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Mechanical, corrosive, and tribological degradation of metal and metal coatings is
just one of the challenges faced by numerous industries. The industries which are most
commonly affected by the degradation of the material are the tool industry, medicine,
the electronic industry, the transport industry, aeronautics, the mining industry, and the
energy sector. For this reason, it is important to constantly adapt and search for the further
improvement of metallic surfaces and metal coatings.

Mechanical degradation of metals normally occurs under the influence of various
external forces such as tension, compression, and shear that are commonly present during
various material processing and applications such as grinding, agitation, and extrusion [1].

Corrosive degradation of the metal involves redox reactions, under which the metal
ions are lost by the dissolution at the anode (oxidation) in a corrosive environment [2].
Despite the fact that different types of coatings are used for improvement of corrosion
resistance for metallic surfaces, there is still room for improvement that is needed for spe-
cific application that require various mechanical and corrosive properties simultaneously.
Furthermore, the development of new coatings is ongoing, due to the continuous learning
of corrosion–coating interactions and the necessity of optimizing the coating technology
for the development of more affordable and sustainable coatings.

Tribological degradation, which is mostly bound to the contact interaction of two
materials and their loss in mass due to this interaction, is another form of material degrada-
tion that is the most commonly considered aspect in applications with moveable parts. In
this case, wear (abrasion and adhesion) and galling of components are the major forms of
mechanically based degradation, which induce the deformation and removal of interacting
materials [3]. Additionally, when oxidative or corrosive conditions are present, the me-
chanical wear is enhanced by the corrosion reactions, leading to tribocorrosion that usually
causes rapid degradation of the material [4].

To counter the above degradation effects, coatings are most commonly applied as
a laminar layer of certain material that covers the base material with aim of protecting
it in order to sustain its properties, with the added properties of the coating layer under
specific conditions. When choosing the right coating for the selected material, several
parameters have to be considered: thickness, roughness, defects on the coating, tensile
strength, elongation, resistivity, structure, residual stresses, adhesion, hardness, ductility,
electrical properties, magnetic properties, and anti-corrosion resistivity. All of these coating
properties are important as they have impact on its final properties and applicability under
the targeted environment and conditions [5,6]. Metallic coatings can consist of metals (Ni,
Zn, Cr etc.), metal composites (usually deposited on expensive materials), or metal alloys
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(Pb-Sn-Cu, Ni-Cr-Al-Y etc.). Coatings can be produced by immersion, spray, crystallization,
cladding, and galvanization [5,6].

Modification of the metallic surface is another possibility to enhance the surface of the
material to different degradation conditions, at which the modified base material is used as
the surface protector. In contrast to coatings, this technique allows higher compatibility and
integrability of the surface to the bulk, reducing the possibility of delamination, decohesion,
and interface-weakening between the surface and bulk of the material [5,6].

The surface modification and coating development can be done by laser technology [7],
electron beam technology [8], ion implantation [9,10], glow discharge technology [11], chem-
ical vapor deposition (CVD) [11,12], and vacuum deposition by physical vapor deposition
(PVD) [13]. Laser technique can also be used for formation of thin and hard coatings, where
coatings can be formed by the fusion of alloying elements with gas method (CVD and
PVD), by the pure vapor deposition method (PVD), or by pyrolytic and photochemical
formation, and even by chemical methods (LCVD) [13]. Electron beam deposition (also
known as EBPVD) is a method of using electron beams in a vacuum to irradiate evapo-
rated material, so that it can form as a thin film on the base material. Ion implantation
technique is used for the modification of the surface structure in the superficial layer,
which can change the surface in a physical as well as chemical fashion through direct ion
implantation or plasma ion integration [14]. Glow discharge technology covers methods
such as carburizing, carbonitriding, nitriding, and sulfonitriding, as well as boriding and
siliciding [11]. Glow discharge methods are characterized by the use of non-equilibrium,
low temperature, and non-isothermal plasma, which is formed as a result of the continuous
drawing of energy from the electric field [11]. CVD and plasma-assisted CVD (PACVD) are
treatments whereby the deposition of a layer from the gas phase is formed through addi-
tional participation of a chemical reaction or series of them. In the majority of cases, these
techniques are applied for the development of anti-abrasion and anti-corrosion layers [13].
PVD is a technique of surface engineering during which the coating material is evaporated
and condensed on the target material in a vacuum. With prior treatment of the substrate
material, the fusion and compatibility of the coating can be significantly enhanced [13].

In the last few years, with the increased demands on reduction of material consump-
tion, recycling of the material, environmental safety, improvement of the material perfor-
mance and life cycle, and last but not least, cost saving of the production, it has become a
further necessity to develop new alternatives to enhance both the surface as well as the bulk
of materials in a single processing procedure [15]. As such, development and optimization
of heat treatment procedures has obtained increasing emphasis in recent research. One of
the possible alternatives, which is also a green technology, is cryogenic treatment, during
which the material is exposed to cryogenic temperatures (sub-zero temperatures) [16,17].
The advantage of cryogenic treatment in comparison to coatings and surface modification
techniques is that it can change the properties of the material from surface to core, whereas
coatings and modification of metallic material are confined only to the properties of the
surface layer. As a result, the latter only works as long as the coating/modified surface
remains stable in protecting the material core, whereas heat treatment-based techniques
can omit this dependency.

To summarize, combining different heat treatment methods and surface engineering
methods (coatings and modification of the surface layer) is the best way to improve materi-
als’ properties and provide the most optimal method for improving materials’ resistance
and performance.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: In this study, to explore the effect of Co contents on the electroplated Fe–Co–Ni samples,
three different Fe–Co33–Ni62, Fe–Co43–Ni53, and Fe–Co61–Ni36 samples were electrochemically
grown from Plating Solutions (PSs) containing different amounts of Co ions on indium tin oxide
substrates. Compositional analysis showed that an increase in the Co ion concentration in the PS
gives rise to an increment in the weight fraction of Co in the sample. In all samples, the co–deposition
characteristic was described as anomalous. The samples exhibited a predominant reflection from the
(111) plane of the face–centered cubic structure. However, the Fe–Co61–Ni36 sample also had a weak
reflection from the (100) plane of the hexagonal close–packed structure of Co. An enhancement in
the Co contents caused a strong decrement in the crystallinity, resulting in a decrease in the size of
the crystallites. The Fe–Co33–Ni62 sample exhibited a more compact surface structure comprising
only cauliflower–like agglomerates, while the Fe–Co43–Ni53 and Fe–Co61–Ni36 samples had a surface
structure consisting of both pyramidal particles and cauliflower–like agglomerates. The results also
revealed that different Co contents play an important role in the surface roughness parameters. From
the magnetic analysis of the samples, it was understood that the Fe–Co61–Ni36 sample has a higher
coercive field and magnetic squareness ratio than the Fe–Co43–Ni53 and Fe–Co33–Ni62 samples. The
differences observed in the magnetic characteristics of the samples were attributed to the changes
revealed in their phase structure and surface roughness parameters. The obtained results are the
basis for the fabrication of future magnetic devices.

Keywords: cauliflower–like agglomerates; Co contents; crystallinity; Fe–Co–Ni thin film samples;
magnetic properties; phase structure; pyramidal particles; roughness parameters

1. Introduction

Nanostructured ferromagnetic materials in the form of thin films are widely used in
many technological applications and attract great attention because of their good physical
and magnetic features [1–5]. To date, many physical and chemical growth techniques have
been developed that are utilized in the production process of magnetic thin film samples.
Among the growth techniques developed, the electrochemical deposition technique has

Coatings 2022, 12, 346. https://doi.org/10.3390/coatings12030346 https://www.mdpi.com/journal/coatings
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been successfully used in computer read/write heads and Micro–ElectroMechanical Sys-
tems (MEMS) applications due to its unique features [1,3,6–12]. It is well known that ternary
ferromagnetic alloy films are interesting soft magnetic materials due to their high saturation
magnetization and low coercive field [4,6]. The conducted studies showed that the Fe, Ni,
and Co components in binary Ni–Co, Ni–Fe and Fe–Cu and ternary Ni–Co–Cu, Ni–Fe–Cu,
Co–Fe–Cu and Fe–Co–Ni magnetic materials grew by the electrochemical deposition tech-
nique on Indium Tin Oxide (ITO) covered glass substrates which can be tuned by controlling
the Fe, Ni and Co ion concentrations in the Plating Solutions (PSs), respectively [13–21].
However, the relative compositions of Co and Fe components in the samples were found be
higher than those in the PSs for different electroplating parameters [6,13,14,16–24], which
is in good agreement with the definition defined by Brenner [25]. In recent years, scientists
have flexibly used a variety of methods to study the structural, mechanical, and magnetic
properties of nanomaterials and thin films. With the simulation method, the influence
of size, heating rate, temperature and annealing time has been successfully studied on
the structure, electronic structure, phase transition and mechanical properties of metal
Ni [26–28], Fe [29], Al [30,31], Alloy AuCu [32,33], CuNi [34–36], NiAu [37], FeC [38],
FeNi [39,40], AgAu [41], AlNi [42], and NiCu [43].

In addition, with the magnetism of nanomaterials and thin films, the influence of
nanoparticle size and shell thickness has been successfully studied on the Curie Tc phase
transition temperature of Fe nanoparticles [44], the influence of external magnetic field
and size on the temperature Neel TN phase transition of Fe2O3 thin films [45]. The
obtained results show that the Neel TN transition temperature is always smaller than the
Curie Tc phase transition temperature, the cause of this phenomenon is due to the Topo
effect. With the experimental method, the authors have successfully studied the effects
of Fe ion concentration in the PS. Furthermore, the deposition potential applied during
electroplating process on the chemical composition, some physical properties, and magnetic
characteristics of ternary ferromagnetic thin film samples were investigated [21,24]. These
experimental studies clearly demonstrated that the surface performance, magnetic and
structural characteristics were affected significantly by the deposit composition caused
by the variation of the electroplating parameters [21,24]. On the other hand, in a former
study, Fe–Co–Ni deposits were electrochemically manufactured on titanium sheets from
a chloride–sulfate–tartaric acid medium at different Co2+/Ni2+ ion ratios [46]. In another
study, Fe–Co–Ni films were electrochemically fabricated on copper substrates from an
ammonium–chloride–based PS at different Co2+/Ni2+ ion ratios [47]. In addition, in a very
recent study, nanocrystalline Ni–Co–Fe coatings were electroplated on copper plates from
a sulfate–citrate PS at different Co ion concentrations [3]. To make magnetic Fe–Co–Ni
thin films, researchers can use many methods such as evaporation and electrochemical
deposition [48]. Among these, thin films obtained by the electrochemical deposition method
have very high uniformity. However, in this work, Fe–Co–Ni samples were electroplated
on ITO substrates and the Co contents in the samples were tuned by the amount of
Co ion concentration in the sulfate-based PS. The structure, morphology, and magnetic
characteristics of the resultant samples were discussed with respect to their Co contents.
The results showed that the crystallinity, crystallite size, phase structure, particle shape,
particle size, magnetic properties, and roughness parameters of the samples are strongly
dependent on their Co contents. The obtained results will be applied in different fields of
science and technology.

2. Materials and Method

The Fe–Co–Ni thin film samples were produced from PSs composed of Ni sulfate
(0.07 M), Fe sulfate (0.0020 M), boric acid (0.1 M), and various Co sulfate concentrations
(0.016 M, 0.024 M and 0.040 M). The samples were deposited galvanostatically at the same
current density of –10 mA/cm2 from freshly prepared PSs (pH value was 5.2 ± 0.1 and
temperature was 22 ± 1 ◦C) without stirring. The electroplating processes were performed
by employing a three-electrode system. A platinum sheet was utilized as a counter electrode,
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whereas a Saturated Calomel Electrode (SCE) was served as a reference electrode. The
samples were grown on ITO coated glass substrates used as a working electrode. Before the
plating process, the substrates were first rinsed in an acetone solution and then in ethanol
solution. After that, the substrates were cleaned by an ultrasonic bath using deionized
water. The crystal structure was defined by a Rigaku SmartLab X–Ray Diffractometer (XRD)
(Rigaku Cooperation—Tokyo, Japan). The XRD measurements were carried out in the
2θ range between 40◦ and 54◦ at a scanning step of 0.01◦ using CuKα radiation source. The
compositional analysis was performed by an Energy Dispersive X–ray (EDX) spectroscopy.
The X-ray diffraction beam is shined at the sample with a very narrow angle of incidence to
increase the length of the X-ray beam that interacts with the thin film, keeping the sample
stationary and rotating the receiver. Then the resulting diffraction beam appears on a
concentric circle, recording the reflected beam intensity and first-order diffraction spectrum.
An Oxford X–max 50 detector (Oxford Instruments, High Wycombe, UK) was used for the
EDX measurements under an operating voltage of 20.00 kV. To study the surface structure, a
Tescan MAIA3 Scanning Electron Microscopy (SEM) (TESCAN, Brno, Czech Republic) was
used. The SEM measurements were done under the same operating voltage of 5.00 kV at
room temperature. The particle sizes were determined from the SEM images using a freely
available image processing and analysis software (ImageJ) (Software version for imageJ
is 1.8.0). The roughness parameters were determined using a Veeco Multimode V Atomic
Force Microscopy (AFM) (Veeco Instruments İnc., Santa Barbara, CA, USA) and evaluated
using a WSxM 5.0 develop 9.4 software package [49]. To reveal the effect of the Co contents
on the coercive field and squareness ratio, magnetic measurements were carried out by
means of a JDAW–2000D model Vibrating Sample Magnetometer (VSM) (Xiamen Dexing
Magnet Tech. Co., Ltd., City-Country: Xiamen, China) at ambient temperature and pressure
by applying the external magnetic field parallel to the sample plane.

3. Results and Discussion

This paper aimed to study the impact of the Co contents on the structure, morphology,
and magnetic characteristics of the Fe–Co–Ni deposits. To obtain the samples with various
Co contents, the samples were grown onto ITO–coated glass substrates from PSs comprising
different concentrations of Co ions using the electrochemical deposition technique. The
potential–time transient curves are given in Figure 1.

Figure 1. Potential–time transient curves of the samples electroplated at different ion concentrations
of Co.
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From Figure 1, it was understood that the samples can be grown properly from PSs
containing different concentrations of Co ions owing to their stable cathode potentials. On
the other hand, the cathode potential was detected to be higher for the sample electro-
chemically deposited from the PS with 0.016 M Co ion concentration compared to those
determined for the samples deposited from PSs with 0.024 M and 0.040 M Co xml: con-
firmned with AE 1. keep email based on word 2. keep the ORCID 3. keep the format of not
English for City in affs 4. keep the hyphen in figures 5. keep the two "Figure 6 indicates the
AFM images of the samples. The samples possessed globular particles of various sizes" in
textion concentrations.

EDX analyses showed that the samples electrochemically grown from PSs with differ-
ent concentrations of Co ions have different Fe, Co, and Ni compositions. The compositional
differences are shown in Table 1.

Table 1. The EDX data, phase structure, mean crystallite size, roughness parameters, coercive field,
and squareness ratio of the samples.

Co Ion Concentration (M)

0.016 0.024 0.040

Co (wt.%) 32.9 43.2 60.9

Ni (wt.%) 62.4 52.7 35.7

Fe (wt.%) 4.7 4.1 3.4

Resultant sample Fe–Co33–Ni62 Fe–Co43–Ni53 Fe–Co61–Ni36

Phase structure fcc fcc Fcc + hcp

Mean crystallite size (nm) 21.6 20.2 15.6

RMS roughness (nm) 14.4 17.8 28.4

Average roughness (nm) 11.0 14.0 21.8

Average particle size (nm) ~150 ~14.0 ~250

Coercive field (Oe) 36 51 121

Squareness ratio (%) 9.2 17.6 23.6

The sample grown from the PS with the lowest Co ion concentration of 0.016 M con-
tained the lowest Co contents (32.9 wt.%), but the highest Ni (62.4 wt.%) and Fe (4.7 wt.%)
compositions. In contrast to that, the sample electrochemically deposited from the PS with
the highest Co ion concentration of 0.040 M included the highest Co contents (60.9 wt.%),
but the lowest Ni (35.7 wt.%) and Fe (3.4 wt.%) compositions. The Co, Ni, and Fe composi-
tions of the sample fabricated from the PS with an intermediate Co ion concentration of
0.024 M were 43.2, 52.7 and 4.1 wt.%, respectively. In summary, as the Co ion concentration
in the PS was increased, the weight proportions of Ni and Fe components decreased, while
the weight proportion of the Co component in the Fe–Co–Ni samples increased. Thus, three
different ternary Fe–Co33–Ni62, Fe–Co43–Ni53 and Fe–Co61–Ni36 samples with different Co
contents were fabricated. In recent studies [3,50], it was reported that the Co contents in
electrochemically manufactured Ni–Co–Fe coatings and Co–Fe–Ni alloying micropillars
increased but the Fe and Ni compositions decreased as the Co2+ ion concentration in the PS
increased. Similar results were also found in Fe–Co–Ni deposits electroplated in a former
study [46], which was consistent with our results. On the other hand, in this work, the
presence or absence of Anomalous Co–Deposition (ACD) was also explored. In this context,
the relative Co, Ni, and Fe ion percentages in the PSs were compared to the relative Co, Ni,
and Fe compositions in the samples.

As seen in Figure 2, the relative Co (Fe and Ni) composition in the sample increased
with increasing relative Co (Fe and Ni) ion percentage in the PS. However, in all cases, the
Co contents in the samples were determined to be higher than the Co ion percentage in the
PSs (Figure 2a). The same phenomenon found for the Co component was also detected for
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the Fe component (Figure 2b). This revealed the preferential electrochemical deposition for
the Co and Fe components. However, the relative Ni composition in the samples was found
to be lower than the relative Ni ion percentage in the PSs (Figure 2c). This indicated that the
reduction of Ni components was inhibited. Thus, it was understood that the ACD behavior
took place for all Co ions in the PS. The order of ACD was also revealed via composition
ratio value (CRV).

Figure 2. The relative Co (a), Fe (b), and Ni (c) composition in the samples against the relative Co (Fe
and Ni) ion percentage in the PSs.

The CRV for a Co component is described by the following expression [46].

CRV for Co =
relative composition of Co in the sample
relative ion concentration of Co in the PS

(1)

The relative concentration of Co ions in the PS is given by the following expression:

Relative concentration of Co ions =
[CoSO4]

[CoSO4 + NiSO4 + FeSO4]
× 100 (2)

The above procedure was also applied to calculate the CRVFe and CRVNi. From the
results of the analysis depicted in Figure 3, it was understood that the CRVFe and CRVCo
were higher than one, while the CRVNi was lower than one, revealing that the reduction
rate of Ni2+ was significantly lower than the reduction rates of Fe2+ and Co2+ during the
deposition process. This phenomenon confirmed the creation of ACD behavior, which is the
characteristic feature for the electrochemical deposition of iron–group alloys. Furthermore,
the reduction rate of Fe2+ was higher compared to the reduction rate of Co2+ as the CRVCo
was lower than CRVFe [3,6,19,24,46,51–53]. Therefore, the degree of ACD characteristics of
Co–Ni was lower than Fe–Ni. In addition, the CRVFe/CRVCo ratio was determined to be
lower than the CRVCo/CRVNi ratio, revealing that the order of ACD was Fe–Ni > Co–Ni >
Fe–Co for all Co ion concentrations in the PS, which is in good agreement with the findings
of conducted studies [3,6,24,46].
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Figure 3. The CRVFe, CRVCo and CRVNi as a function of the Co ion concentration in the PS.

The phase structure of the samples produced in this work was investigated via XRD
analysis. The resulting XRD patterns are shown in Figure 4.

Figure 4. XRD patterns of the samples.

Obviously, in all samples, the (111) diffraction peak of the face–centered cubic (fcc)
crystal structure observed at the angular position of about 2θ = 44.4◦ was the most in-
tense irrespective of the Co contents. The single phase structure (fcc) obtained for the
Fe–Co33–Ni62 and Fe–Co43–Ni53 samples shows a good agreement with the XRD patterns
of the ternary ferromagnetic materials with similar compositions produced in previous
studies [6,21,24,54,55]. In addition to that, compared to the Fe–Co33–Ni62 and Fe–Co43–Ni53
samples, the XRD pattern of the Fe–Co61–Ni36 sample also revealed the presence of the
(100) diffraction peak with low intensity related to the hexagonal close–packed (hcp) phase
structure which occurred at about 2θ = 41.7◦. At high Co contents, a transition from single
phase structure (fcc) to dual phase structure (fcc + hcp or fcc + bcc) was also reported
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in electrochemically grown binary Ni–Co films, Co–Ni–Al2O3 composite coatings, and
ternary ferromagnetic films of Fe, Co, and Ni [12,13,17,47,56]. Alongside the phase transi-
tion, an increment in the Co contents resulted in a significant decrement in the intensities
of both (111) and (200) diffraction peaks, reflecting a strong reduction in the crystallization
(Figure 4). This also caused a change in the crystallite size of the samples. The crystallite
size (D) of the produced samples was determined by Scherrer’s equation [57]:

D = [0.9λ/Bcosθ] × [180◦/π] (3)

where λ, B and θ represent the wavelength of CuKα radiation, Full–Width at Half Maximum
(FWHM) value, and Bragg diffraction angle, respectively. To estimate the B and θ values,
XRD patterns were fitted by Lorentzian curves. It was revealed that mean crystallite size
decreases from 21.6 to 15.6 nm as the Co contents in the samples increases from 33 to
61 wt.%, indicating that the crystallite size of the Co–rich samples is smaller compared to
the Co–poor samples. The decrease in the crystallite size with the Co contents was also
reported in Fe–Co–Ni films electroplated on copper substrates from ammonium–chloride–
based PSs [47]. The cause of the increase (decrease) in the size of Fe–Co–Ni is due to the
lattice constant of Fe, Co, and Ni atoms and the interaction between electrons leads to the
appearance of size effect. The 3-D surface microtexture can be characterized for a deeper
understanding of the nano-scale patterns by stereometric [58–60] and fractal/multifractal
analyses [61–64].

The surface topography was studied by means of SEM images analysis of the samples.
The SEM device we used has a resolution of 100 KX, the crystals can be observed in Figure 5.

 

 
Figure 5. SEM images of the samples Fe–Co33–Ni62 (a), Fe–Co43–Ni53 (b), and Fe–Co61–
Ni36 (c), respectively.
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Figure 5a showed that the Fe–Co33–Ni62 sample exhibits a surface topography com-
prising only cauliflower–like agglomerates.

However, as seen from Figure 5b,c, the Fe–Co43–Ni53 and Fe–Co61–Ni36 samples had
a surface topography covered with a mixture of pyramidal particles and cauliflower–like
agglomerates. The surface morphology of a material is due to the lattice constant, the
electronic interactions between different atoms caused.

In all samples, one cauliflower–like agglomerate was composed of grains. An in-
crement in the Co contents caused an enhancement in the size of the cauliflower–like
agglomerates and a decrease in their number. The average width of the cauliflower–like
agglomerates was found to be about 150 nm for the Fe–Co33–Ni62 sample. However, the
Fe–Co43–Ni53 and Fe–Co61–Ni36 samples had larger cauliflower–like agglomerates with an
average width of about 270 and 350 nm, respectively. The size of the crystal nuclei is larger
than the average size of the particles. The cause of this phenomenon is due to the difference
between the lattice constants and the interactions between the electronic structures which
leads to the formation of nuclei crystallization in the form of cauliflower.

On the other hand, the average width of the pyramidal particles was determined to
be about 190 and 220 nm for the Fe–Co43–Ni53 and Fe–Co61–Ni36 samples, respectively.
Thus, the Fe–Co61–Ni36 sample exhibited larger pyramidal particles than the Fe–Co43–Ni53
sample. Consequently, as also listed in Table 1, the Fe–Co33–Ni62, Fe–Co43–Ni53 and Fe–
Co61–Ni36 samples had particles with an average width of approximately 150, 210, and
250 nm, respectively, which was in good agreement with the findings reported in the
literature [47]. Further studies on the morphological characteristics were also carried out
using an AFM. Figure 6 indicates the AFM images of the samples. The samples possessed
globular particles of various sizes. The size of globular particles increased and their number
decreased when the Co content increased, which is consistent with the findings of the
SEM analysis. The surface morphology of the material is caused by the lattice constant,
the electronic force of interaction between the atoms of the material. On the other hand,
the influence of the Co content on the particle size can be ascribed to different cathode
potentials caused by the concentration of Co ions in the PS. Conducted studies showed that
the particle size decreased when the cathode potential was increased [24].

Figure 6. AFM images of the samples (a) Fe–Co33–Ni62, (b) Fe–Co43–Ni53, and (c) Fe–Co61–
Ni36, respectively.
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Therefore, the particle size increased with the Co content since the cathode potential
decreased with increasing Co ion concentration in the PS (Figure 1). The roughness parame-
ters were determined from the AFM images. As distinctly noticed in Table 1, the Co content
had a significant effect on the surface roughness parameters. When the Co content in the
samples increases, the electronic interaction of Co with Fe and Ni increases, so the size
of crystal nuclei increases, and the number of spheres is reduced leading to the increased
surface roughness of the material.

Figure 6 indicates the AFM images of the samples. The samples possessed globular
particles of various sizes.

The obtained results revealed that the surface roughness increased the cause is due
to when Co content increased, leading to the electronic interaction of Co atoms with Fe,
Ni increases, and the size of crystal nuclei increases and the number of spheres reduces to
increased surface roughness of the material.

In this paper, the thickness and size of the considered thin films are not investigated
especially, but the thickness of the thin film has an average size equal to the size of the
crystal nuclei such as: 150 nm with Fe–Co33–Ni62, 270 nm with Fe–Co43–Ni53, and 350 nm
with Fe–Co61–Ni36.

Figure 7 exhibits the normalized in–plane magnetic hysteresis loops measured to
determine the magnetic characteristics with respect to their Co contents. The results
obtained from the magnetic analysis are collected in Table 1. Although all samples
exhibited a ferromagnetic behavior with a magnetic hardness being between soft and
hard [3,17,21,22,24,55,65], the Co contents played a significant role in the coercive field. The
coercive field increased considerably from 36 to 121 Oe as the Co contents in the samples
increased from 33 to 61 wt.%. Increasing the content of Co leads to increased crystallization,
increasing the size of the crystal nuclei (magnetic domain) leading to an increase in the
coercive field of the material, which is shown in Figure 7. The increase in the coercive field
with the Co content may also be attributed to an increment in the surface roughness.

Figure 7. Hysteresis loops of the samples with different compositions.
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The variations observed in the average surface roughness and coercive field with
respect to the Co contents are shown in Figure 8.

Figure 8. The correlation between the coercive field and the surface roughness.

