiO2 peak in the pickling solution with added NH4HF2
was reduced compared with the intensity of the SiO2 peak under conventional pickling
conditions. Thus, the amount of SiO2 remaining on the surface was significantly reduced
by NH4HF2-added pickling.

Figure 2. TOF-secondary ion mass spectrometry (SIMS) images of SiO2 remaining on the 1.0Si
steel surface after pickling under (a) conventional condition, (b) a HCl-based condition, and (c) a
HNO3-based condition.
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Figure 3. XPS spectra of Si on the 1.0Si steel surface after pickling.

After the pickling of 1.0Si steel under various conditions, the surface was analyzed
with optical microscopy (OM), as shown in Figure 4. The surface of the specimen before
and after HCl-based pickling was the same; however, after HNO3-based pickling, the
surface of the specimen was uniformly covered with a new gray product. Figures 5–7 and
Table 4 reveal the oxides that remained on the surface after pickling, as analyzed by EDS,
EPMA, and XRD.

Figure 4. Optical microscopy (OM) images of the 1.0Si steel surface after pickling under (a) a
HCl-based condition and (b) a HNO3-based condition.

As shown in Figure 5, the EDS peaks of O, Si, Cr, and Fe can be observed from 1.0Si
steel under all pickling conditions, indicating that the remaining oxides on the surface were
mainly Fe, Cr, and Si oxides. However, the F peak was observed only under HNO3-based
pickling conditions. The results of EPMA analysis (Figure 6) were similar to those of EDS:
an F component was observed throughout the surface only under HNO3-based pickling
conditions. This was largely due to NH4HF2, which means that the F compounds were
formed on the surface only after HNO3-based pickling. XRD analysis (Figure 7) indicated
that the Fe of the base material was only detected in the specimens that underwent conven-
tional pickling and HCl-based pickling. However, various components were detected in
the specimen that underwent HNO3-based pickling. The products formed under HNO3-
based pickling were (NH4)FeF5·H2O, FeSiF6·6H2O, FeF2, and/or FeF3. The products were
produced by the following reactions [13,14]:

Fe2O3 + 5NH4HF2 → 2(NH4)2FeF5 + 3H2O + NH3↑ (2)

Si + 2H+ + 2F- + 4HF→ H2SiF6·6H2O + 2H2↑ (3)

Fe2+ + 2F- → FeF2 (4)

FeF2 + H2SiF6 → FeSiF6 + 2HF (5)
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Figure 7. XRD analysis of the 1.0Si steel surface after pickling.

Table 4. EDS results of the 1.0Si steel surface after pickling.

Parameter Fe O Si F Cr

HCl-based
pickling condition (%) 94.13 3.77 0.85 − 1.25

HNO3-based
pickling condition (%) 92.25 1.98 0.85 3.56 1.36

In the HNO3/HF system, FeF3·3H2O was in a stable phase at low pH (pH < 3.16) and
then transformed into FeF2 and FeF3 at higher pH [15,16]. However, in the HCl/HF system,
HCl made insoluble ferric fluoride, preventing the formation of fluoride precipitates [17].

3.2. Phosphatability

Figure 8 shows EPMA images of a cross section of 1.0Si steel on which a phosphate
coating was formed. Under conventional pickling conditions, phosphate crystals were
rarely formed; under HCl-based pickling, the areas where phosphate crystals did not form
were sparse. However, under HNO3-based pickling, the phosphate crystals were uniformly
formed. As shown in Figures 5 and 6, the F compounds found after pickling were not
observed after the phosphate treatment. Therefore, the F compounds were involved in the
formation of phosphate crystals. In other words, the F compounds introduced by pickling
had a positive effect on the phosphatability of the steel.

The phosphate treatment of AHSS was performed with various concentrations of
hydrochloric acid (HCl) and nitric acid (HNO3). SEM images of the surface after phosphate
treatment are shown in Figures 9–12. When pickling was performed with NH4HF2, more
phosphate crystals were formed compared to with the conventional pickling. However, as
shown in Figures 9 and 10, phosphate crystals were not formed in many regions. Figures 11
and 12 show significantly fewer areas where phosphate crystals were not formed compared
to Figures 9 and 10. Furthermore, the phosphate crystals became finer after pickling with
a HNO3-based solution than with a HCl-based solution. In addition, phosphate crystals
were formed more uniformly on the surface of 1.0Si steel in both the HCl- and HNO3-based
solutions compared to those formed on 0.4Si steel.
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Figure 8. EPMA images of cross sections of 1.0Si steel formed with phosphate coating using (a)
conventional conditions, (b) a HCl-based condition, and (c) a HNO3-based condition.

Figure 9. Surface SEM images of 1.0Si steel after phosphate treatment under HCl-based pickling
condition with HCl concentration of (a) 5.5%, (b) 8%, (c) 10.5%, (d) 13%, (e) 15.5%, and (f) 18%.