As clearly evidenced in Figure 8, there was a direct correlation between the surface
roughness and the coercive field as also reported in the electrochemically deposited ternary
ferromagnetic films of Fe, Co, and Ni [21,24,65,66]. In addiiton, the Fe–Co61–Ni36 sample
had a much higher coercive field than the Fe–Co33–Ni62 and Fe–Co43–Ni53 samples. This
abrupt increase in the coercive field with increasing Co contents from 43 to 61 wt.% may
also be ascribed to the appearance of the (100) diffraction peak of the hcp phase structure
of Co. In previous studies [13,17,47], it was shown that the Ni–Co and Fe–Co–Ni films
with single phase structure at low Co contents exhibit a much lower coercive field than
the Ni–Co and Fe–Co–Ni films with dual phase structure at high Co contents. On the
other hand, the produced samples were found to have very low squareness ratios ranging
from 9.2 to 23.6%. Such low squareness ratios correspond to the formation of an in–plane
hysteresis loop with a vertical magnetization component as also observed in electroplated
Ni–Co/ITO and Fe–Co–Ni/ITO thin film samples [21,65]. Furthermore, as clearly seen
from Table 1, a gradual increment in the magnetic squareness ratio was detected with the
Co contents, revealing a decrement in the vertical component of magnetization.

4. Conclusions

This work aimed to obtain the ternary Fe–Co–Ni samples with various Co contents
and reveal the differences in the morphological, magnetic, and structural properties with
respect to their Co contents. According to the compositional analysis, a change in the Co ion
concentration of the PS significantly affected the deposit composition. It was understood
that the Fe–Co–Ni sample with higher Co contents could be obtained when the sample was
electrochemically deposited from the PS including higher Co ion concentration. It was also
revealed that the co–deposition characteristic (anomalous) and its order (Fe–Ni > Co–Ni >
Fe–Co) were not affected by the amount of Co ions in the PS. The resultant samples
exhibited the predominant reflection from the (111) plane of the fcc crystal structure. Unlike
the Fe–Co33–Ni62 and Fe–Co43–Ni53 samples, the Fe–Co61–Ni36 sample with the highest
Co contents exhibited a weak reflection from the (100) plane of the hcp crystal structure
of Co. Compared to the Fe–Co61–Ni36 and Fe–Co43–Ni53 samples, the crystallinity was
found to be stronger for the Fe–Co33–Ni62 sample. The size of the crystallites decreased
from 21.6 to 15.6 nm as the Co contents in the sample increased from 33 to 61 wt.%.
A surface structure covered with a mixture of pyramidal particles and cauliflower–like
agglomerates was detected for the Fe–Co43–Ni53 and Fe–Co61–Ni36 samples, whereas the Fe–
Co33–Ni62 sample had a surface structure consisting of only cauliflower–like agglomerates.
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Moreover, compared to others, the Fe–Co33–Ni62 sample exhibited a more compact surface
morphology consisting of smaller cauliflower–like agglomerates with an average width of
150 nm. As the Co contents enhanced, the average and RMS surface roughness parameters
increased significantly from 11.0 to 21.8 nm and from 14.4 to 28.4 nm, respectively. The
samples produced were magnetically semi-hard. However, the Fe–Co61–Ni36 (121 Oe) thin
film sample exhibited a noticeably higher coercive field compared to the Fe–Co43–Ni53
(51 Oe) and Fe–Co33–Ni62 (36 Oe) thin film samples, which was attributed to the phase
transition from single phase structure (fcc) to dual phase structure (fcc + hcp) and an abrupt
enhancement in the surface roughness parameters. An increase in the Co contents from
33 to 61 wt.% also induced an enhancement in the magnetic squareness ratio from 9.2 to
23.6%, reflecting a decrement in the vertical component of magnetization.
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Malik Kaya for his assistance in the electrodeposition process of the samples.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results. Neither author has a financial or proprietary interest in any
material or method mentioned.

References

1. Hemeda, O.M.; Tawfik, A.; El–Sayed, A.H.; Hamad, M.A. Synthesis and characterization of semi–crystalline NiCoP film.
J. Supercond. Nov. Magn. 2015, 28, 3629–3632. [CrossRef]

2. Boubatra, M.; Azizi, A.; Schmerber, G.; Dinia, A. The influence of pH electrolyte on the electrochemical deposition and properties
of nickel thin films. Ionics 2012, 18, 425–432. [CrossRef]

3. Ledwig, P.; Kac, M.; Kopia, A.; Falkus, J.; Dubiel, B. Microstructure and properties of electrodeposited nanocrystalline Ni–Co–Fe
coatings. Materials 2021, 14, 3886. [CrossRef]
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Abstract: In order to improve the high-temperature oxidation resistance of refractory high-entropy
alloys (RHEAs), we used micro-arc oxidation (MAO) technology to prepare ceramic coatings on
AlTiCrVZr alloy, and the effects of voltage on the microstructure and high-temperature oxidation
resistance of the coatings were studied. In this paper, the MAO voltage was adjusted to 360 V, 390 V,
420 V, and 450 V. The microstructure, elements distribution, chemical composition, and surface
roughness of the coatings were studied by scanning electron microscopy (SEM), energy dispersive
(EDS), X-ray photoelectron spectroscopy (XPS), and white-light interferometry. The matrix alloy
and MAO-coated samples were oxidized at 800 ◦C for 5 h and 20 h to study their high-temperature
oxidation resistance. The results showed that as the voltage increased, the MAO coating gradually
became smooth and dense, the surface roughness decreased, and the coating thickness increased. The
substrate elements and solute ions in the electrolyte participated in the coating formation reaction, and
the coating composition was dominated by Al2O3, TiO2, Cr2O3, V2O5, ZrO2, and SiO2. Compared
with the substrate alloy, the high-temperature oxidation resistance of the MAO-coated samples
prepared at different voltages was improved after oxidation at 800 ◦C, and the coating prepared at
420 V showed the best high-temperature oxidation resistance after oxidation for 20 h. In short, MAO
coatings can prevent the diffusion of O elements into the substrate and the volatilization of V2O5,
which improves the high-temperature oxidation resistance of AlTiCrVZr RHEAs.

Keywords: refractory high-entropy alloys; micro-arc oxidation; voltage; microstructure; high-
temperature oxidation resistance

1. Introduction

With the development of aerospace technology, the requirement for the high-temperature
performance of components is increasing. At present, most of the materials used in the
high-temperature field are nickel-based superalloys, but the application temperature is only
between 116 ◦C and 1277 ◦C, which have been unable to meet the demand [1,2]. Refractory
high-entropy alloys (RHEAs) composed of three or more refractory elements (Ti, V, Cr,
Zr, Nb, Mo, Hf, Ta, and W), and other elements in approximate molar ratios, have the
potential to be applied to high-temperature structural parts at higher temperatures because
of their excellent room-temperature and high-temperature mechanical properties [3–5]. For
example, the yield strength of NbMoTaW and VNbMoTaW RHEAs at 1600 ◦C exceeds
400 MPa, far exceeding the yield strength of Inconel 718 nickel-based superalloy at 1000 ◦C
of 200 MPa. However, refractory high-entropy alloys tend to rapidly form volatile oxides
(MoO3, WO3, V2O5, etc.) and easily spalling oxides (Nb2O5 and Ta2O5) that do not have
high-temperature protection capabilities at high temperatures, resulting in high levels of
oxidation in high-temperature aerobic environments [6–9]. Poor high-temperature oxida-
tion resistance has become one of the key factors restricting the application of refractory
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high-entropy alloys in high-temperature fields, and it has become particularly urgent to
improve the high-temperature oxidation resistance of RHEAs.

Micro-arc oxidation (MAO) is a surface modification technology with simple operation,
environmental protection, and high efficiency. The ceramic coating formed has the charac-
teristics of strong adhesion to the matrix and uniform growth of the coating, along with the
ability to improve the high-temperature oxidation resistance of the matrix metal [10–12].
It was found that after the preparation of the MAO coating dominated by Al2O3 on the
surface of the Ti-45Al-8.5Nb alloy and oxidation at 900 ◦C for 100 h, the minimum weight
gain was only 0.396 g/m2, which significantly improved the high-temperature oxidation
resistance [13]. Of course, some progress has also been made in the study of MAO tech-
nology to improve the high-temperature oxidation resistance of AlTiNbMo0.5Ta0.5Zr and
AlTiCrVZr refractory high-entropy alloys [10,14]. However, the current research on the
use of MAO technology to improve the high-temperature oxidation resistance of RHEAs is
still in its initial stage. Voltage as one of the key influencing factors of MAO technology
plays a decisive role in the electric field strength in the MAO process, affects the migration
rate of anions and ions, and then affects the growth rate, density, and bonding strength
of the coating [15–18]. The thickness, density, and bonding strength of the coating are
closely related to the high-temperature oxidation resistance of the coating. At present, the
effect of MAO voltage on the high-temperature oxidation resistance of RHEAs has not been
reported.

In this paper, by adjusting the voltage, the MAO coating was prepared in situ on the
AlTiCrVZr RHEA. The effects of voltage on the micromorphology, roughness, chemical
composition, and high-temperature oxidation resistance of the surface and cross-section
of the MAO coating were studied. These research results can promote the development
of MAO technology and RHEAs, and provide a reference for the surface modification of
RHEAs applied in high-temperature environments.

2. Experimental Process

2.1. Sample Pretreatment

The purchased commercial AlTiCrVZr RHEA was processed into blocks with a size of
7 mm × 7 mm × 5 mm, and all samples were ground step by step with 240#~2000# sand
paper, and then sonicated in anhydrous ethanol for 20 min, dried in air, and set aside.

2.2. Preparation of the MAO Coating

Using the MAO-20H power supply independently developed by Xi’an Technological
University, the working voltages were 360 V, 390 V, 420 V, and 450 V, and the MAO coating
was prepared on the surface of the AlTiCrVZr high-entropy alloy. The electrolyte was
50 g/L Na2SiO3 + 25 g/L (NaPO3)6 + 5 g/L NaOH, the frequency was 600 Hz, the duty
cycle was 8%, the MAO treatment lasted 5 min, and the electrolyte temperature remained
between 30 ◦C and 35 ◦C. The samples treated by MAO were sonicated in anhydrous
ethanol and dried for further study.

2.3. Microstructure Analysis and Performance Characterization

Scanning electron microscopy (SEM, TESCAN VEGA 3-SBH, Taseken Trading Com-
pany, Shanghai, China) was used to observe the surface and cross-sectional morphology
of the coating, and the elemental content of the coating was studied with an equipped
energy-dispersive X-ray spectrometer (EDS, TESCAN VEGA 3-SBH, Taseken Trading Com-
pany, Shanghai, China). The white-light interferometer (ZeGage, ZYGO, Connecticut,
Middlefield, CT, USA) was used to obtain the surface 3D morphology of the coating, and
the surface roughness analysis was performed. An Axis Ultra DLD X-ray Photoelectron
Spectrometer (XPS) (Shimadzu Corporation, Hadano, Japan) was used to analyze the bond
composition. The experimental temperature of the high-temperature oxidation resistance
test was 800 ◦C, and the experimental time was 5 h and 20 h. The matrix and the samples
prepared using different voltages were placed in an alumina crucible and then placed in
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a high-temperature chamber furnace where the temperature had risen to 800 ◦C for the
oxidation test. After oxidation at 800 ◦C, the cross-sectional morphology of the coating was
observed by SEM, and the diffusion of the elements was analyzed by EDS.

3. Results and Discussion

3.1. Microstructure of the Coating

Figure 1 shows the surface morphologies of the MAO coatings prepared using different
voltages, and there are obvious pores on the coating, showing a typical “volcano crater”
morphology. During the growth of the coating, the presence of holes as discharge channels
is unavoidable, and the formation of holes is mainly attributed to the outward escape of
internal molten oxides and gases [10]. As the voltage increased, less particulate matter
accumulated on the coating. This is because the higher the voltage, the more intense the
reaction; the generated molten particles will be connected to each other, and it is difficult to
observe the obvious particle aggregation phenomenon. In addition, the higher the voltage,
the more energy and heat are released during the MAO process, and the more melt is
generated, which will cover the uneven area formed in the early stage, making the coating
smoother and smoother. Of course, higher voltages can also cause greater thermal stress in
the melt during the electrolyte cooling, resulting in more microcracks being observed on
the coatings [19].

 

Figure 1. Surface morphologies of the coatings prepared using different voltages: (a1,a2) 360 V,
(b1,b2) 390 V, (c1,c2) 420 V, and (d1,d2) 450 V.

The surface element content of the MAO coatings prepared using different voltages
is shown in Table 1. The coating was dominated by O and Si elements and contained a
small amount of P elements, all of which were derived from the electrolyte, and the content
was related to their concentration. The matrix elements were all involved in the coating
formation reaction, of which the content of Al, Ti, and Zr was relatively high, while the
content of V and Cr was relatively small. The difference in elemental content is most likely
related to the size of the oxygen affinity, and the greater the oxygen affinity, the more likely
the element is to oxidize, and the higher the content. The less electronegative the element,
the greater the affinity for oxygen [20,21]. The electronegative size of the five elements of
Al, Ti, Cr, V, and Zr is ordered as: Zr < Ti < Al < V < Cr, so the content of Al, Ti, and Zr
in the coating will be higher than the content of V and Cr [21]. With the increase in the
MAO voltage, the content of O, Al, Ti, and Zr elements on the coating gradually decreased,
while the content of Si and P elements increased. This may be because the probability
of the matrix elements reaching the surface of the coating through the discharge channel
decreases with the increase in the thickness of the coating; this is mainly applicable to the
solute ions participating in the coating forming reaction.

19



Coatings 2023, 13, 14

Table 1. Surface element content of coatings prepared using different voltages (at.%).

Voltages O Al Si P Ti Cr V Zr

360 V 71.9 3.0 11.9 1.1 3.1 2.3 1.3 5.4
390 V 70.4 3.0 16.0 0.2 3.0 1.1 1.4 4.9
420 V 70.6 2.9 16.3 0.4 2.7 1.0 1.4 4.7
450 V 69.8 2.6 15.6 1.2 2.8 1.9 1.5 4.5

Figure 2 presents the 3D morphologies and surface roughness of the coatings pre-
pared using different voltages, and the coating area selected for different test samples was
834.370 μm × 834.370 μm. There was no obvious trend observed regarding the influence
of voltage on the surface roughness, but it is undeniable that the coating prepared at a
low voltage was coarsest, while the surface roughness of the coating prepared at a high
voltage was smallest. The surface roughness of the coating prepared at 360 V voltage was
10.299 μm, and the surface roughness of the coating prepared at 450 V voltage was 7.343 μm,
which represents a large difference in roughness. The measurement results of the coatings
surface roughness were consistent with those observed in Figure 1. The temperature of the
micro-arc discharge area rose rapidly at higher working voltages, resulting in the formation
of more molten oxides, which plays a role in repairing and leveling the coating.

 

Figure 2. Two−dimensional morphologies of coatings prepared using different voltages: (a) 360 V,
(b) 390 V, (c) 420 V, and (d) 450 V.

Cross-sectional morphologies of the coatings prepared using different voltages are
shown in Figure 3. It can be seen that the coating and the matrix were well bonded, there
was no obvious gap, and the interface junction was uneven. There were pores of different
sizes at the cross-section of the coating, but these pores did not penetrate the entire coating.
The thickness of the coating prepared at 360 V, 390 V, and 420 V did not differ much, all of
which were around 40 μm, and the thickest coating prepared at 450 V was approximately
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50 μm. In general, the higher the voltage, the thicker the MAO coating. Of course, this is
not absolute, because the junction between the MAO coating and the matrix interface is
uneven, which may lead to an inconsistent coating thickness between the two microregions.
The higher the working voltage, the more intense the MAO reaction and the higher the
growth rate of the coating, resulting in an increase in the thickness of the coating. Although
the thicker coatings prepared at 450 V provide better protection for the matrix, larger cracks
can be clearly observed in the cross-sectional topography that could cause the coating to
peel off during high-temperature oxidation, which is extremely detrimental to improving
high-temperature oxidation resistance.

Figure 3. Cross-sectional morphologies of coatings prepared using different voltages: (a) 360 V,
(b) 390 V, (c) 420 V, and (d) 450 V.

3.2. Chemical Composition of the Coating

In order to determine the presence of elements in the MAO coating on the AlTiCrVZr
RHEA, XPS was used for analysis. The XPS full spectrum of the MAO coating prepared at
420 V is shown in Figure 4, and the eight peaks of Al2p, Si2p, Zr3d, C1s, Ti2p, V2p, O1s,
and Cr2p were detected in the coating; of these, C1s was the source of contamination. It
can be seen from the XPS full spectrum that the coating was mainly composed of O, Si, Al,
Ti, Cr, V, and Zr elements, indicating that the solute elements and matrix elements in the
electrolyte were involved in the coating-forming reaction.

The XPS high-resolution spectrum of each element on the coating prepared at 420 V
is shown in Figure 5. There was only one peak in the Al2p spectrum, corresponding to
a binding energy of 75.51 eV, indicating that the predominant form of Al present was
Al2O3 [22]. The binding energies corresponding to the two peaks of Ti2p were 459.46 eV
and 465.22 eV, indicating that Ti was present in the coating in the form of TiO2 [23]. From
the high-resolution spectrum of Cr2p, it can be seen that the binding of Cr2p had two
peaks at 577.44 eV and 587.23 eV, corresponding to the Cr–O bond, representing Cr2O3 [10].
The peaks in the V2p spectrum were 517.99 eV and 523.87 eV, corresponding to the V–O
bond, representing V2O5 [24]. The high-resolution spectrum of Zr3d showed that it had
two peaks, corresponding to binding energies of 183.32 eV and 185.73 eV, and the surface
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Zr present in the coating was ZrO2 [25]. The peak of the Si2p spectrum was 103.10 eV,
indicating that the Si present in the coating was SiO2 [26].

Figure 4. XPS full spectrum of the coating prepared at 420 V.

Figure 5. High-resolution spectrum of each element of the coating prepared at 420 V.

The matrix elements and solute ions in the electrolyte were involved in the coating-
forming reaction, and the coating composition was dominated by Al2O3, TiO2, Cr2O3,
V2O5, ZrO2, and SiO2. Many studies have shown that Al2O3, TiO2, Cr2O3, ZrO2, and
SiO2 formed in the coating can prevent oxygen from diffusing directly into the matrix,
thereby improving the high-temperature oxidation resistance of RHEAs [14,27]. We believe
that the MAO coating prepared on AlTiCrVZr RHEA has the potential to improve the
high-temperature oxidation resistance of matrix alloy.
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3.3. High-Temperature Oxidation Resistance

Figure 6 shows the cross-sectional morphologies and elemental distribution of the
MAO samples prepared using different voltages at 800 ◦C for 5 h. It can be seen that, after
oxidation at 800 ◦C for 5 h, the thickness of the matrix diffusion layer exceeded 700 μm,
which was significantly greater than the thickness of the diffusion layer of samples after
MAO. In addition, we observed the presence of significant cracks and a small number of
holes in the diffusion layer of the matrix. The generation of cracks and holes is attributed
to thermal stress and the volatilization of oxides, respectively. The MAO samples prepared
at 360 V, 420 V, and 450 V showed little difference in the thickness of the diffusion layer
after high-temperature oxidation, of approximately 500 μm. The thickness of the diffusion
layer of the MAO sample prepared at 390 V after high-temperature oxidation was only
approximately 400 μm. Combined with the microstructure of the coating, it was found that
the MAO sample prepared at 390 V exhibited good high-temperature oxidation resistance,
which is closely related to the compactness of the coating and fewer microscopic defects.

The EDS results showed that the O element was enriched in the diffusion layer, and
uncoated samples had a high content in the diffusion layer and a large amount inside
the matrix, which indicates that the MAO coating hinders the diffusion of O elements to
the inside of the matrix to a certain extent. In addition, the content of Ti, Al, Cr, and Zr
elements in the diffusion layer after high-temperature oxidation of the MAO sample was
lower than that of the matrix. The content of element V in the diffusion layer is always very
low, because the V2O5 formed after oxidation is extremely volatile at 800 ◦C, resulting in a
very low content of V elements and creating holes in the diffusion layer.

Figure 7 shows the cross-sectional morphologies and elemental distribution of the
MAO samples prepared using different voltages and the matrix after oxidation at 800 ◦C for
20 h. After oxidation at 800 ◦C for 20 h, the thickness of the matrix diffusion layer exceeded
1500 μm, which was greater than the thickness of the diffusion layer of the MAO-coated
samples. Although the MAO samples prepared at 390 V at 800 ◦C oxidation for 5 h showed
good high-temperature oxidation resistance, the protection effect of the coating was poor
when the high-temperature oxidation time increased to 20 h. The MAO sample prepared at
420 V had the smallest diffusion layer thickness, of approximately 800 μm, and the best
high-temperature oxidation resistance. The high-temperature oxidation resistance of the
coating prepared at 450 V is known to be poor as the micro-arc discharge reaction at higher
voltages is violent, and the heat released results in additional cracks in the coating; O2
very easily invades the inside of the matrix through cracks; therefore, the coating loses its
protective effect on the matrix.

From the results of cross-sectional EDS after high-temperature oxidation, it can be seen
that O elements were enriched in the diffusion layer, while the matrix elements were less
abundant in the diffusion layer; in particular, the content of V elements was extremely low.
With the increase in high-temperature oxidation time, O2 gradually invaded the interior
of the matrix and combined with V elements to form V2O5 at high temperatures. V2O5
is extremely volatile at 800 ◦C, resulting in an extremely low V content in the diffusion
layer. Combined with the cross-sectional morphology and element distribution after 5 h of
high-temperature oxidation, it can be seen that the MAO coating can hinder the diffusion
of O elements to the interior of the matrix and the volatilization of V2O5 to a certain
extent. The obstruction effect is not only related to the compactness of the coating, but
also to the thickness and internal defects of the coating. The key to improving the high-
temperature oxidation resistance of the MAO coating is to prepare a uniform and dense
coating with good bonding with the matrix and to reduce cracks in the coating as much
as possible. Increasing the thickness of the coating when the above conditions are met
can more effectively hinder the contact of O2 with the matrix metal, thereby significantly
improving the high-temperature oxidation resistance of RHEAs.
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Figure 6. Cross-sectional morphologies and elements distribution of samples prepared using different
voltages after oxidation at 800 ◦C for 5 h: (a) matrix, (b) 360 V, (c) 390 V, (d) 420 V, and (e) 450 V.
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Figure 7. Cross-sectional morphologies and elements distribution of samples prepared using different
voltages after oxidation at 800 ◦C for 20 h: (a) matrix, (b) 360 V, (c) 390 V, (d) 420 V, and (e) 450 V.

4. Conclusions

(1) Under different MAO voltages, ceramic coatings with a thickness of 40–50 μm were
prepared on the AlTiCrVZr RHEA. With the increase in voltage, the surface of the
coating was smoother and denser, but the internal defects of the ceramic coating
increased, especially the obvious microcracks in the coating prepared at 450 V.
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(2) The solute ions and matrix elements contained in the electrolyte during the MAO
process were involved in the coating-forming reaction, and the coating composition
was mainly Al2O3, TiO2, Cr2O3, V2O5, ZrO2, and SiO2.

(3) Compared with the matrix alloy, the high-temperature oxidation resistance of MAO-
coated samples prepared using different voltages was improved after 5 h and 20 h
of oxidation at 800 ◦C. Among them, the coating prepared at 420 V exhibited better
high-temperature oxidation resistance after long-term oxidation for 20 h.
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Abstract: In this research, Böhler K340 cold work tool steel was subjected to three different heat
treatment protocols, conventional heat treatment (CHT), shallow cryogenic treatment (SCT), and deep
cryogenic treatment (DCT). The study compares the effect of SCT and DCT on the microstructure
and consequently on the selected mechanical properties (micro- and macroscale hardness and impact
toughness). The study shows no significant difference in macroscale hardness after the different heat
treatments. However, the microhardness values indicate a slightly lower hardness in the case of SCT
and DCT. Microstructure analysis with light (LM) and scanning electron microscopy (SEM) indicated
a finer and more homogenous microstructure with smaller lath size and preferential orientation of the
martensitic matrix in SCT and DCT samples compared to CHT. In addition, the uniform precipitation
of more spherical and finer carbides is determined for both cryogenic treatments. Moreover, the
precipitation of small dispersed secondary carbides is observed in SCT and DCT, whereas in the CHT
counterparts, these carbide types were not detected. X-ray diffraction (XRD) and electron backscatter
diffraction (EBSD) confirms that SCT and DCT are very effective in minimizing the amount of retained
austenite down to 1.8 vol.% for SCT and even below 1 vol.% for the DCT variant.

Keywords: shallow cryogenic treatment (SCT); deep cryogenic treatment (DCT); cold work tool steel;
microstructure; mechanical properties

1. Introduction

Cold work tool steels are used for producing tools for cutting and forming processes
such as punching, blanking, cold rolling, extruding, deep drawing, bending, and pressing.
Therefore, these steels need high hardness, high abrasive and adhesive wear resistance, high
compressive strength, high toughness, and improved dimensional stability [1]. One of these
steels is also Böhler K340 cold work tool steel, which has a higher Cr (around 8 wt.%) and C
(around 1.1%) alloying content and is produced through electroslag remelting (ESR) [2–4].
The ESR technology is mainly used to reduce inhomogeneity, such as segregations and
shrink voids, and to improve the cleanness level, especially in regard to larger non-metallic
inclusions [1].

Due to its unique chemical composition and properties, Böhler K340 has been highly
demanded in the industry for high-performance applications [2,5]. However, in order to
achieve these favorable properties also, the applied heat treatment needs to be well defined
and optimized. The most commonly used heat treatment in the tool industry is conventional
heat treatment (CHT), which consists of slow heating to the hardening temperature, holding
at that temperature for a certain amount of time to obtain homogenous austenite grains
and tailor their size to adapt the final steel properties. This part of the process can be
considerably segmented into different steps, i.e., preheating, during which the heated steel
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is held at intermediate temperatures to thermally equalize the surface and the core. After
the hardening process, the material is quenched (rapidly cooled) at high cooling rates to
temperatures below 100 ◦C and finally double or triple tempered at a lower temperature
than the hardening temperature [1]. As a result, the microstructure of such steels normally
consists of tempered martensite, retained austenite (RA), and precipitated carbides (MxC
and MxCy) [5].

Another option is also to expose the material to cryogenic temperatures performed
within the heat treatment path. During cryogenic treatment/technology (CT), steel is ex-
posed to subzero temperatures in order to come close to the martensite finish temperature
(Mf ). This enables us to obtain the highest possible martensite fraction in the steel in
order to gain the preferable higher hardness and strength properties [6–8]. However, this
may cause micro-cracking and cracking of the steel if it is not followed by a tempering
step [9,10]. Nevertheless, cold work tool steels are generally triple tempered at higher
tempering temperatures without CT [2,11–14], which normally results in a low RA content
and sufficient dimensional stability [15]. Part of CT is also shallow cryogenic treatment
(SCT) (temperature to −160 ◦C) and deep cryogenic treatment (DCT) (temperatures below
−160 ◦C) [16]. Both treatments are an effective method to reduce the amount of RA [14,17]
in order to improve materials properties and, with it, increase the tool service life [18].
As such, CT can improve the mechanical properties (hardness, impact toughness) [8,17],
resulting from the highest martensite fraction as well as due to the increased precipita-
tion and formation of very small carbides between or within the tempered martensitic
grains [12,19,20]. The newly formed carbides reduce the internal stress of the martensite
and also act as buffers for the microcrack propagations [21]. SCT and DCT can both induce
precipitation of finer and more spherical carbides [22], resulting in a more homogenous
microstructure [22,23]. However, SCT and DCT have, in the end, different levels of effect on
the microstructure due to the different cooling temperatures and, with it, different effects
on the final properties [7].

The aim of this research study was to compare the effect of shallow (SCT) and deep
cryogenic treatments (DCT) to conventional heat treatment (CHT) in terms of changes
induced in microstructure and selected mechanical properties (hardness, microhardness,
and impact toughness) of cold work tool steel K340. The study also aims to provide new
insight into basic research of rival cryogenic treatments.

2. Materials and Methods

2.1. Material and Heat Treatment

The selected experimental material was Böhler K340 Isodur cold work tool steel pro-
duced by electroslag remelting (ESR) technology. The samples were cut from a rectangular
raw bar with charmless wire electrical discharge machining (WEDM) using Fi 240 S2P
machine from GF Machines and Technologies, Biel, Switzerland. Material was cut into
small pieces of 55 × 10 × 10 mm that were afterward fine-ground and polished. The
chemical composition of steel was analyzed with a Hitachi PMP2 type instrument (Hitachi,
Uedem, Germany). The given chemical composition in wt.% is: 1.12% C, 0.92% Si, 0.39%
Mn, 8.25% Cr, 2.19% Mo, 0.27% Ni, 0.15% Nb, 0.40% V, 0.14% W, and Fe as base.

Specimens were processed using three different heat treatments: the first was conven-
tional heat treatment (CHT), the second was heat treatment involving subzero cooling after
quenching to −150 ◦C (123 K), referred to as shallow cryogenic temperature or treatment
(SCT), and the third heat treatment involving deep cryogenic treatment (DCT), where the
samples were cooled down to −196 ◦C (77 K).

The selected heat treatment for each group is provided in Figure 1. All samples
were first austenitized and quenched in a single step, either in a horizontal vacuum
furnace IPSEN VTTC-324R, Ipsen, Kleve, Germany (DCT) or in a vacuum furnace IVA
Schemetz IU72, Menden, Germany (CHT and SCT), with uniform high-pressure gas
quenching using N2 at the pressure of 8 bars (average quenching rate was approximately
7–8 ◦C s−1). After quenching, the CHT group went directly for triple tempering at an aver-
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age temperature of 555 ◦C for 2 h, whereas SCT and DCT groups went first for cryogenic
treatment (CT) and then followed by triple or single tempering under the same conditions
(555 ◦C/2 h), Figure 1. The second group was subjected to SCT, performed immediately
after quenching by cooling the specimens in the IVA Schmetz IU72 vacuum furnace, using
the cool plus cryogenic process in liquid nitrogen at −150 ◦C for 50 min, and finalized by
triple tempering. The third group, DCT, was gradually immersed in liquid nitrogen for
24 h (1 day) at −196 ◦C after quenching, followed by only a single tempering cycle, which
is reported to be adequate enough to provide the nearly complete RA transformation into
martensite, when combined with DCT [24].

 

Figure 1. Scheme of all three heat treatments (CHT = conventional heat treatment, SCT = shallow
cryogenic treatment and DCT = deep cryogenic treatment) with selected heat treatment temperature
(Ta = austenitization temperature and time and Tt = tempering temperature and time).

2.2. Methods
2.2.1. Mechanical Testing

The effectiveness of the heat treatments was checked by evaluating three mechanical
properties: hardness, microhardness, and impact toughness. Hardness was measured
by Rockwell C hardness measurement with Instron B2000, Instron; Norwood, MA, USA,
according to SIST EN ISO 6508-1:2016 standard. Microhardness was measured with Instron
Tukon 2100B, Instron, Norwood, MA, USA, according to standard SIST EN ISO 6507-1:2016.
For both hardness measurements, 10 samples were measured. For impact testing, a Charpy
impact test machine of type RM 201 by VEB WPM, Leipzig, Germany, was used and
performed on 10 samples.

2.2.2. Microstructure and Phase Analysis

Basic microstructural analysis was performed on polished and etched (etched by Nital
for a few seconds, depending on each sample [25]) samples by ZEISS Axio Imager, Carl
Zeiss, Oberkochen, Germany. Detailed microstructure characterization was performed
with SEM, SM-6500 F, Jeol, Tokyo, Japan, where secondary electrons (SE), backscattered
electrons (BSE), energy dispersive X-ray spectroscopy (EDX) with 15 keV electron beam
Oxford EDX INCA Energy 450, detector type INCA X-SIGHT LN2, Oxford Instruments,
UK and electron backscatter diffraction (EBSD) with 15 keV electron beam and current of
around 5 nA were used. For EBSD data analysis, OIM Analysis software, EDAX, Ametek
Inc., Warrendale, PA, USA was employed. Phase and phase fraction determination of
samples via X-ray diffraction (XRD) was carried out on PANalytical 3040/60, Almelo,
The Netherlands. The phase identification analysis and interpretation were performed
using COD database references, and their fractions were evaluated using a combination of
Rietveld refinement and Toraya method [26]. The standard evaluation error for each phase
was determined to be 1–2 vol.%.
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3. Results

3.1. Microstructure and Phase Analysis

Microstructural analysis was first conducted with light (optical) microscopy in order
to obtain an overview of the final microstructure of all three heat treatments, CHT, SCT,
and DCT (Figure 2a–c).

Figure 2. The microstructure of all three heat treatment groups CHT-conventional heat treatment
(a,d,g), SCT-shallow cryogenic treatment (b,e,h) and DCT-deep cryogenic treatment (c,f,i) observed
with light microscopy (LM), scanning electron microscopy (SEM) under secondary electrons (SE) and
backscatter electrons (BSE) and with electron backscatter diffraction (EBSD) represented through
inverse pole figures (IPF-+IQ). The phases, which are presented are martensite (BCC), retained
austenite (RA) and different carbides (MC, M7C3, M23C6 and M3C2).

In-detail analysis of the microstructure, such as type, size, number, volume frac-
tion, and distribution of phases conducted by SEM, EDS, and EBSD, is presented in
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Figures 2, 3 and 4a and by XRD in Figure 4b. For all three groups, the matrix consists of
lath martensite with some amount of RA (see Table 1). On average, the martensitic laths
were finer with each cryogenic treatment by 21% and 33% with SCT and DCT, respectively
(Figures 2a–f and 3). Accordingly, the size of martensitic laths is roughly 22% smaller with
DCT compared to SCT. The martensitic laths of both SCT and DCT samples also display an
overall preferential orientation along [101] and [001] directions compared to the laths of
the CHT sample. Furthermore, in DCT samples, the martensitic laths displayed even more
distinctively set orientation towards the [101] and [001] directions compared to the laths of
the SCT sample (Figure 2g–i).

 

Figure 3. Enlarged SEM micrographs of the etched martensitic matrix presenting the martensitic lath
refinement with shallow cryogenic treatment (SCT) and deep cryogenic treatment (DCT) compared
to conventional heat treatment (CHT).

Figure 4. (a) the graph represents the average number of carbides per area (2000 μm2), where at least
5 locations were measured per sample. (b) X-ray diffraction (XRD) of CHT (black line), SCT (red line)
and DCT (blue line) samples.

In regards to the precipitated carbides, the majority of them are formed in-between
martensitic laths. The analysis of the number of precipitated carbides revealed that both SCT
and DCT increased the precipitation of carbides by 34% and 97%, respectively (Figure 4a),
equating to a 46% increase in precipitation with DCT compared to SCT. Furthermore, the
SCT and DCT have been shown to influence the shape and average size of the carbides, at
which more spherical-shaped carbides are present, with a reduced chance of agglomerations
for the cryogenic variants compared to the CHT samples. Carbides distribution and size
analysis, determined with EBSD, also reveals that SCT and DCT promote precipitation of
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finer carbides (≤0.5 μm) and induce a more homogenous microstructure compared to CHT
counterparts, especially DCT (Figure 2d–f).

Table 1. Mean volumetric fractions of phases present in the samples; CHT—conventionally heat-
treated; SCT—shallow cryogenically heat-treated; DCT—deep cryogenically heat-treated.

Phase (vol.%) Heat Treatment

CHT SCT (−150 ◦C) DCT (−196 ◦C)
Martensite 53.0 55.0 50.5

RA 6.2 1.8 0.9
MC (V, Nb) 5.2 4.8 4.9

M7C3 (Cr, Fe) 16.7 24.6 28.3
M23C6 (Cr, Fe) 5.8 6.1 8.1
M3C2 (Cr, Fe) 13.1 7.7 7.3

XRD data (Figure 4b, Table 1) confirm that the matrix of all three samples consists
mainly of martensite, with the highest vol.% for SCT (55.0). In all three groups, RA
is still present. However, the presence of RA is strongly decreased by both cryogenic
treatments, from 6.2 vol.% in CHT to 1.8 vol.% by SCT (reduction by 71%) and even below
1 vol.% by DCT (reduction higher than 85%), being below the detection limit. In all three
heat treatment groups, the presence of M2C, M7C3, M3C2and M23C6 carbides is determined.

The crystal structure and chemical composition of carbides are determined with a
combination of XRD and EBSD (Figures 2g–i and 4b and Table 1) and EDS (Figure 2d–f, blue
marking where the analysis was performed) and EDS mapping (Figure 5). Carbides MC
are shown to be enriched by V and Nb, M7C6, M23C6, and M3C2 with Cr and Fe. Further
analysis showed the difference in carbide precipitation between SCT and DCT compared
to CHT. The greatest difference is observed in relation to M7C3 precipitation, where SCT
precipitation is increased by roughly 50% and with DCT by around 70%, compared to
the CHT group. The M23C6 carbide group is predominant in the DCT group (8.1 vol.%),
whereas in SCT (6.1 vol.%) and in CHT (5.8 vol.%), the values are similar. DCT also yields
an increase in M23C6 precipitation compared to the other two groups by approximately
35%. The general tendency of M3C2 reflects a decrease in their formation for both CTs,
equating to a 40% decrease.

3.2. Mechanical Properties
3.2.1. Hardness and Microhardness

The results of hardness measurements (Figure 6a) show a slight decrease of less than
5% in hardness from CHT to SCT/DCT and from 60 HRC to 59 HRC. For both cryogenic
treatments, the values of hardness are the same. However, for the microhardness (Figure 6b),
values drop from 810 HV 0.1 for CHT to about 760 HV 0.1 for SCT and DCT (around 7%
decrease compared to CHT).

3.2.2. Impact Toughness

Impact toughness results presented in energy required to break CVN samples of tested
cold work tool steel Böhler K340 Isodur (Figure 6c) show significant improvement for
both cryogenic treatments. Impact toughness increased from 4 J for CHT to 8.5 J for SCT
(increase by roughly 113%) and 8 J for DCT (increase by 100%), accordingly. Considering
measurement uncertainty and scatter, both cryogenic treatments show similar results. These
results are also complementary to the results of decreased hardness after both cryogenic
treatments, SCT and DCT, accordingly.
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Figure 5. EDS-mapping of all three samples: CHT (a–e), SCT (f–j) and DCT (k–o) for Fe, Cr, C, Nb
and V.

 

Figure 6. Tested mechanical properties: (a) hardness in HRC, (b) microhardness in HV 0.1 and
(c) impact toughness in J.

4. Discussion

4.1. Influence of Different Cryogenic Treatments on Microstructure

Microstructural changes were strongly linked to the selected heat treatment. Both
samples, SCT and DCT, after tempering, show a reduced amount of RA compared to the
CHT sample, which confirms that CT reduces the amount of RA [27,28]. Furthermore, with
DCT, additional conversion of RA into martensite by roughly 50% compared to SCT is
achieved due to the lower treatment temperature (−196 ◦C). Additionally, the CTs also
modified the martensitic matrix, which was more refined and preferably oriented along
[101] and [001], which was also observed by Jovičević-Klug et al. 2021 [29] for a different
type of cold work tool steel and other steels. The reasoning for such a change is related to
the preferential formation of martensite laths from austenite during direct non-diffusional
conversion under cryogenic temperature (case of SCT and DCT) rather than through the
decomposition of RA with tempering (case of CHT). As a result, the martensitic laths for the
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SCT case do show a slightly lower orientational preference compared to the DCT sample
due to the small amount of RA not transformed during SCT that still partially decomposes
during the subsequent tempering stage.

The observation of carbide precipitation showed that both SCT and DCT induce
precipitation of carbides. In this study, the precipitation of the M23C6 carbide group is the
highest for the DCT group. However, for SCT, no significant difference compared to CHT
was determined. The reason for induced overall carbide precipitation in the DCT group
is due to the very low temperature, which causes carbon redistribution that influences
the carbide formation during the later tempering stage [30]. For the DCT group also, the
highest amount of M7C3 carbide group precipitation was observed, which could be linked
to the suppression of the precipitation of the stable M3C2 during tempering, which was
also confirmed by Jurči et al. 2021 for another cold work tool steel [31]. Furthermore, this
dynamic can also be linked to the C and Cr content and their distribution in the matrix, as
observed by Jovičević-Klug et al. 2021 [23]. The additional observation of the precipitated
carbide groups also shows that both SCT and DCT groups have equally lower M3C2
carbides compared to CHT. The possible explanation is that already cryogenic temperature
below −150 ◦C (both SCT and DCT) induces the precipitation of transition carbides [31]
that effectively modify the carbide evolution pathway during tempering.

4.2. Hardness and Microhardness

In selected cold work tool steel Böhler K340 Isodur a decrease in hardness and micro-
hardness after application of cryogenic treatment (SCT and DCT) was observed.

The decrease in (micro)hardness after the application of cryogenic treatment can be
correlated to the decrease in carbon content in the martensitic matrix after SCT/DCT, which
then leads to reduced solid solution strengthening. A similar effect was observed by Li et al.
2018 [32] and Jovičević-Klug et al. 2021 for other steels [21]. In addition, both SCT and DCT
alter the carbide precipitation, as the RA decomposition does not occur during tempering
in contrast to the CHT group. Subsequently, this causes an increase in the number and
density of homogeneously distributed carbides (see Section 3.1. Microstructure and phase
analysis), but with finer sizes. For this reason, the matrix has a dominant effect during the
indentation measurement. The overall drop in the hardness of the CTs compared to CHT
can also be related to the change in the carbide precipitation that increases the occurrence
of M7C3 compared to M3C2. As the M3C2 are generally harder compared to the M7C3, the
hardness and microhardness should also generally drop for both CTs.

4.3. Impact Toughness

The changes in impact toughness of different heat treatments are strongly linked to the
matrix and its cohesion. The increase in impact toughness for both cryogenic treatments
(SCT and DCT) is correlated to the finer martensitic laths compared to the CHT group. The
increase in impact toughness can also be correlated to a more homogeneous distribution
of the carbides and the cohesion between carbides and matrix. In both SCT and DCT,
the additional increased M7C3 carbide precipitation was present compared to CHT. As
a result, these carbides form a more spherically-shaped form that reduces the tearing of
the matrix due to reduced local stress concentration that normally forms due to oblique-
shaped edges of other nano-sized carbides, such as M3C2. Moreover, the slight change in
the impact energy for SCT can be explained by the higher presence of RA compared to
DCT. In spite of the higher RA in CHT, the presence of M3C2 carbides effectively reduce
the impact energy due to their higher brittleness and lower cohesion with the matrix.
Furthermore, the increase in impact energy after SCT and DCT can be correlated to the
decrease in carbon presence in the martensitic solid solution during cryogenic treatment,
which increases the toughness of the martensitic matrix. A similar observation was also
observed in high-alloyed steels by Li et al. 2016 [33,34].
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4.4. Comparison of SCT vs. DCT

When comparing SCT and DCT cryogenic treatments, some distinctive differences can
be observed favoring one or another type. The more effective treatment for minimizing
the amount of RA within the matrix is DCT, where the RA vol.% is below 1%. In DCT also,
finer martensitic laths and increased M23C6 precipitation are present compared to the SCT,
which may favor an increase in (micro)hardness for specific heat treatment parameters
(austenitizing, tempering). In both treatments, the increase in carbide precipitation is
observed with a more homogenous distribution.

However, there are some important changes in the precipitated types of carbides.
In both SCT and DCT, the transient carbide type M3C2 is reduced, which additionally
influences the overall toughness of the steel. All these differences add up to the change in
mechanical properties. As a result, the usage of the different CTs depends on the targeted
properties. For an increase in hardness of the material, DCT might be preferable, whereas,
for an increase in toughness, SCT would be preferable for cold work tool steel Böhler
K340 Isodur.

5. Conclusions

The study investigated the influence of different cryogenic treatments, shallow (SCT)
and deep cryogenic treatment (DCT), on cold work tool steel Böhler K340 Isodur in correla-
tion to changes in microstructure and mechanical properties, namely hardness and impact
toughness. The following conclusions have been established:

I. SCT and DCT are effective methods in lowering RA presence within the matrix
by 71% and 82%, accordingly. SCT and DCT groups have finer martensitic laths,
which are oriented along [101] and [001]. The martensitic laths are finer by 21%
and 33% with SCT and DCT, respectively.

II. SCT and DCT influence the carbide precipitation of M23C6 (5% by SCT and 35% by
DCT) and M7C3 (50% by SCT and 70% by DCT) carbide groups and also reduce
the formation of transient carbide group (M3C2), which is directly linked to the
cryogenic temperatures.

III. Hardness and microhardness were not significantly influenced (increase by roughly
5% for both groups) by SCT and DCT and are thus considered to not be a consistent
indicator for comparing cryogenic treatments in relation to the microstructural changes.

IV. Impact toughness was increased by both cryogenic treatments by more than 100%
(by SCT 113% and by DCT 100%).

V. For an increase in hardness of the cold work tool steel Böhler K340 Isodur, DCT is
recommended, whereas, for an increase in toughness, SCT is preferable.

Author Contributions: Conceptualization, P.J.-K., L.T. and B.P.; methodology, P.J.-K., L.T. and
B.P.; validation, P.J.-K., L.T. and B.P.; investigation, P.J.-K., L.T. and B.P.; resources, L.T. and B.P.;
writing—original draft preparation, P.J.-K., L.T. and B.P.; visualization, P.J.-K.; writing-and editing P.J.-
K., L.T. and B.P., supervision, P.J.-K., L.T. and B.P. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by Slovenian Research Agency (ARRS), grant number P2-0050.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Authors would like to thank vacuum-heat treatment, mechanical and metal-
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Abstract: The role of nitrogen, introduced by deep cryogenic treatment (DCT), has been investigated
and unraveled in relation to induced surface chemistry changes and improved corrosion resistance of
high-alloyed ferrous alloy AISI M35. The assumptions and observations of the role of nitrogen were
investigated and confirmed by using a multitude of complementary investigation techniques with a
strong emphasis on ToF-SIMS. DCT samples display modified thickness, composition and layering
structure of the corrosion products and passive film compared to a conventionally heat-treated
sample under the same environmental conditions. The changes in the passive film composition of a
DCT sample is correlated to the presence of the so-called ghost layer, which has higher concentration
of nitrogen. This layer acts as a precursor for the formation of green rust on which magnetite
is formed. This specific layer combination acts as an effective protective barrier against material
degradation. The dynamics of oxide layer build-up is also changed by DCT, which is elucidated by the
detection of different metallic ions and their modified distribution over surface thickness compared
to its CHT counterpart. Newly observed passive film induced by DCT successfully overcomes the
testing conditions in more extreme environments such as high temperature and vibrations, which
additionally confirms the improved corrosion resistance of DCT treated high-alloyed ferrous alloys.

Keywords: deep cryogenic treatment; nitrogen; passive film; ToF-SIMS; surface chemistry; corro-
sion resistance

1. Introduction

One of the challenges in numerous industries is corrosion of the material (degradation
of material), especially in industries involved with the application of metallic materials or
their production (such as steel and tool industry [1], oil and gas industry [2], medicine [3],
electronic industry [4], automotive industry [5], aerospace industry [6] and nuclear indus-
try [7]). Corrosion resistance of metallic surfaces can be enhanced by various methods.
Heat treatment, as one such method, is used to tailor the microstructure of metallic material
and with it the surface characteristics and behavior, which in turn influences the corrosion
resistance of the treated metals [8]. One of the potentially developing heat treatment meth-
ods is deep cryogenic treatment (DCT), in which on one hand the impact on the climate is
minimal and the costs of production are low [9], and on the other hand, the modification
of metallic material is induced from the surface down to the bulk core [10]. During DCT
the material is exposed to cryogenic temperatures (under −160 ◦C and usually in liquid
nitrogen (N2)) in order to improve mechanical properties such as hardness [11] and fracture
toughness [12]. However, DCT can also improve the oxidation behavior of a metallic
surface and improve corrosion resistance [1,13]. The effect of DCT on corrosion resistance
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of ferrous alloys has been associated with the altercation of their microstructure [1,13,14],
oxidation behavior of the surface layer [15] and modification of the development dynamics
of corrosion products [13]. However, the corrosion resistance of ferrous alloys and its
modification through heat treatment is also influenced by three main factors: the chem-
ical composition of ferrous alloys [16], the corrosion environment [17] and biophysical
factors [17]. The corrosion resistance and its modification with previously mentioned
factors is often discussed in connection to the development of a passivation layer and its
degradation and reformation with temporal corrosion progress. The corrosion dynamics
of passive film composition and breakdown of passive film of ferrous alloys have been
widely studied solely in connection to stainless steels. Furthermore, the research on the
role of alloying elements in steel materials has been mainly focused on Cr and its common
corrosion products, such as Cr(III) oxide and hydroxide, which are believed to play the
main role in passive film [18]. The research on the effect of other alloying elements on
corrosion resistance is seldom researched and is thus highly dubious.

The beneficial effect of N on passive film and corrosion resistance, has been studied in
connection with stainless steels, for which N has been shown to play an important role in
decreasing weight loss of material and increasing the pitting potential [18]. Additionally,
N is believed to accelerate repassivation of stainless steels, especially in the presence of
dissolved chloride [13,18]. N presence in passive film in stainless steels was determined to
be in elemental form incorporated within the metallic matrix (solid solution) or chemically
bound in various compounds (nitrides, nitrates, nitrites). N can participate and influence
corrosion processes during exposure of material to corrosive environments when N is
part of the metallic surface (in the matrix as alloying element [19] or later added during
the process of nitriding [20]) or as part of a passive film in the form of dissolved species
(such as NHX). The interfacial N was proven to be negatively charged, which can influence
the passivation film dynamics [18]. There are some studies performed in correlation to N
presence in metallic matrix, which indicate that N improves corrosion resistance. However,
there is a lack of studies correlating the presence of N with dynamics of the passive film [18].
There are three possible mechanisms responsible for the influence of N on the corrosion
properties, which are merely based on observation of stainless steels:

(1) Anodic segregation of N during dissolution, which can act as a barrier in active
dissolution and consequently changes the passivation process, which then influences
the corrosion resistance [21].

(2) The increase of pH in pits is a consequence of the formation of ammonium ions, which
buffer the solution of passive film regions [22].

(3) Negatively charged N ions and uncharged N enrichment beneath the passive film
reduce the electric potential difference, which effectively acts as a protective layer
of the passivation layer [21,22]. The interphase region directly between the metallic
surface and passive film (active dissolution and active passivation) has not been
researched in detail.

The literature review showed that there is a lack of studies on the DCT effect in
correlation to the role of N on corrosion behavior and surface modification as well as
passive film build-up in high-alloyed ferrous alloys. Previous studies mostly concentrated
on improving the corrosion resistance of predominantly low-alloyed ferrous alloys [23–25],
with a handful of research studies performed on high-alloyed steels such as stainless steels
and maraging steels [26–29]. However, in addition to these two classes there is an extensive
group of other high-alloyed ferrous alloys, such as high-strength steels, heat-resistant
ferrous alloys, low-density ferrous alloys, etc., which are used in corrosive environments
and require sufficient corrosion resistance for their application. This indicates that there
is a considerable research gap in this field with great potential to understand and explain
the effect of DCT on the corrosion behavior of high-alloyed ferrous alloys. Furthermore,
this study is a follow-up study of previous surface and corrosion investigations of high-
alloyed ferrous alloys from our group. Jovičević-Klug et al. 2021 [13,15] focused on the
effect of DCT in relation to alloying elements (Co, Cr, Fe, V, W), surface modification
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and the N dynamic in DCT-treated tool steels. It was determined that these different
factors result in improved corrosion properties with DCT, which was also observed by our
previous study, Voglar et al. 2021 [1]. The changes to high-alloyed ferrous alloy AISI M35
were observed after DCT in correlation with surface chemistry and surface modification,
which indicated that DCT samples display a different evolution of corrosion products
compared to conventionally heat-treated ones. It was discovered that green rust (GR) plays
an important role in increased corrosion resistance of DCT samples through preferential
build-up of magnetite over the pre-existing GR layer. The main open question is the
exact understanding of how GR is incorporated into the corrosion development and how
the nitrogen is influencing such development. For these reasons, this study continues
to further elucidate the corrosion and oxidative behavior of the surface of AISI M35 in
more detail with correlative investigation with optical microscopy (OM), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), time-of-flight secondary
ion mass spectroscopy (ToF-SIMS) and X-ray diffraction (XRD) methods. Furthermore, this
paper also aims to demonstrate the advantages of DCT in regards to corrosion behavior of
high-alloyed ferrous alloys by revealing surface-sensitive details related to N dynamics
and GR.

2. Materials and Methods

2.1. Materials and Experimental Details

The selected high-alloyed ferrous alloy was high-speed steel AISI M35, provided
by SIJ Metal, Ravne (Slovenia). This alloy was selected based on our previous research
and due to its lower corrosion resistance, making it easier to follow, and explain in detail,
dynamic surface chemistry and corrosion behavior in relation to DCT-induced changes,
when the alloy is exposed to chloride-ions-enriched medium. The chemical composition of
the investigated material is in wt.%, 0.90 C, 0.34 Mn, 0.004 S, 4.10 Cr, 5.20 Mo, 6.22 W, 2.01 V,
4.52 Co and 76.70 Fe. For the experiments cube samples (10 mm × 10 mm × 10 mm) were
used. Samples were prepared with two different heat treatments: the first was conventional
heat treatment (CHT), performed according to the steel producer recommendations with
quenching in nitrogen gas at 5 bar, and the second was DCT, performed by controlled
gradual immersion of material into liquid nitrogen (austenitization temperature 1160/2
min and tempering temperature 620/2 h (3× cycles for CHT and 1× cycle for DCT after
DCT)). The soaking time of DCT was 24 h, the soaking temperature was −196 ◦C and the
warming/cooling rate was approximately 10 ◦C·min−1, with DCT placed after quenching
and before a single step of tempering. The samples were mechanically grounded with
silicon carbide (SiC) emery paper down to 1000 grit and then polished with diamond
paste down to 1 μm, and as the last step they were ultrasonically rinsed in alcohol. The
polished samples (Ra = 0.05 μm) were then immersed in chloride-ions-enriched medium
seawater (pH 8.22 ± 0.08, salinity 37.31‰ ± 1.50‰; all other water-soluble ions are in
μmol·L−1: NO2

− 0.09 ± 0.12, NO3
− 0.38 ± 0.27, PO4

3− 0.05 ± 0.01, NH4
+ 0.45 ± 0.36,

SO4
2− 1.48 ± 1.70, Na+ 1.96 ± 1.19, Mg2+ 0.42 ± 0.27, Ca2+ 1.49 ± 0.96, Cl− 1.15 ± 0.68, K+

0.30 ± 0.35) for 1 day in and 7 days.
In order to enhance the role of nitrogen and alloying elements (Co, Cr, Fe, V, W) as

potential corrosion inhibitors in DCT-treated high-alloyed ferrous alloy, two additional 1 h
tests with different corrosion environments were performed, one with elevated temperature,
where the chloride-ions-enriched medium was heated up to 100 ◦C (CHT+T/DCT+T) and
another with elevated temperature and vibration, with chloride-ions enriched heated up to
100 ◦C and specimens subjected to vibrations of 25 Hz (CHT+T+V/DCT+T+V). Elevated
temperatures of corrosion environment lead to higher corrosion rates of ferrous alloys
because of the increase in electrochemical reactions at higher temperatures, being also
strongly affected by chemical compositions and microstructure of the alloy [30]. Vibrations
on the other hand can have diverse effect on corrosion resistance of ferrous alloys, either
improving or deteriorating it due to the acoustic cavitation and delamination of corrosion
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products [31]. Afterwards, for the study of pitting corrosion, the corrosion products were
removed from the sample surfaces according to C.3.1. G1-90 ASTM standard [32].