Figure 10. Surface SEM image of 0.4Si steel after phosphate treatment under HCl-based pickling
condition with HCl concentration of (a) 5.5%, (b) 8%, (c) 10.5%, (d) 13%, (e) 15.5%, and (f) 18%.
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Figure 11. Surface SEM images of 1.0Si steel after phosphate treatment under HNO3-based pickling
condition with HNO3 concentration of (a) 5.5%, (b) 8%, (c) 10.5%, (d) 13%, (e) 15.5%, and (f) 18%.

Figure 12. Surface SEM images of 0.4Si steel after phosphate treatment under HNO3-based pickling
condition with HNO3 concentration of (a) 5.5%, (b) 8%, (c) 10.5%, (d) 13%, (e) 15.5%, and (f) 18%.

Figure 13 shows the coating coverage and coating weight as a function of the HCl and
HNO3 concentrations. Figure 13a shows that the coating coverage of 1.0Si steel decreased
as the concentration of hydrochloric acid increased, whereas the coating coverage of 0.4Si
steel increased as the concentration of hydrochloric acid increased. In addition, the coating
coverage of both steels did not meet the phosphate quality requirements (95% or more) for
automobiles. In the case of the coating weight, as the concentration of HCl increased, the
coating weight of both 1.0Si and 0.4Si steel decreased. However, the phosphate quality
requirement (2 g/m2 or more) for automobiles was satisfied at all HCl concentrations
except for 18%. As shown in Figure 13b, the coating coverage was not uniform at HNO3
concentration below 10.5%, whereas HNO3 concentration of 13% or more showed excellent
coating coverage of at least 98%. A HNO3 concentration of 8% was sufficient to achieve the
desired coating coverage for 0.4Si steel. However, 1.0Si steel does not satisfy the desired
coating coverage. Therefore, at least 13% of HNO3 was required to meet the desired coating
coverage. Furthermore, the coating weight was excellent at all concentrations.
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Figure 13. Coating coverage and coating weight vs. the inorganic acid concentration under (a) HCl-
based condition and (b) HNO3-based condition.

3.3. Electrochemical Imedance Spectroscopy

The results of EIS in the form of a Bode plot are shown in Figure 14. In the Bode plot,
the low-frequency region is related to the surface film and the metal/surface interface,
whereas the high-frequency region is attributed to the defects on the metal surface [18–20].
In the low-frequency region, the impedance (|Z|) values of 0.4Si steel were higher than
those of 1.0Si steel. However, there was no significant difference in |Z| value with the
use of different types of inorganic acids in both steels. The phase angle maxima and
shoulder widths of the phase angles also showed the same trends as the |Z| values. The
results of |Z| values and phase angle data indicate that the corrosion resistance of 0.4Si
steel was superior to that of 1.0Si steel. However, there was no relationship between
the concentration of inorganic acid and the |Z| values. Furthermore, improvement in
corrosion resistance from the phosphate coating was not significant due to the short
phosphating time used in the experiment. In general, the phosphate coating improves
the corrosion resistance of a substrate. However, noticeable improvement in corrosion
resistance is not observed during the stage of induction and commencement of film growth,
which are the stages from the start of the phosphate treatment to 3 min [21,22]. Since the
phosphating time in this study was within 2 min, the EIS results indicate that phosphate
crystals had not sufficiently formed to be able to improve corrosion resistance for both
types of inorganic acid. The phosphating industry generally uses coating weight and
coverage as part of quality control, but coating weight and coverage do not have a direct
relationship to corrosion resistance [21]. Therefore, the low correlation between coating
weight, coverage, and the |Z| values was due to various factors, such as thickness and
structure homogeneity.
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Figure 14. Bode impedance plots of electrochemical impedance spectroscopy (EIS) data of (a,c) 1.0Si steel and (b,d) 0.4Si
steel in SAE solution.

The equivalent electric circuit model used to determine the optimized value for
resistance and capacitance parameters is shown in Figure 15, and the corresponding EIS
results are listed in Table 5. Rs is the solution resistance, CPE1 and Rcoat are the capacitance
and resistance of the phosphate coating layer, CPE2 is the double layer capacitance, Rct is
the charge transfer resistance, Qcoat and Qct are coating’s capacitance and charge transfer
capacitance, and n is an empirical exponent (0 ≤ n ≤ 1) measuring the deviation from the
behavior of the ideal electric capacity. Figure 16 shows the variation of coating resistance
(Rcoat) from EIS measurement results as a function of inorganic acid concentration.

Figure 15. Equivalent circuit for phosphate coated steel in SAE solution. Rs is the solution resistance;
CPE1 and Rcoat are the capacitance and resistance of the phosphate coating layer; CPE2 is the
double layer capacitance; Rct is the charge transfer resistance; WE and RE are working electrode and
reference electrode.
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Table 5. Parameters from electrochemical impedance spectroscopy measurements.