2.2. Microstructure and Oxide Characterization

The surface of samples was firstly investigated with light optical microscope (LM),
Zeiss Axio Vario, Carl Zeiss, Oberkochen, Germany and then with a scanning electron
microscope (SEM), JEOL JSM-6500F, Jeol, Tokyo, Japan and locally chemically analyzed
using energy-dispersive spectroscopy (EDX), Oxford EDS INCA Energy 450, Oxford Instru-
ments, Abingdon, UK. The detailed microstructure and corrosion products analyses for
high-alloyed ferrous alloy AISI M35 is based on our previous studies by Jovičević-Klug et al.
2020 [33] and Jovičević-Klug et al. 2021 [13]. The phase/oxide characterization and iden-
tification were performed by XRD, PANalytical 3040/60, Almelo, The Netherlands. The
XRD data were measured from 15◦ to 90◦ of the 2θ angle. The phase identification was
performed using COD database references on a selected location.

2.3. Surface Characterization

Electrochemical results are based on results of the study of Voglar et al. 2021 [1],
whereas the main values are provided in Supplementary Material 1. After corrosion
products removal, the topography analysis of samples and evaluation of pitting depth
was performed by focus variation microscopy with Alicona InfiniteFocus, Bruker, Graz,
Austria. The local chemistry of the surface and in-depth chemical profiles were performed
by time-of-flight secondary ion mass spectroscopy (ToF-SIMS), IONTOF GmbH, Münster,
Germany. The primary beam was Bi3+ with energy of 30 keV. The analytical velocity of the
depth profile was 0.2 nm/s and the detection limit of the oxide/metal interface species was
around 1 ppm. The areas of 250 × 250 μm2 (512 × 512 px) and 50 × 50 μm2 (256 × 256 px)
were measured with positive and negative surface spectra (secondary ions in the range m/z
of 0-875), with 180 nm lateral resolution. The angle of ions was 45◦ and etching in-profile
was performed by Cs (2 keV). The correction of results was performed according to Poisson
statistics [34]. The statistics were performed in SPSS (PASWStatistics18). The influence of
topography is also considered in the interpretation of the individual 2D ToF-SIMS images
through the total-ion signal images. The total-ion signal images for all the investigated
sample surface are provided for reference in Supplementary Material 2.

3. Results and Discussion

3.1. Corrosion Products

To confirm the testing conditions also control groups with synthetic chloride-ions-
enriched medium-synthetic saltwater (3.5% NaCl) were performed, which provided similar
results of evolution and presence of corrosion products, for both CHT and DCT sample
groups. However, the major difference compared to natural seawater was that less intense
signals of corrosion products were observed for the synthetic one. In order to enhance
the corrosion and to emphasize the differences between the two treatment groups (CHT
and DCT) natural seawater was selected. The first set of specimens (control group) was
exposed to chloride-ions-enriched medium at room temperature (CHT/DCT), aimed at
verifying the observations from our previous studies. The XRD data showed that generally
the corrosion products after 1 and 7 days exposure (Figure 1a) are similar for both heat
treatments (CHT and DCT). The main identified phases on the surface of all tested samples
are mainly calcium carbonate (CaCO3), halite (NaCl), iron as matrix (Fe), carbides, goethite
(α-FeO(OH); Figure 1b), lepidocrocite (γ-FeO(OH); Figure 1c), magnetite (Fe3O4; Figure 1d)
and green rust (GR I and GR II; Figure 1e). In our previous study [13], the presence of
other oxides was also confirmed, but they are not relevant to this study due to their lower
volumetric presence within the surface. The observation of GR I+II also confirmed our
previous findings that GR I+II is predominantly present on DCT samples, on which, later in
time, magnetite (Fe3O4) is formed. It is suggested that GR is formed due to the presence of
newly formed anions (NO3

−, SO4
2− and Cl+) that compensate the pre-existing ammonium
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cations (NH4
+). The main sources of nitrogen for GR for both heat treatment groups are

suggested to be ions presence in chloride-ions-enriched medium and the metallic surface
of AISI M35. In order to observe dynamics of nitrogen and other alloying elements (Co, Cr,
Fe, V, W) in correlation with GR I+II and magnetite, which could act as the base underlying
corrosion products (denoted as passive film), the samples with 1 day exposure in chloride-
ions-enriched medium were selected for further study. Samples exposed for 7 days develop
extended presence of other corrosion products that obscure the underlying initial corrosion
layers relevant for this research.

Figure 1. (a) The XRD data of corrosion products for 1 day and 7 days exposure in chloride-ions-
enriched medium. (b–e) Observed corrosion products.

3.2. Characterization of Layers

The characterization of layers (oxide layer, passive film and modified layer (ghost
layer)) for both heat-treated samples (CHT and DCT) after 1 day exposure was investigated
by SEM/EDX and SEM-FIB techniques in combination with XRD data and supplementary
ToF-SIMS technique. The SEM/EDX-FIB analysis provided insight into the dynamics of
selected alloying elements (Cr, Fe, V, W, Mo), whereas Co is excluded due to its homogenous
distribution in both samples. The cross-section of CHT sample revealed that beside O, also
Cr, Fe, Mo, W and V act as the main elements within the surface interphase between the
metallic surface and corrosive environment, presented in Supplementary Material 3. In
the DCT sample, similar results were obtained (Supplementary Material 3) with one major
difference. In the DCT sample, a layer enriched with N and depleted of other elements,
previously dubbed the “ghost layer” [35] is formed between the metallic surface and the
oxide layer. The passive film, which is correlated with the improved corrosion resistance
(Supplementary Material 1), is suggested to be enriched with N-dissolved species and acts
as the inhibitor for the GR I+II growth in DCT samples and, later, magnetite (Figure 2a,d).
This phenomenon (passive film induced by DCT) is observed in correlation to DCT and
corrosion properties of high-alloyed ferrous alloys for the first time. In addition to this
layer, the specific development of overlaying oxide layer (partly part of passive film) is also
found, at which the first inner layer is determined to be magnetite and afterwards the outer
layer is composed of other oxide/hydroxide species that are also present for CHT sample.
In addition, in the DCT sample minor depletion of alloying elements is observed, which is
explained to originate from the protection barrier formed by the passive film as presented
in Figure 2c,d.

43



Coatings 2022, 12, 213

 

Figure 2. (a) SEM-mapping results of CHT sample, (b) SEM-mapping results of DCT sample,
(c) schematic representation of layers and (d) the schematic representation of passive film and ghost
layer in DCT sample.

3.3. ToF-SIMS Surface Analyses

To provide a deeper insight into the newly observed surface chemistry dynamic of
the passive film and ghost layer in correlation to GR in a DCT sample, ToF-SIMS surface
analysis and in-depth profiling (Chapter 3.4) were carried out on CHT and DCT specimens
after 1 day exposure in chloride-ions-enriched medium at room temperature (21 ◦C). The
ToF-SIMS images were used to identify differences in the surface distribution of ionic
species related to corrosion product and their development on the samples’ surface. The
samples are assumed to be chemically and microstructurally homogenous and the corrosion
products (oxide layer) and passive layer are homogeneously distributed on the sample
surface. Nitrogen content (N) was measured with CN− signal, due to the small ionization
yield of N with ToF-SIMS. To indirectly indicate the corrosion propagation of samples, the
isotope behavior of Cl was tracked, as Cl is the element with highest electron affinity that
can be present within the corrosion products. For this reason, the mapping of Cl− ion
and its isotope variants 35Cl/37Cl were measured. Furthermore, to track the dynamics of
other main alloying elements (C, Co, Cr, Fe, V and W), both negative and positive polarity
measurements were performed. The species selected for each selected alloying element
are: C (C−, CH−, C2

−, C2H−, CHO2
−, C2H2O2

−), Cr (Cr+, CrOH−), Co (Co+, CoO−), Cl
(Cl−), Fe (Fe+, 54Fe+, FeH+), N (CN−), V (V+, VO−), W (186WO4H−, WO4H−, 183WO4H−,
182WO4H−, 186WO3

−, 183WO3
−, 182WO3

−, WO3
−). Unfortunately, no Mo species could be

detected for the description of Mo dynamics.
Figures 3–5 show the results of low-magnification ToF-SIMS analysis of both polarities,

presenting cumulative ion images of selected ion species for individual elements. The first
image (Figures 3a, 4a and 5a,b) presents the distribution of Cl− ions, because it can indicate
the passive film structure through its incorporation within the passive film and can possibly
explain the breakdown dynamics [36] of the “ghost layer” formed by DCT. The comparison
of CHT (Figure 3a) and DCT (Figure 4a) samples clearly shows higher abundance of Cl−
ions for Cl of nitrides in CHT sample in the martensitic matrix of the sample. This provides
one of the first pieces of direct evidence that DCT affects the passive film properties. The
source of nitrogen for DCT is the immersion media from which the nitrogen adsorbs onto
the surface and later diffuses during high-temperature treatment into the outermost layers
of the material as interstitially dissolved. The nitrogen incorporation is considered to occur
through vacancies and intergranular spacings that are present in the martensitic lattice.
Moreover, this incorporation could be the primary mechanism, which is latter accompanied
in different environments by the secondary mechanism of formation of NH4

+ ions. This
results in electro-potential discharge [37] of the newly formed “ghost layer” (passive layer)
and reduced degradation of the material.

44



Coatings 2022, 12, 213

 

Figure 3. ToF-SIMS analysis of conventionally heat-treated sample (CHT) after 1 day of expo-
sure in chloride-ions-enriched medium at 21 ◦C. (a) Cl− ions; (b) CN− ions; (c) C−, CH−, C2

−,
C2H−, CHO2

−, C2H2O2
− ions; (d) Co+, CoO− ions; (e) Cr+, CrOH− ions; (f) Fe+, 54Fe+, FeH+ ions;

(g) V+, VO− ions; (h) 186WO4H−, WO4H−, 183WO4H−, 182WO4H−, 186WO3
−, 183WO3

−, 182WO3
−,

WO3
− ions.

 

Figure 4. ToF-SIMS analysis of deep cryogenic heat-treated sample (DCT) after 1 day of expo-
sure in chloride-ions-enriched medium at 21 ◦C. (a) Cl− ions; (b) CN− ions; (c) C−, CH−, C2

−,
C2H−, CHO2

−, C2H2O2
− ions; (d) Co+, CoO− ions; (e) Cr+, CrOH− ions; (f) Fe+, 54Fe+, FeH+ ions;

(g) V+, VO− ions; (h) 186WO4H−, WO4H−, 183WO4H−, 182WO4H−, 186WO3
−, 183WO3

−, 182WO3
−,

WO3
− ions.
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Figure 5. Higher magnification ToF-SIMS analysis of both conventionally (CHT) and deep cryogenic
heat-treated samples (DCT) after 1 day of exposure in chloride-ions-enriched medium at 21 ◦C for
selected ion groups. (a,b) CN− ions; (c,d) Co+ ions; (e,f) Cr+ ions; (g,h) Fe+ ions; (i,j) 186WO4H−,
WO4H−, 183WO4H−, 182WO4H−, 186WO3

−, 183WO3
−, 182WO3

−, WO3
− ions.

The next alloying element analyzed was cobalt (ion forms of Co− and CoO−),
Figures 3d, 4d and 5b–g. Compared to other alloying elements of the investigated al-
loy, cobalt is mainly present in the martensitic matrix in the form of a solid solution. When
comparing both samples, CHT (Figures 3d and 5c) and DCT (Figures 4d and 5d), no signifi-
cant difference in distribution or abundance could be observed (the spatial distribution of
corrosion crust was taken into account). Chromium distribution (Cr+ and CrOH− forms);
Figures 3e, 4e and 5e,f, clearly indicates regions of carbides, which are the main source
of chromium. However, from the maps and the corrosion crust analysis chromium was
determined to not play a primary role in the corrosion resistance mechanism of the investi-
gated alloy, neither for CHT nor DCT samples. This can be explained by the lower amount
(4.10 wt.%) of chromium compared to stainless steels (>10 wt.%), for which Cr is the main
contributor to the corrosion resistance. In the current case (AISI M35) cobalt in high content
(4.52 wt.%) has a prevalent role in corrosion resistance over chromium [38]. From this,
and in general even distribution of Co, it is postulated that the underlying passive film
is partially formed from cobalt. Nevertheless, the higher local presence of chromium in
Figure 5e,f indicates local pitting of the samples (evaluated in the next section), if not
correlated to carbides. Similar relation of Cr with local pitting has been also observed in
previous study with cross-sectional SEM investigation [13].

Iron distribution was measured by Fe+, 54Fe+, FeH+ ions (Figures 3f, 4f and 5g,h). On
one hand, the distribution of iron indicates the location of specific carbides when combined
with other elemental maps (C, Cr, W). On the other hand, the absence of iron species in the
corrosion crust indicates the presence and position of GR I+II (Figure 5g,h and Figure 6),
when associated with the characteristic elements (Cl and S) of GR for CHT and DCT samples.
The map distribution of vanadium (V+, VO− ions) in CHT (Figure 3g) and DCT (Figure 4g)
samples show the peaks corresponding to the distribution of carbides in the matrix. Due
to its concentration in the investigated alloy (2.01 wt.%), vanadium is not supposed to
play an important role in the corrosion resistance of the samples. However, vanadium
could theoretically help improve corrosion resistance by reducing both the formation of salt
film and the formation rate of pits, as suggested by Ras et al. [39]. The distribution of the
most abundant (6.22 wt.%) alloying element, tungsten (186WO4H−, WO4H−, 183WO4H−,
182WO4H−, 186WO3

−, 183WO3
−, 182WO3

−, WO3
− ions), shows localized concentrations,

which correspond to carbides enriched by tungsten (M6C [33]), present in both CHT
(Figures 3h and 5i) and DCT (Figures 4h and 5j) samples. No other significant information
was obtained from tungsten distribution and its influence on corrosion resistance.

46



Coatings 2022, 12, 213

 

Figure 6. ToF-SIMS analysis of both conventionally (CHT) and deep cryogenic heat-treated samples
(DCT) after 1 day of exposure in chloride-ions-enriched medium at 21 ◦C for (a,d) green rust type I,
(b,e) green rust type II and (c,f) Fe-oxides.

Figure 6 shows the distribution of green rust, type I (a,b) and type II (c,d), and Fe-
oxides/hydroxides (e,f) on the samples surface. The ToF-SIMS analysis clearly shows
the predominant formation of GR type I (combination of ions Cl−, 37Cl−, ClO−, FeClO−,
FeCl− and 37FeClO−) in the DCT sample, whereas GR type II (combination of ions SO4

−,
SO−, SO3

− and SO2
−) has higher abundance in the CHT sample, corresponding well

with XRD results (Figure 1a). Absence or reduction of GR type II could not be linked to
any improvement in corrosion resistance. Additionally, excessive presence of green rust
was observed for the DCT sample compared to the CHT sample. The higher presence
of GR for the DCT sample is associated with the increased concentration of nitrogen on
the surface, which together with chlorine is the basis for the development of GR (excess
amount of NO3

−, Cl− and NH4
+ ions) [40]. This confirms our previous observations [13]

and proposed theory that GR I plays an important role in the improvement of the corrosion
resistance of the DCT sample. The proposed mechanism for improved corrosion resistance
lies in the formation of GR I, as an inner part of the oxide layer formed over the passive layer.
The GR I then acts as a buffer layer for the preferential development of magnetite, which is
later covered by other Fe oxides/hydroxides as part of the oxide layer. Such a mechanism
of GR preferential growth of magnetite was confirmed by Sumoondur et al. 2008 [41]. The
distribution of GR was additionally correlated and confirmed with Fe-oxides/hydroxides,
as indicated in Figure 6c,f.

3.4. ToF-SIMS Depth Profiling

ToF-SIMS depth profiling was performed with a negative ion charge. The ToF-SIMS
depth profile analysis includes all corrosion products of the crust. The oxide layer is
identified as the layer with an initial increase in oxides and hydroxides, which is defined as
0–2000 s of sputter time for the CHT sample and 0–1000 s for the DCT sample, respectively.
The passive film is the region between the oxide layer and the metallic substrate, expressed
as a second increase in the intensity of alloying elements (Figures 7 and 8). The passive
film for CHT is 2000–3200 s and for DCT, 1000–3800 s of sputtering time, respectively. The
region of metallic substrate is defined as the region of rapid decrease in oxides/hydroxides
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presence and constant value of alloying elements, which starts for the CHT sample after
3200 s and for the DCT sample after 3800 s of sputtering (Figures 7 and 8).

 

Figure 7. ToF-SIMS depth profiles (negative polarity) after 1 day exposure in chloride-ions-enriched
medium at room conditions for selected alloying elements Cr, V, W and Co. (a) CHT sample and
(b) DCT sample.

Figure 8. ToF-SIMS depth profiles (negative polarity) after 1 day exposure in chloride-ions-enriched
medium at room conditions. (a) depth profile of nitrogen and iron and (b) depth profile of 35Cl−,
37Cl− and NaCl−.

When comparing the ions CrO−, VO−, WO3
− and CoO− in CHT (Figure 7a) and

DCT samples (Figure 7b), a more constant distribution of alloying elements throughout the
passive film is observed for DCT compared to CHT. Additionally, the ions in CHT sample
(Figure 7a) have higher intensity compared to DCT (Figure 7b), in both the oxide layer
and passive film. CrO−, as a representative for chromium distribution, has its main peak
at ~130 s for the CHT sample (Figure 7a) and at ~100 s of sputtering for the DCT sample
(Figure 7b), followed by a continuous increase in intensity towards the metallic substrate.
In addition to CrO−, CrO2

− was also detected in the DCT sample, with its main peak at
~125 s and then a significant drop occurring within the oxide layer. This significant drop
indicates the inner layer of the oxide film, which is the transition layer between the outer
oxide layer and the passive film. A similar structure of the oxide film has been reported
by other researchers [42]. VO− results show main peaks at ~125 s of sputtering for CHT
(Figure 7a) and ~25 s for the DCT (Figure 7b) sample. Afterwards, the intensity drops
towards the value of the metallic substrate. However, for the DCT sample a peak of VO2

−
ions is also observed at ~20 s. Tungsten ion WO3

− signal shows a shift in the main peak
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of DCT to ~1750 s (Figure 7b) compared to the CHT peak at ~1180 s (Figure 7a). The
results of CoO−, provided main peaks at ~1050 s for CHT and at ~2010 s for DCT. In the
DCT sample species, Co- was also observed with a main peak at ~3125 s. These results
and the initial peaks, which form due to the matrix effect [43] caused by oxide proximity,
provide the correlation to the oxide thickness. The oxides for CHT are generally thicker
and more enriched with the alloying elements Cr and V compared to DCT samples, which
also correlates well with the ToF-SIMS spatial images and findings (Figures 3 and 4). The
distribution and ratio of ions is also different, especially within the passive film, which
clearly indicates different dynamics of the passive film development for both samples.

Considering the role of nitrogen in the DCT sample, the depth profile of CN− and
FeH− was also analyzed. The CN− profile (Figure 8a) clearly shows a higher intensity of
nitrogen in all surface layers (outer and inner layer of oxide film, and passive film) for the
DCT sample compared to the CHT sample. In both cases the main peak is located at the
beginning of the measurements. However, for the CHT sample a significantly stronger drop
is present compared to DCT. The source of the nitrogen peak on the surface is related to the
absorbed nitrogen and short-range diffusion from the quenching in nitrogen gas during heat
treatment. However, for the DCT sample higher values of N below the material surface are a
result of the DCT contribution, which is a consequence of the incorporation of nitrogen into
the material during immersion into the liquid nitrogen. It is postulated that through boiling
and bubbling and local high-pressure variations on the materials surface, the nitrogen is
incorporated into the deeper portions of the material as well as adsorbed on the surface.
Afterwards, during the heat treatment the surface-bounded nitrogen can diffuse deeper into
the material due to the elevated temperatures of the tempering procedure (>600 ◦C). FeH−
was measured in order to determine the relative nitrogen presence within the iron matrix
of both samples (Figure 8a). The ratio of CN−/FeH− confirms the increased presence of
nitrogen in the DCT sample. This clearly indicates that DCT has an important role in the
surface chemistry of the selected alloy, which can be also implicated on other similar alloys,
in bulk or thin film form, when treated with DCT. Furthermore, in order to observe the
surface chemistry dynamics of oxide and passive film formation in correlation to GR, the
spectra of 35Cl−, 37Cl− and NaCl− were investigated. The depth profile shows lower signal
of both isotopes 35/37Cl in the DCT sample, as in the CHT sample. The main peaks of
35Cl− and 37Cl− are at ~315 and at ~245 s of sputtering for DCT and at ~285 and at ~235 s
for the CHT sample, respectively. Another interesting dynamic was observed for NaCl−.
Beside the signal of NaCl− for DCT being higher compared to the CHT sample, it drops
after the initial peak and then slowly increases to its main peak at ~4810 s. This indicates
the change in surface chemistry. For CHT a lower initial signal is observed, followed by an
increase, with the main peak at ~2855 s, and then a drop in the signal, indicating less stable
passive film formation of the CHT sample. The ratio between isotopes for each sample
could possibly indicate the preferable GR formation in each sample. However, to obtain
clear and reliable results, an isotope tracking method by introduction of stable oxygen
isotopes should be applied and tested in future studies.

The results show that the reason behind the higher corrosion resistance of the DCT
sample can be attributed to the protective nature of the DCT-induced passive film, which
is composed of nitrogen and oxides/hydroxides of alloying elements (Cr, Co, V, W), on
which the GR type I grows and acts as a precursor for magnetite and, later, other corrosion
products. The results also indicate that the oxide layer and passive film for the DCT
sample are thicker compared to the CHT sample, which additionally indicates that a more
physically stable corrosion layer forms, and with it increased corrosion resistance when
applying DCT.

3.5. Testing Effectiveness of Newly Characterized Passive Film Behavior for DCT-Treated
High-Alloyed Ferrous Alloy

In order to test the stability of the newly observed passive film induced by DCT,
three different environments were chosen for testing the hypothesis of higher stability of
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passive film. CHT and DCT samples were exposed to different environments (C-control
environment, T-increased temperature of chloride-ions-enriched medium (100 ◦C) and T+V-
increased temperature of chloride-ions-enriched medium (100 ◦C) and vibrations (25 Hz,
1 h). In the first step, the composition of corrosion products in all three environments was
measured. The XRD data, presented in Figure 9a, show the presence of different corrosion
products. It is confirmed that for DCT, GR I forms after just 1 h of exposure, and this is
observed for all three testing conditions, whereas GR II is mainly present in CHT samples
and also forms after 1 h exposure in all conditions. The increased formation of magnetite
can also be observed for DCT samples, compared to the CHT counterparts. Other corrosion
products present in samples are calcium carbonate, halite, iron as matrix and goethite
(Figure 9a). In the second step, the weight loss of each sample group (10 samples per
group) was measured in order to observe the difference in corrosion performance between
DCT and CHT samples. The average weight loss (mg) after 1 h of exposure for all six
testing groups is shown in Figure 9b. In the control group (room temperature, standard
conditions) the weight loss and corrosion rate of CHT and DCT was 2.6 ± 0.1 mg and
0.03 ± 0.001 mm/y, and 0.6 ± 0.01 mg and 0.006 ± 0.0005 mm/y, respectively. Under
the second condition (elevated temperature; T), the weight loss increased due to the
thermal influence on the corrosion propagation. Nevertheless, for the second condition
the weight loss and corrosion rate were lower for DCT in comparison with CHT (CHT+T:
382.7 ± 5 mg and 4.11 ± 0.1 mm/y; DCT+T: 302.4 ± 3 mg and 0.84 ± 0.05 mm/y). Under
the last condition with higher temperature and vibrations (T+V), the weight loss and
corrosion rate for CHT and DCT samples are 77.7 ± 2 mg and 3.25 ± 0.1 mm/y, and
36 ± 2 mg and 0.39 ± 0.01 mm/y, respectively. In all three environments, the DCT samples
display improved corrosion properties, which is clearly emphasized in conditions with a
higher temperature. The data suggest that the DCT-induced passive film actively increases
material corrosion resistance. The improvement in control environment is 75% in terms of
weight loss and 80% in corrosion rate. In a high-temperature environment improvement is
20% and 79%, and in a high-temperature environment combined with vibrations it is 53%
and 88%, respectively.

Figure 9. (a) XRD data for control samples (CHT, DCT) and samples (CHT+T, DCT+T, CHT+T+V,
DCT+T+V) tested in two different environments; T-higher temperature and T+V-higher temperature
and vibrations. (b) Weight loss (columns) and corrosion rate (black dots); (c) pitting factor of each
sample group.