Acid Steel Concentration
Rs

(Ω·cm2)

CPE1
Rcoat

(Ω·cm2)

CPE2
Rct

(Ω·cm2)Qcoat
(µF/cm2) n1

Qct
(µF/cm2) n2

HCl

1.0Si

5.5% 62.98 56 0.8 1183 45.5 0.8 279.8
8% 72.35 149 0.7301 358.2 42.4 0.9004 1285

10.5% 63.58 178.3 0.5432 89.6 46.6 0.9395 1223
13% 70.29 189.3 1 1083 64.7 0.9535 1777

15.5% 67.04 108 0.8995 430.8 243 0.7957 673.2
18% 63.41 208 0.975 140.6 104 0.8421 1,287

0.4Si

5.5% 62.37 75 0.8419 1504 265 1 918.9
8% 70.87 8990 0.6406 145.9 49.1 0.8305 1168

10.5% 63.16 207.9 0.9996 940.4 45.8 0.8414 1878
13% 70.72 981 1 179.4 70.6 0.8408 1186

15.5% 62.67 179 0.8284 775.1 220 1 1320
18% 69.29 134 0.8182 819.5 153 1 1413

HNO3

1.0Si

5.5% 60.91 476 1 367.8 157 0.8468 528.2
8% 66.97 120 0.8452 967.2 910 0.98 235.9

10.5% 70.41 74.2 0.8295 1227 14,200 0.9539 138.1
13% 61.01 186 0.8669 1059 250 0.8649 301.2

15.5% 72.76 266 0.6565 1066 204 0.8387 272.2
18% 73.47 300.1 0.8455 4300 397.7 0.9307 766.8

0.4Si

5.5% 61.46 72.2 0.8527 1015 169 0.982 945.6
8% 70.7 209 1 892.6 65 0.8414 1525

10.5% 62.75 345 1 1332 108 0.8473 1680
13% 72.12 48.7 0.9522 1564 66.2 0.7682 1036

15.5% 65.98 29.4 0.8391 3812 2085 0.4284 690.9
18% 73.74 38.9 0.8746 2000 426 0.635 932.9

Figure 16. Variation of coating resistance (Rcoat) from EIS analysis vs. inorganic acid concentration.

Unlike the |Z| values, there was no significant difference between the Rcoat of 1.0Si
and 0.4Si steel. However, the Rcoat under HNO3-based pickling conditions was higher than
that under HCl-based pickling condition in both steels, and Rcoat increased significantly
as the concentration increased under HNO3-based pickling conditions. This result is
consistent with the coating coverage data shown in Figure 6. Rcoat was affected more by
coating coverage than by coating weight.

3.4. pH Measurement

In general, during the early stages of phosphate treatment, the reaction of iron or iron
oxide with hydrogen ions increases locally with the pH at the metal surface, which promotes
the nucleation of phosphate crystals [8]. The effects of iron oxides and F compounds
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generated under HNO3-based pickling on the pH of the phosphate solution, are shown
in Figure 17. The pH of the bulk solution did not change significantly when iron and
iron oxides reacted with the phosphate solution. However, with F compounds, the pH
of the bulk solution increased from 3.3 to 3.6 after reacting with the phosphate solution.
Among F compounds, FeF3 has a pH of 3.5–4.0 when dissolved in water (Equation (6)) [23].
Therefore, this F compound could have increased the pH of the phosphate solution by
reacting with water. This increase in the pH of the phosphate solution indicates that the F
compounds had a positive effect on the phosphatability of the steel because F compounds
act as an accelerator for consumption of hydrogen ions.

FeF3 + 3H2O→ Fe(OH)3 + 3HF (6)

Figure 17. pH variation of phosphate solution before and after the addition of various iron oxides
and F compounds.

3.5. Surface Roughness Measurement

The correlation between the surface roughness after pickling and the phosphatability
of the steel is shown in Figure 18. The surface roughness was higher under a HNO3-based
pickling condition than under a HCl-based pickling condition. This result is due to NO3

−

ions acting as oxidizing agents; thus, the corrosiveness of HNO3 is higher than that of
HCl [24]. Generally, a higher surface roughness is associated with a higher coating weight
and the formation of finer crystals; a level of 0.76–1.77 µm was reported to be the most
suitable average roughness (Ra) [21,25]. In other words, the phosphatability was better
with HNO3-based pickling than with HCl-based pickling due to the surface roughness.
However, the phosphatability did not have a significant correlation with surface roughness.

Figure 18. Cont.
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Figure 18. Correlation between surface roughness and phosphatability; (a,c) 1.0Si steel and (b,d) 0.4Si steel.

4. Conclusions

In this study, the optimum pickling conditions to improve the phosphatability of
AHSS were investigated using various types of surface analysis and EIS. The conclusions
based on our investigation are as follows:

• With HNO3-based pickling solutions, the phosphatability improved remarkably at
HNO3 concentrations higher than 13% for both steels. Furthermore, the phosphate
crystals became finer after pickling with a HNO3-based solution compared to those
with a HCl-based solution.

• SiO2 was noticeably removed by a pickling solution with NH4HF2.
• The corrosion resistance of phosphate-treated AHSS was higher using a HNO3-based

pickling condition compared to a HCl-based pickling condition.
• With HNO3-based pickling solutions, F compounds, which are involved in the phos-

phate treatment process, formed on the surface of the AHSS. The F compounds reacted
with the phosphate solution to increase the pH of the phosphate solution, thereby
greatly improving the phosphatability of AHSS.

• The phosphatability was better under HNO3-based pickling conditions than under
HCl-based pickling conditions due to the increased surface roughness.
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