In order to test the stability of the newly observed passive film induced by DCT,
three different environments were chosen to test the hypothesis of the higher stability of
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passive film. CHT and DCT samples were exposed to different environments (C-control
environment, T-increased temperature of chloride-ions-enriched medium (100 ◦C) and T+V-
increased temperature of chloride-ions-enriched medium (100 ◦C) and vibrations (25 Hz,
1 h). In the first step, the composition of corrosion products in all three environments was
measured. The XRD data, presented in Figure 9a, shows presence of different corrosion
products. It is confirmed that for DCT GR I forms after just 1 h of exposure, observed for all
three testing conditions. Whereas GR II is mainly present in CHT samples and also forms
already after 1 h exposure in all conditions. The increased formation of magnetite can also
be observed for DCT samples, compared to its CHT counterparts. Other corrosion products
present in samples are calcium carbonate, halite, iron as matrix and goethite (Figure 9a). In
the second step the weight loss of each sample group (10 samples per group) was measured
in order to observe the difference in corrosion performance between DCT and CHT samples.
The average weight loss (mg) after 1 h of exposure for all six testing groups is shown in
Figure 9b. In the control group (room temperature, standard conditions) the weight
loss and corrosion rate of CHT and DCT was 2.6 ± 0.1 mg and 0.03 ± 0.001 mm/y, and
0.6 ± 0.01 mg and 0.006 ± 0.0005 mm/y, respectively. Under the second condition (elevated
temperature; T), the weight loss increased due to the thermal influence on the corrosion
propagation. Nevertheless, for the second condition the weight loss and corrosion rate
were lower for DCT in comparison to CHT (CHT+T: 382.7 ± 5 mg and 4.11 ± 0.1 mm/y;
DCT+T: 302.4 ± 3 mg and 0.84 ± 0.05 mm/y). Under the last condition with higher
temperature and vibrations (T+V), the weight loss and corrosion rate for CHT and DCT
samples are 77.7 ± 2 mg and 3.25 ± 0.1 mm/y, and 36 ± 2 mg and 0.39 ± 0.01 mm/y,
respectively. In all three environments, the DCT samples display improved corrosion
properties, which is clearly emphasized in conditions with higher temperature. The data
suggest that the DCT-induced passive film actively increases material corrosion resistance.
The improvement in the control environment is 75% in terms of weight loss and 80% in
terms of the corrosion rate. In a high-temperature environment the improvement is 20
and 79%, and in a high-temperature environment combined with vibrations it is 53 and
88%, respectively.

4. Conclusions

In this work the role of nitrogen, introduced by deep cryogenic treatment, was in-
vestigated in relation to the surface modification of high-alloyed ferrous alloy. Using
time-of-flight secondary ion mass spectroscopy (ToF-SIMS), the nitrogen was confirmed
to be present in a larger quantity in DCT samples compared to their conventionally heat-
treated (CHT) counterparts. The nitrogen acts as a building block for the formation of
a thin corrosion buffer layer dubbed as a ghost layer, which facilitates the preferential
formation of green rust type I. The modification is considered to result from the formation
of additional ion species (NO3

− and NH4
+) that modify the local environment and ionic

exchange between the alloy surface and corrosive medium. In turn, the green rust layer
acts as a precursor for the formation of magnetite, which reduces the corrosion propagation
due to its high density. As a result, the DCT samples exhibit lower corrosion rates and wear
loss, which was also confirmed in more extreme environments that involved elevated tem-
peratures and vibrations. From these experiments it was confirmed that the DCT-/1nduced
passive film is more stable than the passive film of the CHT counterpart. Furthermore, the
modified passivation of the material with DCT leads to different corrosion product devel-
opment to when the material is conventionally heat-treated. DCT also induces changes in
the inclusion of the different alloying elements in the formation of the passivation layer
as well as the formation of different ionic species that were detected and monitored with
ToF-SIMS. The presence of different ions indicates a change in the oxidation behavior of
the metallic surface as well as the formation of different oxides, which goes hand in hand
with our previous findings on the alloy’s oxidation dynamics in air. With these results,
this study provides the first proof of the influence of DCT on surface behavior through
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incorporation of nitrogen into a sample surface, and with it an answer to the improved
corrosion response of the ferrous alloys in a chloride-ions-enriched environment.
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Abstract: The use of the magnesium alloy AZ31 is common in aviation and biomedicine; however,
this alloy has poor friction and corrosion resistance. Here, mechanical grinding, ultrasonic rolling,
and ultrasonic rolling + ion implantation were performed on the magnesium alloy surface to study
the effect of the treatment process on the friction and corrosion resistance of the magnesium alloy
surface. The results show that the surface roughness of the magnesium alloy treated by ultrasonic
rolling + ion injection is reduced more than mechanical grinding and ultrasonic rolling. The friction
coefficient is the lowest, the wear resistance is the best, and new phase nitrogen compounds appear
on the surface. The results of SBF (simulated body fluid) solution immersion showed that the sample
treated via this composite process had the lowest corrosion rate, which was 62.45% and 58.47%
lower than that of the mechanically ground samples. The surface was relatively intact after the
corrosion test, and the corrosion resistance was the best. These results can provide a new strategy for
magnesium alloy surface protection.

Keywords: magnesium alloy; ultrasonic rolling; ion implantation; friction and wear; corrosion

1. Introduction

Magnesium alloys are a green and lightweight material and have a high specific
strength, high specific stiffness, and low density. They can be used in new energy vehicles,
biomedicine, aviation, and other fields [1,2], but their wear and corrosion resistance are
severely restricted. Alloy composition deployment, alloy-processing technology, and
alloy surface-coating technologies have all been proposed [3–7] and have enhanced the
development of magnesium, its alloys, and alloy applications. However, these traditional
protective-layer methods can only effectively protect the surface of the magnesium alloy
when the protective layer exists. The magnesium alloy will still quickly corrode in a
corrosive medium when the protective layer on the surface is damaged by corrosion. Thus,
a protective coating is used. It is important to study whether the corrosion products are
harmful to the body. The wear of ultra-high-molecular-weight polyethylene (UHMWPE)
releases polyethylene wear particles, which can trigger a negative reaction of the body and
promote osteolysis [8]. The biocompatibility of the protective layer needs to be considered.

Surface nanoscale treatment processes are a common and effective method. Re-
searchers have performed different treatment processes such as surface mechanical grind-
ing [9,10], shot peening [11,12], and laser treatment [13]. Although these have improved
the mechanical properties, the surface quality of the material is reduced, which affects
the friction and corrosion resistance. Liu et al. [14] found that the surface nanostructured
layer of GW63K magnesium alloy after SMAT treatment had poor plasticity and toughness,
thus resulting in worse wear resistance versus untreated alloys. Liu Mengen et al. [15]
found that the corrosion resistance of high-energy shot peening on AZ31 magnesium alloy
in 5% (mass fraction) NaCl solution is lower than that of untreated samples due to the
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formation of a large number of cracks on the surface during shot peening. As a result,
the corrosion contact surface increases, thus resulting in a significantly higher corrosion
rate of the shot-peened sample than the unpeened sample. The ultrasonic surface-rolling
process (USRP) combines traditional rolling processes and ultrasonic technology to refine
grains and improve performance. The surface quality of the workpiece is significantly
improved [16]. Zhang Haiquan et al. [17] strengthened ZK60 magnesium alloys via a
surface-rolling strengthening process. The results showed that rolling strengthening can
significantly reduce the surface roughness of the material and introduce residual com-
pressive stress to the surface of the material. Yang et al. [18] treated the magnesium alloy
AZ31 via ultrasonic rolling and found that the surface grains of magnesium alloys were
refined after rolling strengthening; the roughness was reduced and the friction properties
were improved.

High-energy ion implantation technology (HEII) utilizes high-speed ion bombardment
of pre-infiltrated elements from the target to achieve metallurgical bonding with the plated
metal, thus improving the friction and corrosion resistance of the material. The material
itself does not deform [19]. Lei et al. implanted Al ions into the surface of AZ31 magnesium
alloy, and the friction and wear results showed that the wear rate of magnesium alloy was
reduced by 30% [20]. Zhou et al. [21] used Zr to implant magnesium alloy ZK60 and found
that the friction and corrosion resistance of magnesium alloy was effectively improved
after implantation. Other studies [22,23] reported that N/Ti ion implantation improved the
friction and corrosion resistance of magnesium alloy AZ31.

Dingshun [24] carried out USRP + PN (plasma nitriding) composite treatment on
pure titanium TA2, and the infiltrated layer showed the best wear resistance and friction
reduction performance. Dawen et al. [25] used USRP + HEII for composite treatment of 316
L. The surface hardness was increased by 57.8% versus single-HEII-treated samples; the
thickness of the infiltration layer was nearly double that of a single-HEII-treated sample.
In conclusion, ultrasonic rolling and ion implantation are effective means of improving
the surface properties of magnesium alloys. Surprisingly, the influence of the composite
treatment technology on the properties of the magnesium alloys is rarely reported.

Therefore, the effects of mechanical grinding, ultrasonic rolling, and USRP + HEII
on the surface structure, friction resistance, and corrosion resistance of magnesium alloys
are reported in this study. The results offer a reference for the development of treatment
technologies for magnesium alloy surface protection.

2. Materials and Methods

2.1. Material and Sample Preparation

The test material was rolled AZ31 magnesium alloy purchased from a domestic
factory; the chemical composition is shown in Table 1. Magnesium alloy sheets were
rolled and strengthened using ultrasonic-rolling equipment (customized). The size was
15 × 15 × 5 mm as cut by a wire electric discharge machine. High-energy N ion implanta-
tion was performed using ion implantation equipment (Southwestern Institute of Physics,
Chengdu, China). The magnesium alloy was polished with 1000# and 2000# water-grinding
sandpaper and then polished; this sample was marked as S1. The sample after ultrasonic
rolling was designated as S2. The static pressure was 0.15 MPa, the feed speed was
4000 mm/min, and the rolling treatment was 1 pass. The ion implantation sample after
rolling was marked as S3. It had an implantation energy of 40 keV. The implantation dose
was 1×1018 icons/cm2 and the vacuum was 3.9 × 10−3 Pa.

Table 1. Chemical composition of AZ31 magnesium alloy (wt%).

Al Zn Mn Si Ca Cu Fe Ni Mg

2.5–3.5 0.6–1.4 0.2–1.0 0.08 0.04 0.04 0.003 0.001 Remainder
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2.2. Microstructure and Performance Characterization

Magnesium alloy samples with different treatments were analyzed with an X-ray
diffractometer (PANalytical X Pert PRO, Almelo, Holland). The detection angle was
20–80◦, the speed was 2◦/min, and the step size was 0.013/s. The three-dimensional
topography and surface roughness of the treated magnesium alloy surfaces were measured
by atomic force microscopy (Bruker Dimension Icon AFM, Karlsruhe, Germany). The
surface mechanical and friction properties were investigated using a microhardness tester
(HMV-G, Kyoto, Japan) and a friction and wear-testing machine (Bruker UMT-2, Karlsruhe,
Germany). A Phase Shift MicroXAM-3D (MicroXAM-3D, Milpitas, USA) measured the
wear volume of the samples after wear to judge the extent of wear. The hardness test
selected five points to obtain the average value. The load was 0.98 N and the duration
was 10 s. The room-temperature dry-friction test was performed with 10 mm Al2O3 balls
(HRC95). The circumferential speed was 100 rpm/min, the load was 10 N, and the duration
was 20 min. The wear-scar radius was 12 mm.

The AZ31 magnesium alloy samples were ultrasonically cleaned in ethanol before
soaking, and then dried in cold air. The samples with different treatments were encapsu-
lated with oxidized resin with an exposed area of 1 cm2. They were then weighed with
an electronic balance. The encapsulated samples were soaked in SBF at 37 ± 0.5 ◦C for
48 h, and 55% of the solution was renewed every 24 h to simulate natural human body-
fluid renewal. The sample was soaked in a 5% NaCl solution for 72 h. Specimens were
cleaned according to ASTM Standard G31-72 and then weighed. Each sample was placed
in concentrated nitric acid for 5 min to remove corrosive products. The degradation perfor-
mance of the samples under different treatment processes in SBF (simulated body fluid)
and NaCl solution was evaluated via the weight-loss method. The corrosion rate V was
calculated by the weight-loss method (G31-72 standard) using the following formula [26]:
v = (K × Δm)/(A × t), where K is the constant pole, Δm is the mass loss of the sample
before and after soaking, A is the exposed area of the sample, and t is the soaking time.
Scanning electron microscopy (VEGA3, Brno, Czech Republic) was used to observe the
surface morphology of the magnesium alloy samples after immersion to remove corrosive
products. Before observing the corrosion morphology, anhydrous ethanol was used for
ultrasonic cleaning for 5 min and dried with cold air.

3. Results

3.1. Phase Analysis

Figure 1 shows XRD patterns of the AZ31 magnesium alloys treated under different
processes. The XRD peaks of the compounds were found by comparing PDF cards (#35-
0821, #45-0946, #01-1289). No new diffraction peaks appeared in the XRD patterns after
ultrasonic-rolling treatment versus untreated samples. The untreated samples and the
ultrasonic-rolling test show only Mg phases and MgO phases in the samples, thus indicating
that the ultrasonic-rolling process did not lead to the formation of new phases in the
samples. There were no obvious changes in the diffraction spectrum due to the low
content of Mg17Al12 phase in the original material [27]. The XRD pattern of the ultrasonic-
rolling sample after ion implantation had Mg phases and MgO phases. There was also
an Mg3N2 phase formed after N ion implantation, thus indicating that the ions and the
inherent elements in the matrix would combine with each other during the implantation
process to form a new phase. The diffraction peak position and intensity of the surface
phase of the sample changed before and after implantation due to the deformation of the
surface-lattice structure caused by the internal stress generated upon bombardment of
the ion implantation. Holes formed on the surface and generated dislocations and many
defects. The formation of an amorphous structure affected the preferred orientation of
the same phase in the grains, thus resulting in changes in the position and intensity of its
diffraction peaks.
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Figure 1. XRD patterns of magnesium alloy samples treated by different processes.

3.2. Surface Roughness and Microhardness

Surface roughness is an important indicator to measure the surface quality of materials
and is an important factor affecting the performance of its mechanical parts. Figure 2 shows
the three-dimensional surface morphologies of the magnesium alloy samples after different
treatments. Surface roughness and microhardness information is shown in Table 2. The
roughness of the AZ31 magnesium alloy after ultrasonic rolling was greatly reduced, and
the surface quality was greatly improved. The surface quality of the magnesium alloy after
ion implantation was further improved, and the average roughness value was reduced by
60% compared to the polished AZ31 magnesium alloy. The surface hardness increased by
23% after ultrasonic-rolling treatment, and the surface hardness was further improved after
composite processing.

Table 2. Roughness and microhardness information.

Sample (#) Primal Specimen USRP Specimen
USRP + HELL

Specimen

RMS roughness (nm) 87.4 42.7 35.0
Average roughness

(nm) 64.2 34.3 26.0

Microhardness (HV) 60.2 73.3 81.6

Plastic flow occurred on the surface of the USRP specimen under the action of multi-
directional force during ultrasonic rolling; thus, the “peaks” on the material surface flowed
into the “valleys,” significantly reducing the mechanical defects (scratches) of the original
specimen. The addition of lubricating oil on the surface of the sample further reduced
the friction between the ball of the processing head and the surface of the sample, and
thus the ultrasonic surface-rolling treatment significantly reduced the surface roughness of
the sample [28]. Further reduction of surface roughness after ion implantation may have
been due to sputtering, etching, and diffusion processes under this implantation dose. The
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results of the microhardness showed an increase in microhardness and the formation of
a hardened layer after ultrasonic surface-rolling treatment. These results are due to the
fact that ultrasonic-rolling treatment can produce better deformation hardening effects and
fineness in the surface layer within a certain depth of the material. The grain-strengthening
effect is caused by grain refinement, strain strengthening, and residual compressive stress.
Studies have shown [29,30] that a smaller grain leads to greater microhardness. Hard
phases such as Mg3N2 in the modified layer after N ion implantation are the main reasons
for the increased microhardness.

Figure 2. Three−dimensional AFM images of the samples: (S1) primal specimen, (S2) USRP speci-
men, (S3) USRP + HELL specimen.

3.3. Friction and Wear Performance

The coefficient of friction is the ratio of the frictional force between two surfaces to
the vertical force acting on one surface. A smaller coefficient of friction leads to more wear
resistance. The coefficient of friction is related to such factors as the surface roughness,
hardness, and strength. The friction coefficient curves of AZ31 magnesium alloy samples
treated with different processes are shown in Figure 3: At the beginning of friction, the
friction coefficient of magnesium alloy samples treated with different processes increased
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with almost the same slope and then fluctuated within a certain interval. In the initial
running-in wear stage, the softer substrate was first worn away by the harder surface
of the friction pair, thus resulting in furrows, fractures, or chips; the friction factor was
larger. The friction coefficient then stabilized. The average friction coefficient of the original
AZ31 magnesium alloy was about 0.321 in the 1200 s test period. The friction coefficient
of the samples in the ultrasonic rolling place were improved due to the improved surface
quality. The average friction coefficient was about 0.29, and the friction coefficient of the
USRP specimen was smaller than the ground specimen throughout the entire friction
process. The friction coefficient of the samples after N ion implantation was further
reduced, and the average friction coefficient was about 0.276 due to the combined effect of
the emergence of hardened phase nitrides, hardness enhancement, and surface roughness
after ion implantation.

Figure 3. Variation curve of the friction coefficient of different samples.

The amount of wear directly reflects the wear resistance of the material. Thickness,
mass, and volume are three ways to characterize the wear amount. The wear resistance was
evaluated by measuring the volume wear of the samples treated with different processes.
The volume wear of the samples with the three treatments is shown in Figure 4. The figure
shows that the volume wear of the samples treated by ultrasonic rolling was significantly
smaller than the original magnesium alloy under the same experimental conditions. The
volume wear of the composite-treated samples was the smallest and was related to the
friction coefficient. The performance was consistent, thus indicating that the ultrasonic-
rolling process can significantly improve the wear resistance of magnesium alloy materials.
The wear resistance of the materials treated by the USRP + HELL composite process was
further improved, which proves that ion-implantation technology based on prefabricated
nanostructured layers is an effective method to improve the friction and wear properties of
magnesium alloys. Figure 5 shows the SEM morphology of the wear track. The morphology
of sample S1 showed obvious grooves and pits, the plastic deformation was serious, and a
large amount of wear-scar debris appeared on the surface of the wear scar, indicating that
the polished magnesium alloy sample had adhesive wear and abrasive particles, which is
the main wear mechanism of magnesium alloys. Compared with sample S1, the furrows
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caused by micro-cutting in the rolled samples were still more obvious, but the grooves were
shallow and narrow, the plastic deformation was reduced, and the abrasive wear condition
was improved. The surface of the sample S3 treated by the composite process was relatively
flat, the plastic deformation was greatly improved, the adhesion of debris was greatly
improved compared to the former two, and the wear debris was granular. The shape of the
wear debris was proportional to the degree of wear [31], indicating that the load-bearing
capacity of the specimen was improved after the composite treatment process, which is
consistent with the performance of the irradiation strengthening study [32], and the results
of the wear volume loss also illustrate this point. The improvement in friction and wear
performance was due to the substantial reduction of surface roughness and the increased
surface hardness; it may also be that high residual compressive stress was introduced
into the surface layer, forming a gradient nanostructure that inhibited the initiation and
expansion of microcracks in the surface layer and improved the friction and wear properties
of the material.

Figure 4. Wear volume loss of samples with different treatment processes.

Figure 5. SEM images of worn morphologies of the (S1) primal sample; (S2) USRP sample;
(S3) USRP + HELL sample.

3.4. Corrosion Performance

The corrosion morphology of the sample in Figure 6 shows that the surface of sample
S1 (Figure 6a) had a large and deep corrosion area after corrosion in the SBF solution;
there were corrosion impurities after the corrosion reaction. The residue covered most of
the surface with obvious corrosion pits. The report by [33] pointed out that the corrosion
of AZ31 after immersion in SBF solution appeared as voids, and the corrosion products
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included MgO/Mg(OH)2 and Ca10(PO4)6(OH)2 phases. The corrosion pits of sample S2
(Figure 6b) were much smaller, and most of them were pitting pits. The surface of sample S3
(Figure 6c) was corroded in a semi-uniform way. The fine corrosion cracks were distributed
along the grain boundaries in a network shape. After the immersion test in NaCl solution,
the corrosion products were dominated by Mg(OH)2 phase [34,35]. It can be seen that the
corrosion conditions were greatly improved after different treatments (versus Figure 6c,d),
and the surface of the sample treated via the composite process was much smoother than
sample (S1) in terms of corrosion resistance.

 

Figure 6. Typical SEM images of samples with different treatments immersed in SBF solution and
5 wt% NaCl aqueous solution: (a,d) primal sample; (b,e) USRP sample; (c,f) USRP + HELL sample.

Figure 7 shows the corrosion information of the magnesium alloy samples obtained
after the immersion experiment. The performance was relatively consistent in the two
corrosion solutions. Ref. [33] pointed out that magnesium alloy AZ31 had the highest
degradation rate of Mg in SBF solution compared with other solutions, which is also the
reason why AZ31 magnesium alloy degrades the fastest in SBF solution. The ultrasonic-
rolling treatment reduced the corrosion rate of the surface of the magnesium alloy sample
due to the ultrasonic-rolling process. The surface of the magnesium alloy then formed a
high-density plastic deformation layer. The crystal size was refined versus the original
magnesium alloy sample, and the grain boundary was significantly increased. Many grain
boundaries blocked the continuous erosion of the sample and prevented the development
trend of tiny cracks and the widening of the etched holes in the substrate [36]. Refs. [37–39]
pointed out that the surface roughness and grain size of the alloy significantly affect
the corrosion resistance, and the nanostructured surface grains enhance the formation of
the surface passivation layer, thereby improving the corrosion resistance of the material.
Therefore, the surface roughness and grain refinement of the samples after ultrasonic
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rolling improved the corrosion resistance of the samples. The ion-implantation process
after ultrasonic rolling further delayed the corrosion reaction on the surface of the sample,
and the degradation rates of the samples in SBF and NaCl solutions were 62.45% and
58.47% lower, respectively, than those of the mechanically ground samples. In addition to
grain refinement and compressive stress after ultrasonic rolling, N ions, as an interstitial
element, formed an interstitial solid solution after implantation, which made it easy to form
an amorphous surface and improve the resistance to pitting corrosion. After ionization and
acceleration of ion implantation, high-energy ions were implanted into the surface of the
workpiece, and a series of collisions occurred with atoms and electrons near the surface,
generating strong energy and resulting in changes in the structure and organization of
the effective processing layer. The modified layer was composed of the compounds MgO
and Mg3N2 with very good corrosion resistance. When the implantation dose reached
a certain critical value, the implanted layer became disordered, and the structure had
good anti-oxidation and anti-corrosion ability [40,41]. The residual pressure increased the
strength of the Mg(OH)2 protective film due to the large residual stress generated after
rolling and ion implantation; thus, it improved the corrosion resistance [42].

Figure 7. Corrosion information of magnesium alloy specimens after immersion experiments in
two solutions.

In summary, the comprehensive effects of surface roughness, grain refinement, and
residual compressive stress after USRP + HELL composite process further improved the
corrosion resistance of magnesium alloy surfaces, thus indicating that the USRP + HELL
composite is the best way to improve the friction and corrosion resistance of magnesium
alloys. This is an effective method, and it is worth further studying the effect of composite
treatment process parameters on the microstructure and properties of magnesium alloys.

4. Conclusions

In this study, magnesium alloys were processed via different treatment processes.
The results showed that compared with mechanical grinding and ultrasonic rolling, the
magnesium alloy treated by the USRP + HELL composite process had the lowest surface
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roughness, the highest hardness, the lowest friction coefficient, and the best wear resistance,
and the adhesion wear on the surface was greatly improved. The reason for the improved
friction and wear performance was due to the combined effect of the appearance of the
hardened phase nitride after ion implantation, the surface roughness, and the residual
compressive stress. The immersion experiment showed that the USRP treatment process
could improve its corrosion resistance, but the corrosion rate was further reduced after
the composite treatment process, which was 62.45% and 58.47% lower than that of the
mechanically ground samples, and the larger residual stress further improved the corrosion
resistance of magnesium alloys. The effects of three different treatment processes on the
wear resistance and corrosion resistance of magnesium alloys are discussed, but the effects
of USRP process and ion implantation process parameters on the microstructure and
properties of magnesium alloys are not discussed. The effects of USRP + HELL process
parameters on the surface structure and friction and corrosion resistance of magnesium
alloys need to be further studied, and the research results can provide new references and
ideas for surface-protection technology.
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Abstract: Laser surface modification is a widely available and simple technique that can be applied
to different types of materials. It has been shown that by using a laser heat source, reproducible
surfaces can be obtained, which is particularly important when developing materials for medical
applications. The laser modification of titanium and its alloys is advantageous due to the possibility of
controlling selected parameters and properties of the material, which offers the prospect of obtaining
a material with the characteristics required for biomedical applications. This paper analyzes the
effect of laser modification without material growth on titanium and its alloys. It addresses issues
related to the surface roughness parameters, wettability, and corrosion resistance, and discusses how
laser modification changes the hardness and wear resistance of materials. A thorough review of the
literature on the subject provides a basis for the scientific community to develop further experiments
based on the already investigated relationships between the effects of the laser beam and the surface
at the macro, micro, and nano level.

Keywords: laser modification; titanium; titanium alloys

1. Introduction

Surface modifications of materials provide the base for achieving specific material
properties for specific applications. The main advantage of laser surface modification is
the ability to improve the properties of different materials [1,2]. In addition, the precision,
elasticity, the possibility of parameters control, and the repeatability of this process are
indicated as an advantage, as is the small heat-affected zone resulting from the modifi-
cation [3,4]. Because of the high degree of process sophistication, it is also possible to
carry out the process without direct human intervention, thus reducing the risk of negative
effects on the body [5].

Researchers mainly use lasers such as a femtosecond laser [6], Nd: YAG laser [7–10],
CO2 laser [11], diode [12,13], and fiber laser [14]. Firstly, they provide the possibility to carry
out modification processes by adding a coating of the same or another material. Moreover,
they are used for modifications with no further addition of materials [1]. Figure 1 presents
a classification of laser machining based on an increase or no increase in material. This
article is primarily concerned with laser remelting and texturing, as these two techniques
are the most commonly used in the modification of biomaterials. Laser remelting is a
technique based on remelting the surface of a material to change its morphology and
structure without a specific modification objective, to generally improve the properties
affected by a laser beam or, for example, when there is talk of modifying the density
of the material or the hardness [7,15–17]. Laser texturing involves melting the material
and then cooling it to produce a specific pattern on the surface of the material [18]. A
combination of laser hardening and laser texturing is also found in the literature [19]. Laser
hardening is a technique aimed at improving the hardness of materials using a laser beam.
Furthermore, it has the advantage of being able to increase the wear resistance and improve
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fatigue properties [20]. Surface modification with no addition of a material, which will be
discussed in the following work, directly affects a change in wettability and roughness,
corrosion resistance, hardness of the material, and wear resistance. Laser modification
is closely related to a change in the surface microstructure and influences the roughness
and wettability of materials [21–24]. The advantages of using lasers to modify biomedical
materials are the ability to control the effect of heat on the surface structure of the materials
due to the local action of a laser pulse on the surface, the small heat-affected zone, and the
fact that the process is clean and does not cause material loss [25,26].

Figure 1. Graphic interpretation of laser modification possibilities based on [1,13,20–22].

The process of the heat treatment of materials by laser is mainly related to the treatment
of metallic materials such as aluminum, steel, and its alloys, as well as titanium [2,3,27,28].
Many research efforts are currently focused on gaining a thorough understanding of the
properties of titanium and its alloys. Further, efforts are being made to improve these
properties to produce a material dedicated to applications.

Titanium and its alloys are widely used in various industries due to their low density.
This family of materials has its uses in the manufacture of parts for motorcycles, and sports
vehicles to reduce their weight [29,30]. In the aerospace industry, these materials are the
third group of materials, after nickel-based materials, in terms of their frequency of use,
not only because of their low density, but mainly because of their resistance to corrosion
and high temperatures (e.g., alpha alloys and α/β alloys) [31–33]. Considerable attention
is given to this material when it comes to medical applications [34,35]. In applications
in the field of dental implantology, titanium alloys are used for the production of dental
crowns and bridges primarily due to the reduced risk in an allergic reaction and they have a
beneficial effect on the process of osseointegration [36,37]. The use of titanium and its alloys
is based on its high corrosion resistance, better than steel and cobalt–chromium alloys,
owing to the properties of self-assimilation, which are beneficial due to the environment of
the body in which the implants are placed [38–41]. In the case of titanium and its alloys, it
is said to have little effect on the human body. Pure titanium is a biocompatible material,
as are all of its alloys. The alloying elements used to produce titanium alloys, however,
do pose a problem, but it should be noted, that titanium and its alloys have hemolytic
indices below a value that would indicate the possibility of the formation of embolisms
or clots as a result of the presence of this material in the body [42]. Studies by Chen et al.
indicate that the presence of vanadium and aluminum in the human body leads to disorders
of the nervous system, brain diseases, and circulatory diseases, while also affecting the
softening of bone tissue; however, it is indicated that alloys containing aluminum and
vanadium (α + β alloys) have mechanical properties on the same level as β alloys. In
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implantology, aluminum–vanadium alloys are used primarily to produce fracture fixation
plates, spinal column components, and connecting elements such as rods, wires, and
screws [43]. Review papers over the years related to modifications using laser beams have
reported on the benefits of modification for industrial applications (matrix-enhanced laser
modification) [44], but they mainly confirm the benefits for biomedical applications [45,46].
Paper [45] focuses on the effect of laser surface texturing on the antimicrobial properties
and biological activity of titanium, while a 2005 article [46] provides an overview of the
possible types of surface modifications available for various biomaterials and discusses
in detail laser modification in the context of the biocompatibility of the modified material.
The present review focuses on the mechanical properties of the surface of titanium and
its alloys after laser modification. Attention is paid to the properties directly related to
the requirements for biomedical materials, such as an adequate material hardness, wear,
corrosion resistance, and affinity of the modified surface to bone-forming cells.

A literature review on the effects of laser modification on titanium and its alloys was
conducted to present the current state of the art in this field and to highlight the topicality of
the problem of the laser modification of titanium and its alloys for biomedical applications
due to the requirements that are placed on biomaterials.

2. Methods

This systematic review used the databases: ResearchGate, Science Direct, and Scopus.
Google Scholar was also used to analyze the trends in the laser modification of titanium and
its alloys. The searching strategy was based on the “laser modification”, “laser treatment”,
“laser remelting”, “laser surface modification of titanium and its alloys”, and “modification
of titanium and its alloys” terms. A bibliography of 175 literature references was collected
and extracted from over 200 collected papers. Figure 2 shows the number of articles from
each year. The literature review was based mainly on works from 2019 to 2022, which
allowed us to discuss issues according to the current state of knowledge on the laser surface
modification of titanium and its alloys for selected parameters and properties. The paper
discusses the effect of the laser treatment of titanium and its alloys on the surface roughness
and wettability, corrosion resistance, and hardness with the indications of micro and macro
hardness and wear resistance.
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3. Roughness and Wettability

Roughness and surface wettability are very often compared by authors to determine
the relationship between these properties [47,48]. The study of these parameters in the case
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of titanium modifications is very important due to the use of titanium in biomedicine. The
evaluation of the roughness parameter is important because an increase in this index has a
positive effect on the cell adhesion during osseointegration and on the connection between
the bone and an implant [49]. The use of titanium and its alloys in biomedicine is indicated
for the manufacture of artificial hip joints, artificial knee joints, bone plates, fracture fixation
screws, prosthetic heart valves, pacemakers, and the production of artificial hearts [50,51].
Depending on the area of aspiration of titanium and its alloys, a different surface roughness
is required of a biomaterial. For example, heart valve implants, the artificial heart, and
other components of the circulatory system must be made of a medium to low-roughness
titanium to avoid the formation of areas where blood cells could agglomerate and form
blockages, thus stopping the blood flow [52]. In addition, titanium itself possesses anti-
thrombogenic properties, and for implant applications, it is necessary to improve the
properties of the structure. In the case of osseous dental implants, it is said that components
with a high degree of surface roughness are necessary due to the osseointegration process
that occurs. An increase in the surface roughness is associated with an increase in the
growth surface of osteoblasts and protein polyfusion [53]. Menci et al. [24] point out that
laser modification with different types of lasers (e.g., a fiber laser or Nd: YAG laser) is
necessary, as the hip implants in question are composed of several elements and each
part must have different surface properties. The acetabulum and femoral stem need to be
rougher to stimulate bone osseointegration, while the femoral head and distal part of the
femoral stem need to be smoother to minimize wear.

In paper [49] it was shown that the roughness of the pore walls created by laser
modification was characterized by the roughness parameters, Sa and Sq, with a higher
value than on the inter-pore surfaces. The values of Sa and Sq for the inter-pore surfaces
were 0.029 μm and 0.04 μm, respectively, while those for the pore walls were 0.126 and
0.149 μm, respectively. The authors concluded from their studies on bone deposition that a
higher pore roughness improves the migration of bone-forming cells and also increases the
possible surface area for osteoblast attachment to the implant. Furthermore, a high surface
roughness is desirable due to increased biointegration and a decreased risk of implant
rejection in the body [8].

In papers [8,54–60], an Nd: YAG laser was used to modify titanium alloys and pure
titanium. In Table 1, the Nd: YAG laser operating parameters are presented for the literature
reviewed subject. In the study, the Nd: YAG laser modification was performed for different
laser operating parameters. The effects of varying laser operating parameters on the surface
roughness and wettability, which are directly related to the phenomenon of bone cell
adhesion, were investigated in a study from 2013, where Györgyey et al. showed [58] a
decrease in the Ra roughness parameters using a frequency-doubled Q-switched Nd: YAG
laser and a KrF excimer laser. In a 2020 editorial [8] it was observed that the modification of
the titanium alloy Ti13Nb13Zr and pure titanium CP-Ti using an Nd: YAG laser caused an
increase in the surface roughness. In addition, it was shown that the higher the laser power,
the higher the roughness parameters. Additionally, in research work [8] it was pointed
out that titanium alloys were rougher than pure titanium before and after laser treatment.
Research of [57,61–63] also confirmed that laser modification, regardless of the type of
laser, along with increasing the laser parameters, increased the roughness. In paper [57]
it was shown that laser processing increased the roughness parameters by approximately
2.8 to 7.5 times at different frequencies relative to the native material. AFM surface texture
tests at 10 Hz and 7 Hz successively yielded Ra parameters of 394.35 nm and 279.53 nm,
respectively, while this parameter for the reference sample of the Ti6Al4V titanium alloy
was 127.20 nm [57].
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The references state that the laser treatment of titanium surfaces allows for controlling
the roughness parameters, Ra, Rz, and Rmax, in a wide range [55]. The use of a modern fiber
laser engraving method [64] allowed the achievement of a surface with a higher roughness
than the Ti6Al4V native material. Meanwhile, comparing the results of the roughness
measurements at different laser operating parameters, it was observed that with an increase
in the laser operating parameters (e.g., groove distance and frequency), there was a decrease
in the value of the roughness and an increase in the value of the wetting angle, which was
associated with the determination of the surface of the samples as hydrophobic.

Studies [8,60,65] also indicate that the operating environment of the Nd: YAG laser
affects the surface roughness and morphologies. The results of EDS [8] have shown that
the presence of argon affects the reduction of oxygen molecules for both commercially pure
titanium and Ti13Nb13Zr titanium alloy samples; however, the modification carried out
in the presence of air caused a strong passivation of the coating and, thus, increased the
amount of oxygen on the surface, while the surface roughness for the modified surfaces in
the presence of air was lower. Conducting the modification in the presence of argon for
each parameter variant results in the roughest surface (Table 2). The laser modification
in a nitrogen environment for low power and number of pulses presented in work [60]
showed a higher roughness than for the same modification in the presence of air, while in
the case of a modification in the presence of argon the modified surfaces—for different laser
powers of 5 mJ and 15 mJ and the number of pulses of 50 and 150—were characterized
by the highest roughness among all the modified surfaces. The conclusions in [60] are
confirmed in [65], where the reason for the lower surface roughness after modification in a
nitrogen environment was due to the formation of titanium and nitrogen compounds and
the formation of a smaller heat-affected zone. The authors of that article also indicated that
for a smaller number of pulses performed, the surface roughness was lower.

Lawrence et al. [56] 2006, presented the idea that laser processing increases the rough-
ness parameters and improves the surface wettability. In Table 3, the literature on the
results of the influence of a laser treatment on the character of the surface wettability is
summarized. Menci et al. [24] searched for a direct relationship between the contact angle
and the Sa parameter for Ti11.5Mo6Zr4.5Sn titanium alloy samples modified by an Nd:
YAG laser and fiber laser for different parameters. Wenzel’s claim was referred to, which
states that increasing the roughness parameter (r) increases the wettability of the surface
(where θy is the contact angle of an ideal flat surface and θw is the contact angle of a
rough surface) [66]:

cosθw = rcosθy

The realization of this equation in the work of [24] indicates hydrophilic surface
properties because the initial properties of titanium were improved by changing the surface
texture (increase in roughness) and there was an increase in droplet diffusion [67].

Table 3. Wettability results on titanium and its alloys observed in the article.

Surface Property
Author, Year, and

Reference
Short Conclusion

Hao et al., 2005 [68]

Observation and study of the surface of laser-modified Ti6Al4V alloy
showed an increase in the surface wettability which is beneficial for medical
applications of titanium alloys. The increase in the contact angle after laser
modification is a result, according to the authors, of an increase in the surface
energy of the modified material and an increase in roughness parameters.

Lawrence et al., 2006 [56]

Lawrence et al. demonstrated that laser treatment improves the surface
wettability as a result of a change in the surface energy, an increase in the
oxygen content, and an increase in the surface roughness. The cell studies
carried out revealed an increase in bone cell adhesion and proliferation for

Ti6Al4V titanium alloy samples subjected to laser modification, compared to
a titanium alloy without modification.
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Table 3. Cont.

Surface Property
Author, Year, and

Reference
Short Conclusion

Wettability

Cunha, A. et al., 2013 [69]
Obtaining an anisotropic surface by modification is beneficial for controlling
the surface wettability and this property is also indicated to improve stem

cell adhesion.

May et al., 2015 [70]

The surface anisotropy of titanium alloy Ti6Al4V subjected to fiber-laser
system modification was demonstrated. Wetting angles were smaller for the
measurement performed perpendicularly for each laser operating frequency.
The formation of contact anisotropy after laser modification was related to

the frequency of the laser work, and increasing this parameter
decreased the anisotropy.

Raimbault O. et al., 2016 [71]

The paper focused on the bioactivity of cells towards a femtosecond
laser-modified surface but also examined the wettability of the Ti6Al4V

titanium alloy, which was determined by measuring the contact angle. It was
shown that the storage medium had a great influence on the change of the

wettability characteristics of the modified samples. Samples stored in boiling
water were slower to change their character to hydrophobic ones due to the
slowing down of the passivation process, and the atmospheric environment

accelerated these changes.

Rotella 2017 [72]

The authors used three methods for the surface modification of titanium
alloy Ti6Al4V, one of them was a femtosecond laser treatment. The

hydrophobic character of the laser-modified samples was observed, but at
the same time, it was pointed out that this was not a disadvantage of such a

surface because it gives, in a long-term context, a chance for a stronger
bonding of the cells with the laser-modified implant.

Lu et al., 2018 [73]

A laser treatment at different laser fluence values was applied to pure
titanium samples and then they were chemically treated. For each of the

modification combinations, it was shown that the femtosecond laser
modifications decreased the contact angle immediately after the laser

treatment, while the contact angle increased after the modification. The
possibility to obtain a stable structure with hydrophobic properties was

pointed out in the paper as the most important advantage of
such a modification.

Pires et al., 2017 [54]

The Nd: YAG laser treatment produced a superhydrophilic surface. The
laser-modified surface consisted of more oxygen, which was one of the

factors influencing the change in surface wettability. It was indicated that the
use of this type of laser allows for the control of parameters important for

bone cells.

Menci et al., 2019 [24]

In this study, a laser beam modification was performed using two different
types of Nd: YAG laser and fiber laser, for different laser wavelengths. It was
shown that a fiber laser processing ns 1064 nm produces the highest surface

roughness with the greatest reduction in wetting angle. The paper also
presents the possibility of using individual lasers with specific parameters to
process specific implant components because of the roughness that can be

achieved with them.

Murillo et al., 2019 [74]

It was observed that immediately after the modification of a Ti6Al4V
titanium alloy with a UV ns laser and IR-fs pulsed lasers, the surface

exhibited hydrophilic properties. In this study, the effect of the sample
holding environment of titanium on material aging was investigated.
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Table 3. Cont.

Surface Property
Author, Year, and

Reference
Short Conclusion

Shaikh et al., 2019 [75]

In this study, a decrease in the contact angle was observed for Ti6Al4V
titanium alloy samples which underwent laser modification. It was also

observed that the surface of the samples after laser treatment became
hydrophilic immediately after the modification; however, during the storage
of the material, the contact angle was tested again, and the results showed a

change in the surface character toward a hydrophobic one. The authors
suggested that this could be due to the oxidation of the modified film as well

as contaminants deposited on the sample (the samples were stored in an
atmospheric environment).

Dou et al., 2020 [76]

An increase in hydrophilicity with an increasing laser fluence was observed.
The surface hydrophilicity was not stable, and the wettability of the surface
changed to hydrophobic properties with time. The need for research on the

stability of surface hydrophilicity was indicated.

Wang et al., 2021 [77]

A 355 mm UV laser modification of commercially pure titanium was carried
out. In this study, the possibility of controlling the wettability by light and

sample heating was demonstrated. The samples showed a superhydrophilic
surface immediately after laser modification.

Mukherjee et al., 2021 [78]

In this paper, the laser modification of titanium alloy Ti6Al4V using a
Yb-doped fiber laser was carried out. It was shown that the surface produced
by the laser was anisotropic, which revealed that the contact angle for water

was different for a parallel and perpendicular incidence of a drop on the
surface. It was shown that in the direction parallel to the laser beam
direction, the wetting of the surface was higher as a result of droplet

propagation along the corrugation grooves.

Wang et al., 2021 [79]

A Ti6Al4V titanium alloy was modified with a UV laser at a wavelength of
355 nm. The results of the contact angle measurements were presented for

three conditions: for the untreated sample (hydrophilic surface), the sample
after laser treatment (superhydrophilic surface), and the sample modified
with a laser and additionally subjected to a heat treatment (hydrophobic
surface). For the same samples, an erosion test was performed and it was
observed that the fastest erosion process occurred for the laser-modified

samples and the slowest for those with a hydrophobic surface.

Singh et al., 2021 [80]

In this study, a CO2 laser modification was carried out on titanium Ti6Al4V
alloys. After the modification, the values of the contact angle and surface
energy were investigated. It was found that for the laser-modified surface,

the contact angle was higher than for the unmodified samples, and the
surface energy also increased. It was also found that a decrease in the surface

energy resulted in a decrease in the affinity of the modified surface for
bacteria, which is beneficial for the potential use of the

material in implant production.

Li et al., 2022 [81]

Pure titanium samples were subjected to laser surface texturing. Wetting
angle studies were carried out using distilled water and modified-simulated
body fluid (m-SBF). For both fluids, the laser-modified surface showed an

increased wettability. It was indicated that the drops on the structure with a
higher roughness realized Wenzel’s law, which explained the decrease in the
contact angle. The wetting angle for the water was higher than for the m-SBF,

which gave information that cells would grow better on such a substrate.

The literature identifies four terms for surface wettability: superhydrophilic, hy-
drophilic, hydrophobic, and superhydrophobic, concerning a drop of water falling on a
surface Figure 3 [59].
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Figure 3. Categories of wettabilitybased on [59,66].

The researchers, Lawrence et al. [56], Menci et al. [24] and Pries et al. [54], treated
titanium alloys successively with an Nd: YAG and Yd: YAG laser, and based on contact
angle studies, they showed that a laser modification increases the wettability of the sample
surface successively for fluids such as human blood, human blood plasma, glycerol and
4-acetanol [56] and water [24]. A decrease in the wetting angle is also shown in Figure 4
for the modification made with the Nd: YAG laser [82]. Pries et al. [54] revealed that the
contact angle measured after a laser treatment was 0◦. Singh et al. [80] on the other hand,
observed that the laser modification of a titanium alloy resulted in a decreased surface
roughness, resulting in coatings with a lower wettability than unmodified samples.

Figure 4. Wettability of material for (A) base material Ti13Nb13Zr, (B) laser modified sample 700 W,
(C) laser modified sample 1000 W, and (D) laser modified sample 700 + 1000 W [82].

Researchers Lawrence et al. [56] Menci et al. [24] and Pries et al. [54] treated titanium
alloys successively with Nd: YAG and Yd: YAG laser, based on contact angle studies they
showed that the laser modification increases the wettability of the sample surface succes-
sively for fluids such as human blood, human blood plasma, glycerol and 4-acetanol [56]
and water [24]. The decrease in wetting angle is also shown in Figure 4 for the modification
made with the Nd: YAG laser [82]. Pries et al. [54] revealed that the contact angle measured
after laser treatment is 0°. Singh et al. [80] on the other hand, observed that laser modifica-
tion of titanium alloy resulted in decreased surface roughness resulting in coatings with
lower wettability than unmodified samples.

Conversely, in paper [76], a Ti: sapphire chirped-pulse regenerative amplification laser
system with a central wavelength of 800 nm, was used to modify a Ti4Al6V alloy. Initially,
the investigated surfaces were characterized by the hydrophilic nature of the modified
surface. In the experiment, the contact angle measurements were performed cyclically
for up to 155 days after the modification. The observations showed that the effect of the
modified surfaces changed from hydrophilic to hydrophobic. Analogous results were also
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reported in the work of [69,74,75,81,83] for the contact angle for water and for Hank’s
balanced salt solution (HBSS) for titanium and titanium alloys.

In the research of [73], an alloy was laser-treated with a femtosecond laser, followed by
an additional hydrothermal treatment and oxidation. The application of extra modifications
did not change the previously established theory that states that with time, the contact
angle of laser-modified surfaces increases. Raimbault et al. [71] pointed out that the
increase in the contact angle after a certain time after a laser treatment increases due to the
increasing passivation of the surface. Moreover, this paper shows that the environment
of repository-modified samples is important due to the changing character of the sample
wetting. Keeping the laser-modified TA6V samples in an air environment was associated
with a faster change in the surface character from hydrophilic to hydrophobic, while an
increase in the wetting angle for samples stored in boiling water was smaller. In the study
of [72], it is depicted that the change in surface wettability from The decrease in wetting
angle is hydrophilic to hydrophobic after a laser treatment does not adversely affect cell
adhesion to the material. A better way to illustrate the bonding of a surface to a water
droplet is to use the Cassie Baxter model, which takes into account the idea that the contact
between a droplet and a surface is affected by air trapped in the irregularities [84]; therefore,
an increase in the wetting angle is not uniquely associated with a weakening of the bond
between the material and the cells. In addition, the bond is also affected by mechanical
stress, which is related to the amount of cracking on the material surface [72].

The references of [62,74,82,83] indicate that laser-modified surfaces can exhibit anisotropic
as well as isotropic properties depending on the laser operating parameters [69]. The
anisotropy of a surface is more favorable due to its higher wettability than for isotropic
surfaces and the contact angles for anisotropic surfaces will be different for parallel and
perpendicular directions [70,78,85]. Surface modification resulting in an anisotropic surface
is very important for the ability to control the wettability of materials [69], and in addition,
due to the medical use of titanium and its alloys, the development of an anisotropic surface
is beneficial because of improved osseointegration conditions [47]. It is indicated that the
wettability character of laser-modified surfaces can be controlled and changed by external
factors such as heat [77,79]. In the study of [77], the hydrophilic properties of a titanium
alloy surface were observed immediately after laser modification. It was shown that it was
possible to manipulate the character of the surface wettability by using the heating of the
samples and UV radiation, which allowed the reversible transformation of the surface from
hydrophilic to hydrophobic and the other way around.

4. Corrosion

Titanium and its alloys are characterized by a very high chemical activity. The Pourbaix
diagram shows that titanium is a metal that passivates very quickly [86]. The natural, very
good corrosion resistance of titanium and its alloys is indicated [87–91]. Additionally, the
corrosion behavior is influenced by the presence of β-stabilizing alloying elements and
their role in the stability and thickness of the passive layer formed [92]. An important
direction of research is the study of the corrosion resistance of titanium bio-alloys [93,94],
and to improve this property, it is necessary to limit as far as possible the release of metal
ions into the body, since the possibility of adverse health effects due to the presence of, e.g.,
V or Al in the body has been identified [42,95,96].

It has been shown that titanium and its alloys are stable materials when exposed to
environments that react with their surface, but the problem that arises in the root cause
of this material is the development of fatigue corrosion, which occurs as a result of the
loads on implants. For example, the stress-shielding effect that occurs in implants is due
to the greater hardness of titanium than bone. The literature also states that cyclic loads
induced by walking affect the corrosion resistance of titanium materials. Moreover, alloying
additives in titanium alloys can have negative effects such as vanadium, aluminum, or
chromium, whereas alloys with a density of, for example, niobium or tantalum lead to the
formation of oxide layers which improve the root resistance of titanium alloys [97].
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Laser modification allows the free manipulation of the surface roughness and wet-
tability, which has a significant impact on the corrosion resistance of a material [98,99].
In 2012 [100], corrosion tests on pure titanium and titanium alloy with aluminum and
vanadium were performed and based on the corrosion intensity (lA/cm2), and it was
observed that there was a decrease in the corrosion and corrosion-fatigue behavior of the
studied materials after laser modification. It was indicated that the reason for the decrease
in the corrosion resistance was the presence of residual stresses and small grain sizes in
the modified surface, and the resulting microstructure changes differed in potential. The
literature indicates that the grain size is affected by the modification of heat [101].

In contrast, the work of [102] cites results from 1984 (Picraux and Pope) 2000 (Suzuki
et al.), and 2002 (Yue et al.), which state that laser modification improves the corrosion
resistance in, for example, Hank’s solution. Travessa et al. [103] showed that laser modi-
fication caused significant metallurgical and chemical changes on the surface of an alloy,
including the formation of oxides, which resulted in a significant improvement of the cor-
rosion properties compared to metal not subjected to laser treatment. It was also observed,
among other things, in the potentiodynamic polarization curves. Navarro [26] showed
that a femtosecond laser modification caused changes in the surface of modified samples
with different porosities, resulting in an increased impedance (Figure 5). Tests carried out
by [103,104] indicated that a thicker oxide or nitride layer formed after laser modification
on a material surface, improved the corrosion resistance of a titanium alloy. It was ob-
served that the surface structure after the laser modification, when there were unevenly
distributed phase components in it, affected the weakening of the corrosion resistance of the
material. The corrosion resistance test carried out in a Ringer’s solution Ti6Al4V titanium
alloy [105,106], showed an increase in the corrosion resistance in acidic media. Whereas
in the papers of [107,108], an increased corrosion resistance of laser-modified samples in
Hank’s solution and saline solution was shown.

Figure 5. The change of impedance after laser modification for samples with different porosity
volume [26].

Researchers in [78,109,110] investigated the effect of laser remelting on pitting and elec-
trochemical corrosion resistance. An analysis of the polarization curves in the work [109]
showed an increased resistance to pitting corrosion, which according to the authors was
due to a microstructural modification caused by the rapid solidification that occurred
during the laser remelting of the surface. Dhara et al. [78] have shown, based on obtained
polarization curves, that as a result of the modification, the passive film formed a stable
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barrier against corrosion. In the paper of [106] it was pointed out that a higher electro-
chemical resistance was due to the reduction in the volume of the α and β phase, and the
thickening of the surface texture. SEM and AFM studies carried out in [108] indicated
that the laser modification formed a more reproducible and smoother topography, which
increased the corrosion resistance of the material, and a stabilization of the passive layer
on the titanium surface was observed, making it less susceptible to further growth [111].
Tests carried out on the chemical composition of the material showed an increase in the
presence of nitrides, which acted as a barrier to the ingress of other molecules, and which
was considered a condition that could improve the corrosion resistance of a material. An
improvement in corrosion resistance by laser ablation was undertaken by [112] in their
work, in which they removed the oxide layer, which gave their material a low corrosion
resistance, and via the laser ablation, produced a corrosion-resistant oxide layer. This could
be observed from an increase in the self-corrosion potential for different energy doses and
a decrease in the self-corrosion current, which numerically reflected the corrosion rate of
the material; therefore, indicating that the lower the surface corrosion rate the better the
corrosion resistance.

5. Hardness

The hardness of titanium and its alloys is reported in the literature to be higher than
the hardness of steel on the Vickers scale [113]. For example, titanium alloy Ti6Al4V has
a hardness of HV higher (340 HV) than pure titanium (200 HV), which is related to the
presence of alloying elements [114,115]. The surface modifications of these materials aim
to improve the hardness and mechanical parameters to increase the residence time of an
implant in the body [116]. The hardness of the materials used for implants is important
because an increase in the material hardness is associated with an increase in the wear
resistance [116]. The literature also indicates that the high hardness of a material can
adversely affect the behavior of the biomaterial in the body [117]. Laser modification, on
the other hand, allows a controlled change in the parameters. Hardness, for example,
is widely discussed in the field of orthopedic implants, such as hip and knee implants,
because of the need to control the shielding effect of the implant in the bone, and the
importance of this parameter, as orthopedic implants are placed under a certain pressure
in the body, meaning that the implant must counterbalance this pressure to perform its
function properly [118].

A systematic review [119] and research by the authors [10,105,120–122] on the various
techniques of the surface modification of titanium have observed an increase in the hardness
of materials as a result of laser modification, which has its theoretical basis in [123], where it
was indicated that by using a heat source it was possible to control changes in the hardness
of materials. Table 4 shows the hardness values obtained for modified titanium alloys and
pure titanium using different laser types and parameters. In Figure 6 it is also shown that
laser modification improved the nano-hardness of Ti13Nb13Zr alloy samples after a laser
modification by an Nd: YAG laser.
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Figure 6. Nano-hardness of laser modified samples. BM: base material, P1: laser modified sample
with 800 W and scan rate 60%, P2: laser modified sample with 800 W and scan rate 30%, P3: laser
modified sample with 900 W and scan rate 60% [82].

In paper [105], the difference in the hardness value HV between the remelted material
and the base material was about 300 HV. The study on the hardness of a titanium alloy
was carried out by Khorram et al. [124] which indicated an increase in hardness of 36%.
Additionally, Zhang et al. [125] indicated an increase in hardness after laser modification of
60%, while Ushakov et al. [126] determined that the possibility of increasing the Vickers
hardness after a laser treatment ranged between 20% and 40%. Moreover, the increase
in microhardness was accompanied by an increase in the fracture toughness. The laser
modification of porous titanium in the research of [127] resulted in an increase in the
hardness at the pore pillars, while an increase in the pore size in the titanium sample
resulted in a decrease in the hardness. A significant effect of the pore size on the surface
hardening potential by a laser modification was demonstrated.

The change in hardness of samples after laser remelting varies due to the phase
transformations occurring during the cooling process [24,109,110]. The increase in material
hardness is due to the transformation of the β-phase at high temperatures from about
900 ◦C to 1050 ◦C [128], into the α phase and the martensitic α phase, which is hard but
very brittle [121,129–131], and the creation of the ω-phase [132,133]. After a laser-induced
heat treatment, the formation of a martensitic α-phase was observed as a result of the
transformation of the alpha-phase of titanium alloys initially into a beta-phase, and then
during the rapid cooling of a material after laser treatment, a martensitic α-phase was
formed [134]. Geng et al. [135] indicated that the hardness tests performed after a laser
modification of the alloy showed that the measurement of this parameter performed in the
β-phase, yielded lower values of hardness than in the α-phase. The results for the β-phase
were characterized by large deviations for the elastic modulus due to the small thickness
of the β-grains and the presence of α-grains. In studies [136,137] it has been shown that
as a result of rapid cooling of a material at the surface after treatment, a martensitic phase
with the addition of the β phase is formed, while deep into the material a decrease in
the compactness of the martensitic phase is observed, and the α phase tends to become
dominant. A comprehensive analysis of the phase transformation in a Ti-64 titanium
alloy subjected to an Nd: YAG laser modification was carried out in [138]. The presence
of a melted zone and a heat-affected zone after laser treatment were marked and they
had different microstructural characteristics. The melted zone was characterized by the
presence of martensitic plates throughout, while the heat-affected zone, which was far from
the laser source, contained short-rod b particles, martensitic plates and untransformed bulk
in its microstructure. It was shown that the change in hardness during laser treatment
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was influenced by the presence of martensitic plates in the melted zone and a reduction
in the grain size. The formation of the martensitic phase limited the diffusion of alloying
elements, which directly led to the hardening of the surface structure. The study of [138]
presents the preliminary results of values for hardness, using a calculation method and
a measurement method. For both methods, the hardness increased with respect to the
material without a laser treatment. The hardness for the melted zone was higher than for
the heated affected zone and the differences in the hardness values were due to the fact
that the calculation method did not take into account the occurrence of coarse α grains
in the heated zone, while it was also difficult to take into account the contribution of the
individual phases of the material in the zones [138].

The authors of [125] further observed the formation of a large number of dislocations
and mesh distortions on the surface of a sample, increasing the hardness of the material. In
the melted zone, the formation of nanotwins was observed, which slowed down the dislo-
cation movements, and this had an additional hardening effect on the material [138,139].
It was indicated that reducing the grain size increased the hardness of the material [109];
however, after laser treatment, the grain size of the material increased while the hardness
increased, suggesting that the grain size does not significantly affect the hardness as much
as the dislocations formed and the phase transformations of the material [140]. In the work
of [141], it was indicated that an increase in the amount of oxygen due to a femtosecond
laser treatment resulted in an increase in the hardness with a concomitant increase in the
brittleness of the material. Applying laser texturing to the surface linearly and performing
dimple patterns resulted in an increase in the nano-hardness from 2 GPa for the base
material to 4 GPa and 6 GPa, respectively, as tested by nanoindentation. The hardness
obtained for each test was dependent on the type of laser selected and the processing
parameters chosen. In paper [142], a pulsed laser treatment was performed using two
different laser power parameters, and the modified samples were divided into two regions.
It was shown that the region of the sample modified with a higher laser power of 3.99 W
had a higher hardness than the region modified with a laser power of 1.71 W. In addition,
it was shown that for treatment with the lower laser power, no significant difference in
the hardness were registered between the remelted layer and the native material. The
research of [143] indicated that a laser modification with a low laser power did not in-
crease the hardness of the material as much as in the case of a high laser power, for the
reason that a lower power also means less heat and there is not as much formation of the
martensitic alpha phase after remelting. A high laser power is directly related to the rapid
cooling of the material and as a result the formation of the martensitic alpha phase. In the
work of [144], the formation of a TiO2 rutile and anatase phase was demonstrated, and
it was indicated that the amount of oxygen molecules present in the structure depended
on the laser modification method, namely, the type of laser and the parameters used. Pan
et al. [145], as a result of their conducted research, indicated that the observed increase
in the microhardness of the samples subjected to laser treatment was also because with
an increase in the laser operating parameters there is an increase in the pressure. It was
noted that an overly high value of the laser operating parameters was not able to effectively
improve the microhardness of a surface [146], and this was because the yield strength of
the titanium alloys had been exceeded [145]. The laser modification primarily increased the
microhardness at the surface of the material, and the decrease in the hardness values was
a gradient with an increasing test depth [145]. The change of the laser wavelength from
532 nm to 1064 nm showed a huge increase in the surface roughness which had a negative
impact on the corrosion properties [147].
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6. Wear Resistance and Fatigue Behavior

An appropriate approach to improving wear resistance at present is to design alloys
based on their chemical composition. In parallel, several technologies have been developed
to prepare a modified layer with a high wear resistance [150]. The literature indicates that
the direct effect on wear resistance is related to the hardness of a material [107,151]. One
of the few disadvantages of titanium and its alloys is a low wear resistance [115]. For
these materials, the need to improve this property is widely discussed [11,152] because the
low wear resistance is a limitation of the various applications. Significant differences in
the wear resistance of the various titanium alloys are indicated depending on the α, β, or
αβ type [150,153]. The literature points to a low wear resistance, especially in the case of
titanium alloys β [92], for example, Ti-5Al-5Mo-5V-1Cr-1Fe [133], Ti–35Nb–7Zr–5Ta [154],
and Ti10V2Fe3Al [155].

The literature reports that laser surface modification is a simple method to improve the
wear resistance of a material [119,156–159]. In the research by Cheng et al. [133], despite an
increased surface hardness after laser modification, no improvement in the wear resistance
of the titanium alloy Ti5Al5Mo5V1Cr1Fe was observed.

The papers of [160,161] indicated that laser treatment in a nitrogen environment
caused the formation of TiN, which significantly improved the surface hardness and wear
resistance of the materials. The increased wear resistance was explained by a decrease in the
coefficient of friction [160]. The research of [161] indicated that the relative wear resistance
increased by 1.7 times compared to a material without a laser treatment. Moreover, the
literature of [158] indicated that a TiN layer formed as a result of remelting in the presence
of nitrogen, had a higher hardness and wear resistance than treated titanium alloys.

A study of the effect of laser processing on the wear resistance of pure titanium was
carried out in [162], where laser processing was shown to reduce the weight loss of samples
during a dry wear test. The study confirmed Archad’s theory, that the wear rate is reversely
proportional to the hardness [162,163]. The results of [162] for wear resistance indicated
that the mass loss for a samples subjected to laser modification was much lower than
for material without treatment, and that the wear indices for selected modified samples
were practically constant, while for unmodified samples they increased significantly. The
samples were subjected to a study of the change in the coefficient of friction during normal
loading for increasing loads and the results in the cited work [162] indicated that the pure
titanium samples without a modification showed a higher wear and material loss with an
increasing normal load, while for modified samples a decrease in the wear was observed
with increasing loads. In the work of [164], an increase in the wear resistance was observed
in untreated material, while an increase in the load during the experiments lowered the
wear resistance. The laser treatment created defects and when the load was applied, the
structures were compressed, which increased the wear resistance because the material
did not detach from the surface. It was shown that when the maximum temperature
reached during the thermal cycle was higher than the melting temperature, a phase change
to the martensitic phase occurred, and the fatigue strength and wear resistance of the
material were improved; thus, this procedure is also used in the hardening of steels and
cast irons [137].

The study results of Zeng et al. [165] also indicated that a laser treatment improved
the wear resistance of a material, that the diagram of the dependence of a material loss
volume on the wear time for both a non-laser treated and treated material was linear, except
for modified samples where a small mass loss was observed, and that it was 37 times
lower than the wear of the raw material. The ion release tests carried out showed that
the increased wear resistance determined the reduced release of vanadium, which is a
toxic element.

In the study of [166], as a result of laser modification, the formation of TiC was ob-
served and it was indicated that the presence of this composite improved the hardness
and wear resistance. It was shown that short laser processing times were more advanta-
geous because the melted layer was more homogeneous. Moreover, increasing the laser
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processing time increased the hardness and surface roughness but the TiC structure was
more uneven and hard TiC particles acted as an abrasive tool. The low speed of the laser
beam on the material, causing the formation of deeper melts, also had a beneficial effect on
increasing the wear resistance of the material.

In paper [167], an XRD study of a Ti834 alloy subjected to modification was carried out,
where the fatigue strength (high cycle fatigue) was tested. It was shown that for modified
samples there was an increase in the tested strength, which was justified by the formation
of compressive stresses after laser shock peening. Jia et al. [168] confirmed that in this type
of laser processing, compressive stresses are induced in the sample and increase with an
increasing impact time. A 1998 study [169] showed that laser modification combined with
previous coating applications allowed for a reduction in the adhesive and abrasive wear.

The researchers of [170,171] compared the treatment of titanium by ion implantation
and laser nitriding. It was shown that the use of a CO2 laser in a nitrogen environment
allowed a reduction in the friction between the tested surfaces, with a concomitant decrease
in the fatigue strength [171]. Another study [170] evaluated the fretting fatigue behavior
of a titanium alloy. It was observed that due to the formation of a heterogeneous, brittle
surface after machining during fretting, the surface of the titanium alloy was unable to
accept the loads set during fretting. Current literature [172–174] also shows that the use of
laser modification is associated with decreasing the fatigue strength in titanium alloys. It
is indicated that the fatigue strength is reduced by up to 30% compared to the very good
fatigue strength of titanium alloys [172,175]. Additionally, it was indicated that with the
increase in surface roughness after laser treatment, the cracks occurring on the surface
generate a reduction in the fatigue strength. The resulting surface damage was identified
as crack initiation sites [174]. The untreated material had crack initiation sites at the edges
of the material, while in the case of the laser-treated material, the initiation site was in the
center of the material [173].

7. Conclusions

The literature review focused on the effects of laser modification without material
gain on titanium and its alloys. The presented work provides a comprehensive knowledge
base on the effects of a fiber laser, Nd: YAG, Yd: YAG laser, and femtosecond laser and the
shock peening method on selected properties of the titanium materials used in the medical
industry. The paper discusses such properties as the roughness, wettability, resistance to
corrosion, wear, and fatigue, as well as the effect of laser modification on material hardness.

1. The first section focused on the surface roughness and wettability, allowing us to
assess the impact of laser modification with different types of lasers, which led to the
conclusion that the use of this type of modification increases the surface roughness
and that it varies depending on the operating parameters of the lasers.

2. The wettability of a surface is a topic that is widely discussed due to the fact that laser
modification affects the change in the nature of the surface. Notably, a large impact
on the hydrophilicity or hydrophobicity of a surface is the timing of the test in this
direction, as well as the environment in which the samples are stored, but depending
on the application of the material, there are different requirements, which does not
indicate a more advantageous character.

3. Collected publications in the field of corrosion resistance research determine that the
action of a laser beam on titanium materials improves the corrosion resistance, which is
important because this reduces the release of dangerous elements from the implants.

4. Laser modification alters the micro- and nano-hardness for each type of laser. It is
indicated that laser modification allows the process to be carried out in such a way
that the hardness obtained after the change is close to that of bone.

5. The effect of laser modification on material wear was presented based on a collection
of literature from a wide time range, which allowed the presentation of further
opportunities to discuss the selection of optimal laser operating parameters, such as
the laser operating power, laser beam density, and pulse duration.
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6. In addition, the aspect of wear resistance was discussed, where it was shown that the
use of laser modification improves this material property.

7. The presented review of the current literature on the subject provides a theoreti-
cal basis for studying the effects of laser processing on titanium and its biostops
and for conducting targeted processing in the area where modification is needed to
improve implants.

8. The presented review of the current literature related to the effects of laser modification
on selected properties of titanium materials and provides a theoretical basis for the
researchers’ research.

9. The review indicates the need to deepen the research related to the wettability of the
surface of titanium materials used in biomedicine, due to the fact that there is no clear
indication of which character of the surface is more favorable, and it is necessary to
identify the areas of application of a hydrophobic and hydrophilic surface obtained by
modification. In addition, it is important to focus on studies related to the durability
of materials against wear and fatigue and corrosion because these two properties
directly affect the length of stay of an implant in the body.
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94. Pawłowski, Ł.; Bartmański, M.; Mielewczyk-Gryń, A.; Zieliński, A. Effects of Surface Pretreatment of Titanium Substrates on
Properties of Electrophoretically Deposited Biopolymer Chitosan/Eudragit e 100 Coatings. Coatings 2021, 11, 1120. [CrossRef]
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Abstract: The detection of defects on the surface is of great importance for both the production and
the application of strip steel. In order to detect the defects accurately, an improved YOLOv7-based
model for detecting strip steel surface defects is developed. To enhances the ability of the model to
extract features and identify small features, the ConvNeXt module is introduced to the backbone
network structure, and the attention mechanism is embedded in the pooling module. To reduce the
size and improves the inference speed of the model, an improved C3 module was used to replace the
ELAN module in the head. The experimental results show that, compared with the original models,
the mAP of the proposed model reached 82.9% and improved by 6.6%. The proposed model can
satisfy the need for accurate detection and identification of strip steel surface defects.

Keywords: defect detection; YOLOv7; deep learning; ConvNeXt; attention pooling module

1. Introduction

As an important raw material of industry, strip steel is widely used in the production of
machinery, aerospace, automotive, defense, light industry, etc. [1]. However, limited by the
quality of raw materials, production environment, equipment, manual errors, etc., the strip
steel can lead to a variety of problems, the most common one being surface defects [2–4].
The surface defects are an important indicator for manufacturers and customers or con-
sumers to judge the quality of strip steel. In general, the surface defects of strip steel,
including crazing, inclusion, patches, pitted surface, rolled-in scale, scratches, and these
defects have an impact on the aesthetics of the steel, but more importantly, they reduce
the strength, toughness, corrosion resistance and wear resistance of the strip steel [5–7]. In
addition, the defects will also affect the strip steel sales of enterprises and may even bring
personal safety risks to users [8]. Therefore, the detection and identification of strip steel
defects have become a hot issue for scholars to study.

The traditional defect detection methods for strip steel surfaces include manual in-
spection methods, non-destructive testing methods [9], and frequency flash detection
methods [10]. Manual inspection requires inspectors to identify a large number of strip
steel defects through the naked eye, which needs a lot of labor due to the complex diversity
of defects. Secondly, the large amount of repetitive work makes the inspectors prone to
visual fatigue, which can lead to missed inspections and false inspections [11]. Due to
the traditional methods existing in low efficiency, error, high requirements for the skills
of the inspector, and other shortcomings occur. In recent years, based on deep learning,
image processing, target detection, and other automated technologies have begun to gradu-
ally replace traditional methods. Deep learning-based target detection can obtain higher
recognition accuracy and detection speed, which greatly improves the efficiency of defect
detection in real factories. Among them, the You Only Look Once (YOLO) algorithm series
has become a popular method in the current target detection research field because of its
ability to maintain good detection accuracy despite its fast detection speed.

Coatings 2023, 13, 536. https://doi.org/10.3390/coatings13030536 https://www.mdpi.com/journal/coatings
90



Coatings 2023, 13, 536

The causes of defects on the strip steel surface are numerous, and the morphology of
defects is complicated. According to the characteristics of the defect shapes, the defects can
be roughly divided into three categories: point, line, and surface. Typical defects (shown in
Figure 1) can be summarized as crazing, inclusion, patches, pitted surface, rolled-in scale,
and scratches. The crazing (as shown in Figure 1a) is caused by excessive surface burning,
decarburization, loosening, deformation, and a high content of sulfur and phosphorus
impurities on the surface during processing. The crazing generally appears as water
ripples or fish scale, which is different from the cracks caused by loose oxide skin. The
inclusion (as shown in Figure 1b) is usually caused by the presence of inclusions (metallic
or non-metallic) during the strip steel rolling. This defect occurs when the inclusions are
fractured or exposed. The size of inclusion defects is related to the number of inclusions,
and the edges are relatively clear, usually gray-white, yellow, or brown. The formation
of patches (as shown in Figure 1c) is related to the incomplete cleaning of iron oxide on
the surface of strip steel and also related to the failure to remove the residual liquid in the
annealing process in time. The patches are usually black with large and different shapes.
The distribution of patches on the surface of strip steel is random. After the strip steel has
been rolled, the iron oxide comes off its surface, resulting in a continuous rough surface
called a pitted surface (as shown in Figure 1d). The pitted surface usually appears as dents
of different sizes and depths, with dotted distribution or periodic distribution. There are
two main reasons for the formation of the rolled-in scale (as shown in Figure 1e); one is
that foreign materials are on the surface of the roller, which makes the surface of the strip
steel bulge during the roll-forming process. The other one is the low hardness of the roller,
which causes the strip steel surface material to come off during the roll forming process;
the strip steel surface appears depressed. The scratches (as shown in Figure 1f) is due to
the action of external forces or scratches by sharp objects during transportation.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 1. Typical defects of the strip steel. (a) crazing; (b) inclusion; (c) patches; (d) pitted surface;
(e) rolled-in scale; (f) scratches.

All of the above defects have a negative impact on the integrity and functionality
of the strip steel. As we can see in Figure 1, these defects present a variety of types.
Some of the defects are small and vary in size. The same type of defect presents different
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characteristics due to different causes. Moreover, the distinction between defects is not
clear enough. Therefore, it is extremely difficult to identify defects on the surface of the
strip steel accurately.

Identifying defects on the strip steel surface is an important criterion for judging the
quality of the strip steel and also facilitates the producer in finding the source of the problem
for further improvement. It is of great importance for the production and manufacturing of
strip steel. However, traditional methods are no longer applicable in today’s progressively
intelligent era, and the rapid development of computers has brought a great impetus to
the field of computer vision. A fast regularity metric for defect detection in non-textured
and uniformly textured surfaces is proposed by Tasi et al. [12]. This method is used to
detect defects only through a single discriminant feature. It avoids the use of complex
classifiers in a high-dimensional feature space. On the other hand, the method does not
require learning from a set of defective and non-defective training samples. Liu et al. [13]
proposed a new Haar–Weibull variance (HWV) model for unsupervised steel surface defect
detection. The anisotropic diffusion model is used to eliminate the influence of patches,
and then a new HWV model is developed to characterize the texture distribution of each
local patch in the image, thus forming a parametric distribution to extract the background
in the image effectively. In order to solve the under-segmentation or over-segmentation
problem, a global adaptive percentile threshold method for gradient image is proposed
in the literature [14]. Without considering the defect size, this method can adaptively
change the percentile used for thresholding and retain the characteristics of defects. A
defect detection model using an optimal Gabor filter was proposed by Tong et al. [15]. By
using an optimal Gabor filter, the model can significantly reduce the computational cost
and operate in real time to solve the problem of fabric detection. Choi et al. [16] applied
the Gabor filter to the detection of porous defects in steel plates, and the classification
performance of defects was improved with the use of the double threshold method. An
entity sparsity tracking (ESP) method for identifying surface defects is proposed by Wang
et al. [17] capable of detecting surface defects in an unsupervised manner.

In order to accelerate industrial production, improve product quality and save labor,
many researchers have devoted themselves to applying deep learning target recognition
methods to industrial production. Current deep learning-based target detection algorithms
are basically divided into two categories, namely, the one-stage target detection algorithms
and the two-stage detection algorithms. The two-stage target detection algorithm can be
roughly divided into two steps. The first step is to locate the target in a candidate frame, and
the second step is to make a final prediction of the target. The two-stage target algorithm
includes the regional convolutional neural network (R-CNN) [18], Fast R-CNN [19], and
Faster R-CNN [20]. Compared to the two-stage target detection algorithm, the one-stage
target detection algorithms directly predict the location and category of the target, which
is simpler and more direct. The one-stage target algorithm includes single shot multiBox
detector (SSD) [21], RetinaNet [22], and YOLO series algorithms [23–30]. In order to meet
the requirements of strip steel surface defect detection, an improved model [31] is proposed
by combining the improved ResNet50 [32] with Faster R-CNN. The experimental results
showed that the accuracy of detection was as high as 98.2%. However, the proposed model
has a large number of parameters, which makes the algorithm inference runtime longer.
A model of YOLOV4 based on an attention mechanism is proposed by Li et al. [33]. The
model has a stronger feature extraction capability; the average accuracy reached 85.41% in
detecting four types of strip steel defects. The TRANS module based on Transformer [34]
was added to the backbone and detection head of the YOLOv5 model, and an improved
Transformer-based YOLOv5 model was proposed by Guo et al. [35]. The test results showed
that the average detection accuracy is 75.2%, improving about 18% compared to Faster
R-CNN.

In summary, the target detection algorithm based on deep learning can effectively solve
the problem of strip defect detection. Based on the above work, an improved YOLOv7-
based model for detecting defects on strip steel surfaces is proposed in this paper. By
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introducing the ConvNeXt module to the backbone network, the ability of the network to
extract defect features and accelerate network inference is enhanced. By embedding the
CBAM into the MP layer of the model detection head, an attention-pooling structure is
formed to enhance the ability to cope with complex and different strip steel surface defects.

The organization of this paper includes the following sections. In Section 1, the
significance of the research and the contribution of this paper is given. A detailed summary
of the research results related to the field of strip steel defect detection is analyzed, especially
based on deep learning. A detailed description of the original You Only Look Once version
7 (YOLOv7) model, the loss function, and label assignment is given in Section 2. In Section 3,
an improved model based on YOLOv7 was developed for detecting defects on the strip steel
surface is described in detail. In Section 4, the detailed experimental results are described.
The conclusion is given in Section 5.

Our contributions are as follows:

1. An improved YOLOv7-based model for detecting defects on strip steel surfaces is
proposed.

2. To enhance the network’s ability to extract defects features and speed up network in-
ference, the ConvNeXt module is introduced to the backbone network of the YOLOv7
model.

3. To reduce the amount of operations and simplify the network structure, the Efficient
Layer Aggregation Network (ELAN) module in the detection head of the YOLOv7
model is replaced by an improved C3 module (C3C2).

4. By embedding the Convolutional Block Attention Module (CBAM) into the maximum
pooling (MP) layer of the model detection head, an attention pooling structure is
formed to enhance the ability to cope with complex and different strip steel surface
defects.

2. Methodology

2.1. YOLOv7 Network Structure

The YOLOv7 [30] (version 0.1) network structure is based on YOLOv5 [27] (version 5.0),
which introduces the idea of model re-parameterization. In YOLOv7 network structure,
deep supervision technique is added, dynamic label assignment strategy is improved,
coarse-to-fine guiding label assignment strategy is proposed, etc. Among them, the role
of the model re-parameterization is splitting a whole module into several identical or
different module branches during the training process and integrating several branch
modules into a fully equivalent module during the inference process. The benefit of model
re-parameterization is that better feature representations are obtained, computational and
parametric quantities are reduced, and inference speed is improved.

Deep supervision is a common technique used in deep network training. The main
idea of deep supervision is to add an auxiliary head in the middle layer of the network.
The shallow network weights and auxiliary losses are used as a guide to supervising
the backbone network. Thus, the problems of disappearing training gradients and slow
convergence of deep neural networks are solved (the YOLOv7 model explored in this paper
does not have an auxiliary training head).

The coarse-to-fine guiding label assignment strategy is used to make the label assign-
ment more accurate. The strategy is guided by the prediction results of the lead head to
generate coarse-to-fine hierarchical labels. The coarse-to-fine hierarchical labels are used
for auxiliary head and lead head learning, respectively.

The overall network structure of YOLOv7 (as shown in Figure 2) is very similar to
YOLOv5; the main difference between them is the internal components of the network.
Firstly, in the backbone part, the extended efficient layer aggregation network (E-ELAN)
and MP structure are used in the backbone part of the network. Secondly, the neck layer and
the head layer are merged, still called the head layer. The YOLOv7 network extracts image
features mainly through the backbone part of the E-ELAN and MP structure. The authors
of the original paper believe that the deeper the network is, the better it is for network

93



Coatings 2023, 13, 536

learning and convergence. A more efficient network can be built by controlling the shortest
and longest gradient paths in the network. Thus, after comparing with VoVNett [36],
CSPVoVNet [37], and ELAN [38], the E-ELAN (an extended version based on ELAN) is
proposed. The E-ELAN only changes the structure of the computational module, while the
structure of the transition layer is completely unchanged. By using the strategy of expand,
shuffle, and merge cardinality, the network learning capability is continuously enhanced
without destroying the original gradient path. Unlike the previous network structure of
YOLO, the MP layer in the YOLOv7 network structure uses both maxpooling and 3 × 3
convolution with stide = 2 to downsampling. The outputs are concatenated by means of
concat, which allows the network to extract features better.

 

Figure 2. YOLOv7 network structure.

The procedure of strip defect detection with YOLOv7 is as follows:

1. Using a camera with higher resolution to collect pictures of the strip steel with defects
on the surface.

2. Using the labelimg tools to process the defects that appear in the strip steel on these
images, frame them accurately with a rectangular box and mark the category.

3. Dividing the processed images into the training set, test set, and validation set ac-
cording to a certain ratio; putting the training set and validation set into the model of
YOLOv7 for training and validation; and using the test set to test the model training
effect.
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2.2. Loss Function and Label Assignment

The overall loss function of YOLOv7 remains the same as YOLOv5. The loss function
is divided into three parts: the classification loss Lcls, the objective confidence loss Lobj and
the localization loss Lloc.

The binary cross entropy (BCE) loss is used for classification loss Lcls, and note that
only the classification loss of positive samples is calculated. The objective loss Lobj is still
BCE loss; note that the obj here refers to the complete intersection over union (CIoU) of
the target bounding box and GT Box of the network prediction. The objective loss Lobj is
calculated here for all samples. The localization loss Lloc is used as CIoU loss, and note that
only the location loss of positive samples is calculated.

Therefore, the loss function of YOLOv7 can be described as follows:

Loss = λ1Lcls + λ2Lobj + λ3Lloc (1)

where λ1, λ2, λ3 are the equilibrium coefficients.
A new method of label assignment is used in the YOLOv7 network structure. Using

the prediction of the lead head as a guide, coarse-to-fine hierarchical labels are generated.
The labels are used for the learning of the auxiliary head and the lead head, respectively.
The lead head has a stronger learning capability, allowing the auxiliary head to learn the
information already learned by the lead head directly, and the lead head can focus more on
the residual information that has not yet been learned. The details can be seen in Figure 3a,b.

 
(a) (b) 

Figure 3. New label assignment method. (a) Lead guided assigner; (b) Coarse-to-fine guided assigner.

3. Improvement of YOLOv7

The improved YOLOv7 algorithmic network structure architecture proposed in this
study is marked in the red box in Figure 4, and detailed information is given in the
subsequent two sections.

The specific improvement points of the YOLOv7 algorithm structure in this study
are marked with different colored rectangular boxes in Figure 4. The ConvNeXt module
in the purple box is added to the head of YOLOv7 to enhance the ability of the model
to extract features, and the C3C2 module in the yellow box replaces the ELAN structure
in the original structure of YOLOv7 to streamline the model size, and finally, the green
CBAM attention mechanism in the green box is embedded in the first MP layer structure to
improve the network’s ability to identify minor and inconspicuous defects.
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Figure 4. Improved YOLOv7 algorithm network structure.

3.1. ConvNeXt Module

In order to achieve accurate detection of strip steel surface defects, we applied the
network model of YOLOv7 to the strip steel dataset. In order to improve the accuracy of the
model, we tried to add the newly proposed ConvNeXt [39] convolutional structure module
to the backbone of YOLOv7 for better extraction of strip steel surface defect features. The
ConvNeXt has four different versions of T/S/B/L, which are configured as follows:

ConvNeXt-T: C = (96, 192, 384, 768), B = (3, 3, 9, 3)
ConvNeXt-S: C = (96, 192, 384, 768), B = (3, 3, 27, 3)

ConvNeXt-B: C = (128, 256, 512, 1024), B = (3, 3, 27, 3)
ConvNeXt-L: C = (192, 384, 768, 1536), B = (3, 3, 27, 3)

(2)

where C represents the number of input channels in the four stages, and B represents the
number of repeated stacking blocks per stage.

The computational complexity, structure size, and the number of input channels of
the ConvNeXt increase sequentially from version T to version XL. To avoid breaking the
entire continuous downsampling structure in the backbone of YOLOv7, after weighing
the module size and the number of output channels, we choose to replace the first and
last ELAN modules in its backbone with the ConvNeXt-B module. The structure of the
ConvNeXt-B module is shown in Figure 5.
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Figure 5. ConvNeXt-B module structure.

The network structure of the ConvNeXt module is a pure convolutional network
structure based on the ResNet-50 network structure, which is designed based on the
structure of the Swin Transformer [40]. While the ConvNeXt module is benchmarked
against the Swin Transformer network structure, it also actively learns from the previous
classical network structure. For example, the depthwise convolution structure adopted
by the ConvNeXt module is learning from the method of ResNeXt [41]. Through the five
comparative experiments of macro design, deep residual learning for image recognition
(ResNeXt), inverted bottleneck, large kerner size, and various layer-wise micro designs,
the network model is gradually optimized. Finally, ConvNeXt is proposed. With the same
floating point of operations (FLOPs), the ConvNeXt has faster inference speed and higher
accuracy than Swin Transformer.

3.2. Improvement of C3(C3C2)

In YOLOv7’s head part, the ELAN module is used to extract features from the input
feature maps. However, for our strip steel surface defect dataset, there are large differences
in the size and shape of defects in the same category. Moreover, there are also similarities
between different classes of defects. In addition, due to the different material quality of
different strip steel samples and the influence of lighting, the gray value of the intra-class
defect image will also change. These reasons make it difficult for the network to extract
features. The ELAN module in YOLOv7 is not very effective in extracting the features
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of the image. In addition, the ELAN structure contains more convolutional modules and
residual connections, which will bring more computation and reduce the inference speed.
Therefore, we try to improve the C3 module in the latest version of YOLOv5 (shown in
Figure 6a) into the C3C2 module (shown in Figure 6b) and replace the ELAN module in the
head part to further enhance the feature extraction and fusion capability of the YOLOv7
network structure. Meanwhile, the parameter computation is reduced, and the inference
speed is improved.

 
(a) 

 
(b) 

Figure 6. Improvement of C3(C3C2). (a) C3 module; (b) C3C2 module.

The C3C2 convolution module is inspired by Swin Transformer’s network structure.
It is based on the original C3 module, the residual branch convolution module is changed
to a simple convolution structure, and the batch normalization (BN) layer and activation
function layer are removed to reduce the amount of parameter calculation. Given that
the Mish activation function [42] has a better ability to suppress overfitting than the Silu
activation function, the Mish activation function is more robust to different hyperparam-
eters. In view of the above advantages, we changed the activation function in the final
convolution module from the original Silu (swish) to the Mish activation function. As a
result, the nonlinear variation of the network is enhanced when the convolution module is
input after the final Concat operation.

3.3. Attention Pooling Module

The MP layer structure, as shown in Figure 7a, is used for downsampling in the
YOLOv7 head. The feature map will be downsampled in two branches after entering the
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MP layer structure, one branch for the Maxpooling layer with a large convolutional kernel
of 2 and the other branch for the convolutional kernel of size 3 with a step size of 2 for
downsampling. Finally, the output of the two branches will be Concat operation and then
output. Since the strip steel defect dataset contains many small and dense defects, which
are not easy to identify, we try to add the attention mechanism CBAM [43] to the MP layer
structure to build the attention-pooling module, as shown in Figure 7b. As a result, the
network is enabled to focus on more important targets by itself and strengthen the ability
of the network structure to identify defects.

 
(a) 

(b) 

Figure 7. Attention pooling module. (a) MP layer structure; (b) MP layer structure with CBAM.

The CBAM is an attention mechanism module that combines spatial and channel. It
can achieve better results than the squeeze-and-excitation networks (SEnets) [44] attention
mechanism, which only focuses on channels. The CBAM contains two independent sub-
modules, namely, the channel attention module (CAM) and the spatial attention module
(SAM). This not only makes the network more capable of focusing on key information
but also achieves a plug-and-play effect by weighting attention in both channel and space,
respectively.

When the feature map is input to the CBAM, it will first pass through the CAM.
In the CAM, the feature map will first pass through two parallel MaxPool and AvgPool
layers to compress the feature map into two one-dimensional feature vectors. Next, the
two one-dimensional feature vectors are fed into a two-layer shared neural network for
activation and channel transformation. The result of the transformation is subjected to
an Add operation. Finally, the final channel attention feature is generated by a sigmoid
activation operation. The channel attention feature map and the input feature map are
multiplied elementwise to generate the input features needed by the SAM. After entering
the SAM, the channel-based global max pooling and global average pooling operations are
performed to compress the channels of the feature map. Next, the channel-based Concat
operation on these two results is carried out. After that, the convolution operation is
performed to reduce the dimensionality to one channel. Then, the spatial attention feature
map is generated by the sigmoid activation function. Finally, the spatial attention feature is
multiplied by the input feature of this module to obtain the final generated feature.

4. Experiment and Result Analysis

In this section, the dataset, evaluation metrics, comparison objects, and methods are
described, and the experimental results are analyzed to confirm the usefulness of the
improved model.
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4.1. Experimental Details and Dataset

The experimental environment used a computer with the following configuration:
Windows 11 operating system, Intel (R) Core (TM) i5-9300 CPU with 2.40 GHz processor,
and NVIDIA GeForce GTX 1650 graphics card. The experimental dataset of the NEU-
DET [45] dataset of Northeastern University consists of six types of defect image data,
including crazing, inclusion, patches, pitted surface, rolled-in scale, and scratches. There
are 300 samples for each type of defect, for a total of 1800 grayscale images. For the defect
detection task, bounding box annotations are also provided in the dataset, indicating the
class and location of defects in each image. A total of 1800 images, the image size is
200 × 200, the training set and the test set are divided according to the ratio of 9:1, and then
10% of the training subset is used as the validation set.

4.2. Performance Evaluation

To measure the accuracy of target defect detection, we used two metrics (i.e., average
precision (AP) and mean average accuracy (mAP)) as performance evaluation criteria.
These are calculated as follows.

Precision =
TP

TP + FP
(3)

Recall =
TP

TP + FN
(4)

AP =

1∫
0

P(R)dR (5)

mAP =
∑c

i=1 APi

c
(6)

where the TP is a true-positive defect, the FP is a false-positive defect, and the FN is a
false-negative defect. The P(R) is the precision–recall curve, the i is a defect category, and
the c is the number of defect categories with a value of six in this experiment.

4.3. Ablation Research

For the ablation study, we designed a detailed algorithm based on YOLOv7 as the
baseline model, the CovNeXt network structure is added to the backbone, the ELAN
structure is replaced by the C3C2 structure in the detection head, the CBAM is embedded
in the MP layer structure to construct the attention pooling structure. In order to reasonably
judge whether the proposed improvements are of application value for strip steel defect
detection, the joint ablation experiments on the NEU-DET dataset is carried out. The
results are listed in Table 1, where the YOLOv7 represents the original YOLOv7 model. The
YOLOv7–ConvNeXt-B represents the replacement of the first and last ELAN modules in
the backbone of YOLOv7 with the ConvNeXt-B module. The YOLOv7–C3C2 represents
the replacement of the original ELAN structure in the head of the YOLOv7 model with
our improved C3C2 structure. The YOLOv7–CBAM represents the addition of the CBAM
attention mechanism in the first pooling layer of the head, and the Ours represents the
proposed algorithm.

As can be seen from Table 1: (1) after adding the ConvNeXt structure to YOLOv7,
although the overall mAP value is not improved, it makes the whole network structure
have better recognition ability for the crazing, patches, rolled-in scale, and scratches. (2) For
the application of the C3C2 module, the size of the network model is reduced from 36.5 MB
to 30.2 MB without reducing the overall detection accuracy of the network. The number
of parameters of the network is reduced greatly, and the inference speed of the network
speeds up. (3) The AP values of inclusion, patches, rolled-in scale, and scratches are also
improved. Finally, the YOLOv7–CBAM greatly enhances the sensitivity of the network
to line defects and significantly improves the detection capability of the network for both
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crazing and scratch defects. (4) For our proposed algorithm, the AP values of the four
types of defects (crazing, patches, rolled-in scale, and scratches) have been improved more
significantly, except for a slight decrease in inclusion defects.

Table 1. Ablation experiments results.

mAP%
AP%

Crazing Inclusion Patches Pitted Surface Rolled-In Scale Scratches

YOLOv7 76.3 48.1 76.5 94.8 99.5 67.0 72.0
YOLOv7–ConNeXt-B 76.3 54.1 62.3 96.4 95.6 67.6 82.1

YOLOv7–C3C2 75.5 35.9 76.8 99.1 93.1 71.5 76.5
YOLOv7–CBAM 79.4 63.6 66.7 97.7 99.5 65.5 83.6

Ours 82.9 68.9 68.3 97.8 99.5 73.3 89.3

Note: AP = Average precision; mAP = Mean AP; YOLO = You Only Look Once.

4.4. Contrasting Experiment

The Precision–Recall (P–R) curves of the YOLOv5, original YOLOv7, and improved
YOLOv7 algorithm models for the detection of the six defects in the NEU-DET dataset are
shown in Figure 8.

(a) 

(b) 

Figure 8. Cont.
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(c) 

Figure 8. Precision–recall (P–R) curves. (a) YOLOv5; (b) YOLOv7; (c) Improved YOLOv7.

The P–R curve is an important indicator to measure the performance of the model.
In the P–R curves, the larger the area enclosed by the curve, the better the performance.
As can be seen from Figure 8, compared with the other two algorithms, our proposed
algorithm has better defect detection performance.

Figure 9 represents a comparison of the visualization results of the detection effects
of the above models. It is easy to see that the improved YOLOv7 algorithm model is not
only able to locate and find all defects more accurately but also make the prediction frame
more precise. Meanwhile, compared with the other two models, the improved YOLOv7
algorithm model is able to improve the false and missed detection very well.

crazing 

inclusion 

Figure 9. Cont.
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rolled-in 
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scratches 

- (a) (b) (c) 

Figure 9. Comparison of detection results: (a) our algorithm; (b) YOLOv5 algorithm; (c) original
YOLOv7 algorithm.

In order to more closely verify the superiority of the improved YOLOv7 algorithm
compared with other algorithms, a comparison experiment was performed with five other
classical algorithms that have been proposed. The experimental results are shown in Table 2.
Compared with the other algorithms, the AP values of the proposed algorithm are not
as good as the other algorithms for inclusion defects. However, the AP values and mAP
values for other typical defects are higher than the other algorithms, and the mAP value is
6.6% higher than the YOLOv7. In summary, the proposed algorithm has a high practicality
for the detection of strip defects in industrial production.
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Table 2. Comparison results with other algorithms.

mAP%
AP%

Crazing Inclusion Patches Pitted Surface Rolled-In Scale Scratches

YOLOv5 77.80 40.60 81.00 96.70 98.20 70.10 80.30
YOLOv7 76.30 48.10 76.50 94.80 99.50 67.00 72.00
YOLOX 73.37 46.06 73.26 86.58 83.55 52.80 97.98

SSD 75.43 62.72 75.63 94.31 71.46 65.89 82.54
RetinaNet 67.56 45.65 68.34 89.99 81.52 58.60 61.27

Ours 82.90 68.90 68.30 97.80 99.50 73.30 89.30

Note: AP = Average precision; mAP = Mean AP; SSD = Single-shot multi-box detection; YOLO = You Only Look
Once.

5. Conclusions

Strip steel often inevitably produces some defects due to the level of production
technology and the impact of external factors. However, in the image of strip surface
defects, the shapes of similar defects are different, and there are similarities between
different defects. Undoubtedly, it brings great obstacles to the defect detection algorithm.
The conventional target detection algorithm can not well meet the requirements of the actual
industrial production process of strip defect detection accuracy rate and inference speed.
In this study, an improved YOLOv7-based detection algorithm to meet the requirements
of accuracy and inference speed for strip steel defect detection is proposed. The value of
this algorithm lies in adding the ConNeXt module to the backbone of YOLOv7, replacing
the ELAN structure of the original model with the improved C3C2 structure in the head
of YOLOv7, and embedding the CBAM attention module in the original pooling module.
Among the six typical defects in the NEU-DET dataset, the proposed algorithm improves
by 6.6% in mAP compared to the original model YOLOv7. Compared to the other single-
stage target detection algorithms, SSD and RetinaNet, the mAP values increased by 7.47%
and 15.34%, respectively. Compared to the YOLOX algorithm and YOLOv5, the detection
accuracy of the other five defects is improved, except for the detection accuracy of inclusion
defects, which is slightly decreased. Of course, there are still some shortcomings in our
proposed algorithm; for example, the defect detection effect for the crazing and inclusion is
still weak. We intend to further explore how to improve the algorithm’s ability to identify
these two types of defects through experiments in the future.
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Abstract: CuInSe2 nanoparticles were successfully deposited on the surface of TiO2 nanotube arrays
(NTAs) by a solvothermal method for the photocathodic protection (PCP) of metals. Compared with
TiO2 NTAs, the CuInSe2/TiO2 composites exhibited stronger visible light absorption and higher
photoelectric conversion efficiency. After 316 Stainless Steel (SS) was coupled with CuInSe2/TiO2,
the potential of 316 SS could drop to −0.90 V. The photocurrent density of CuInSe2/TiO2 connected
to 316 SS reached 140 μA cm−2, which was four times that of TiO2 NTAs. The composites exhibited a
protective effect in the dark state for more than 8 h after 4 h of visible light illumination. The above
could be attributed to increased visible light absorption, the extended lifetime of photogenerated
electrons, and generation of oxygen vacancies.

Keywords: TiO2 NTAs; CuInSe2; photocathodic protection; 316 SS; EIS

1. Introduction

316 SS is widely used for industrial applications because of its good corrosion resis-
tance and excellent mechanical properties. Nevertheless, stainless steel (SS) is prone to
pitting corrosion in Cl−-rich solution [1–3]. Metal corrosion is extremely harmful, causing
huge economic losses and even safety accidents every year [4,5]. Many anti-corrosion
methods, including corrosion inhibitors [6], anticorrosion coatings [7] and cathodic protec-
tion [8], have been developed to inhibit the corrosion of steel. Photocathodic protection
(PCP) is a new type of green anti-corrosion technology. Its principle is that when the semi-
conductor is irradiated by light which possesses higher energy than the band gap (Eg) of
the semiconductor, electrons are excited from the valence band (VB) to the conduction band
(CB); then, the photogenerated electrons are transferred from the semiconductor to the
connected metal to reduce the potential of the metal surface, thereby inhibiting the metal
corrosion. Compared with traditional cathodic protection techniques, PCP technology nei-
ther consumes energy nor releases metal ions into the environment [9–11]. Therefore, the
development of PCP systems to protect metal against substrates is a promising approach
for many industrial applications.

TiO2 has attracted great interest as a photoanode material for PCP application due to
its stable physical and chemical properties, lack of toxicity, excellent photoelectric properties
and low cost [12–14]. Unfortunately, some inherent defects of TiO2 limit its application. First
of all, TiO2 is unable to utilize most sunlight (less than 5% of solar energy) due to its wide
Eg [15]. Secondly, the photogenerated carriers in TiO2 are easy to recombine, which greatly
reduces its photoelectric conversion efficiency [16], making it unable to protect metals in
dark environments. Therefore, it is necessary to modify the TiO2, for example, through
doping, with metal elements (W [17], Fe [18], Ni [19], etc.) or non-metal elements (N [20],
B [21], etc.), and co-sensitizing with narrow gap semiconductors (MoS2 [22], Co(OH)2 [23],
FeS2 [24], etc.).

Coatings 2022, 12, 1448. https://doi.org/10.3390/coatings12101448 https://www.mdpi.com/journal/coatings
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Ternary semiconductors have aroused great attention because of their adjustable Eg
and electronic energy level, controllable composition and internal structure [25]. Polymetal-
lic sulfides/selenides have good electrochemical properties due to the synergistic effect
of two metal atoms [26,27]. At present, AgInS2 and AgInSe2 have been used to modify
TiO2 and have achieved good PCP effects [28,29]. In addition, selenides have faster hetero-
geneous electron transfer rates than sulfides because the electronegativity of Se is lower
than S [30]. CuInSe2 is regarded as a promising photovoltaic material due to its adjustable
band gap, high optical stability and excellent photoelectric conversion efficiency. Therefore,
the sensitization of CuInSe2 may improve the composites’ efficiency of utilization of sun-
light [31]. More importantly, the CB potential (ECB) of CuInSe2 was more negative than that
of TiO2, so it is possible to construct a CuInSe2/TiO2 heterojunction, which can facilitate
the efficient transfer of electrons from CuInSe2 to TiO2 [32]. Therefore, CuInSe2 may be an
ideal semiconductor material for modifying TiO2. According to previous reports, some
researchers have constructed CuInSe2/TiO2 nanostructures for photocatalytic degradation
of organic pollutants [33] and solar cell applications [34]. However, there are no reports on
the PCP performance of CuInSe2/TiO2 for metals.

In this paper, CuInSe2/TiO2 composites were synthesized by anodic oxidation and
solvothermal methods. The morphologies, crystal structures, composition and light ab-
sorption properties of the composite materials were studied. The PCP performances of
photoanodes were studied by electrochemical test methods. Through density functional
theory (DFT) calculations, the electronic structure changes of composites were calculated.
The PCP mechanism of CuInSe2/TiO2 on 316 SS was studied.

2. Materials and Methods

2.1. Chemicals and Reagents

The Ti foils (40 mm × 10 mm × 0.1 mm; 99.9% purity) were purchased from Shanghai
Gao Dewei Co., Shanghai, China, and 316 SS was purchased from Shanghai Baosteel
Co., Shanghai, China with the following ingredients (wt%): C 0.08%, Si 0.90%, P 0.045%,
S 0.029%, Mn 1.80%, Ni 14.00%, Cr 17% and balanced Fe. CuCl2·2H2O (99.0%), InCl3·4H2O
(99.9%), Se powder (99.0%), Na2S·9H2O (98%), NaOH (99%) and NaCl (99.5%) were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

2.2. Fabrication of CuInSe2/TiO2 Photoelectrodes

Figure 1a illustrates the process for preparation of CuInSe2/TiO2 nanotube array (NTA)
photoanodes. TiO2 NTAs were synthesized on a Ti foil by electrochemical anodization. The
Ti foil was first chemically buffed in a mixed solution of 2.5 mL H2O, 0.45 g NH4F, 6.0 mL
H2O2 and 6.0 mL HNO3, and then cleaned with first deionized water (DI water) and then
absolute ethanol. The cleaned Ti foil and the Pt plate were used as the anode and cathode,
respectively. The Ti foil was immersed in the electrolyte solution (0.36 g NH4F, 4.0 mL
H2O, 60 mL ethylene glycol) for anodic oxidation at 30 V for 30 min, and then rinsed with,
respectively, DI water and ethanol. The oxidized Ti foil was placed in a muffle furnace at
450 ◦C for 2 h, and then TiO2 NTAs were obtained.

CuInSe2 nanoparticles were synthesized on the TiO2 by a solvothermal method.
CuCl2·2H2O (0.1, 0.2, 0.3 mmol), InCl3·4H2O (0.1, 0.2, 0.3 mmol) and Se powder (0.2,
0.4, 0.6 mmol) were mixed with 60 mL methanol and magnetically stirred for 20 min.
The mixed solution and the as-fabricated TiO2 were immersed in a Teflon-lined autoclave
and sintered at 200 ◦C for 12 h. Finally, CuInSe2/TiO2 composites were obtained. The
synthesized photoanodes were marked, respectively, as CuInSe2/TiO2-A, CuInSe2/TiO2-B
and CuInSe2/TiO2-C.
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Figure 1. Schematic illustration of (a) the synthesis process for the CuInSe2/TiO2 NTAs. Test devices
for measuring (b) OCP, Tafel and EIS, and (c) photocurrent densities.

2.3. Characterization

The morphologies of the photoelectrodes were observed using a scanning electron
microscope (SEM, Hitachi SU8220, Tokyo, Japan) with Quantax75 energy-dispersive X-ray
spectroscopy (EDS, Hitachi SU8220, Tokyo, Japan). The crystal structures of the photoelec-
trodes were obtained using X-ray diffraction (XRD, D8-advance, Bruker AXS Co., Karlsruhe,
Germany) the Cu Kα radiation. The chemical components and element chemical states were
analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, Waltham,
MA, USA, Al-Kα radiation, 1486.6 eV). The optical properties of the photoelectrode were
tested using a UV-Vis diffuse reflectance spectrophotometer (DRS, Hitachi UH4150, Tokyo,
Japan). Photoluminescence (PL, Ex: 320 nm) spectra were measured using an FLS980 series
fluorescence spectrum scanner. Surface morphologies of 316 SS electrodes were obtained
by a metallographic microscope (Axiocam 105 color, Oberkochen, Germany).

2.4. Photoelectrochemical Measurements

All measurements were carried out on an electrochemical workstation (CHI 760E,
Chenhua Instrument Co., Ltd., Shanghai, China). The test device was composed of a
corrosion cell (3.5 wt% NaCl) and a photoanode cell (0.1 M Na2S + 0.2 M NaOH). The
two cells were connected by Nafion film. The 316 SS electrode (1 cm × 1 cm × 1 cm) was
encapsulated in epoxy resin with an exposed area of 1 cm2. A 300 W xenon lamp (PLS-SXE
300C, Beijing Perfectlight Technology Co., Ltd., Beijing, China) with a 420 nm cut-off filter
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was used as a visible light source to illuminate the photoanode material vertically. The
open circuit potentials (OCP), Tafel curves and electrochemical impedance spectroscopy
(EIS) were recorded by the two-cell system (Figure 1b). The corrosion potential (Ecorr) and
corrosion current density (Jcorr) were recorded by Tafel curves which were measured at a
scanning rate of 0.5 mV·s–1 from −250 to 250 mV vs. OCP. The EIS data were obtained in
the frequency range of 105–10–2 Hz with OCP as the initial potential and the amplitude
of AC signal was 5 mV. The Mott–Schottky (M–S) curves were recorded from −1.0 V to
0.5 V with a frequency and an amplitude of 1000 Hz and 10 mV, respectively. The I–V and
M–S tests were both carried out in 0.1 M Na2SO4 solution. The 316 SS in the corrosion
cell and the photoanodes in the photoanode cell were connected by wires to the working
electrode (WE). The saturated calomel electrode (SCE) and Pt plate were set as reference
electrode (RE) and counter electrode (CE), respectively. The setup used to measure the
photocurrent densities is shown in Figure 1c; CE and RE were connected with wires, 316 SS
and photoanodes were connected to ground wire and WE, respectively.

3. Results and Discussion

3.1. Morphology and Chemical Compositions

The morphologies of TiO2 and CuInSe2/TiO2-B were studied by SEM. Figure 2a,b
shows that the average inner diameter and tube length of TiO2 nanotubes were about
40 and 1600 nm, respectively. The ordered structure of TiO2 NTAs can promote the sepa-
ration and transport of e−/h+ pairs [35]. As shown in Figure 2c,d, CuInSe2 nanoparticles
were successfully loaded on the TiO2 surface. It is evident that the deposition of the CuInSe2
nanoparticles had no effect on the morphology of the nanotubes. The elemental mapping
results of CuInSe2/TiO2-B show that the composite material is composed of Ti, O, Cu, In
and Se elements. It further indicates that CuInSe2 nanoparticles were formed uniformly on
the surface of the nanotubes in the composite by the simple solvothermal method.

Figure 2. (a) SEM Top-view and (b) cross-section of the TiO2 NTAs, (c) SEM top-view, (d) cross-section
view of the CuInSe2/TiO2-B NTAs, and (e) EDS elemental mapping of the CuInSe2/TiO2-B NTAs.

XRD spectra were used to determine the crystal structural information of the synthe-
sized photoanodes. Figure 3 shows the XRD patterns of TiO2 and CuInSe2/TiO2-B. For
TiO2, the XRD peaks at 25.3◦, 49.5◦ and 53.9◦ corresponded to (101), (200) and (105) planes
of anatase TiO2 (JCPDS No. 21-1272), respectively. The other peaks of TiO2 were derived
from the Ti substrate. For CuInSe2/TiO2-B photoanode, the XRD peaks at 27.3◦, 28.3◦,
43.9◦ and 44.2◦ corresponded to (112), (103), (105) and (301) crystal planes of tetragonal
chalcopyrite CuInSe2. No diffraction peak of the impurity phase was detected by XRD.
Combined with the results of SEM and XRD, the CuInSe2/TiO2 photoanode materials with
high purity were successfully prepared by anodic oxidation and solvothermal methods.
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Figure 3. XRD patterns of TiO2 and CuInSe2/TiO2-B.

The elemental chemical state of CuInSe2/TiO2-B was determined by XPS spectra.
Figure 4a shows that the dominant elements of the composite material were Se, In, Ti,
O, and Cu, in addition to C element. This result is consistent with the EDS mapping
results. The peaks at 458.6 and 464.3 eV were in agreement with Ti 2p3/2 and Ti 2p1/2,
respectively, indicating that Ti exists in the form of Ti4+, which is derived from TiO2 [36]
(Figure 4b). Figure 4c shows the peaks of 529.8 and 531.3 eV that were attributed to the
lattice oxygen (OL) and adsorbed oxygen (OA) [37], respectively. The presence of OA
indicates that oxygen vacancies were generated on the surface of the synthesized sample.
Oxygen vacancy can facilitate electron transfer to the material surface, thus reducing
the recombination of photogenerated carriers [38]. The binding energies of In 3d5/2 and
3d3/2 located at 444.5 and 452.4 eV, respectively (Figure 4d), corresponded to the binding
energies of In3+ from CuInSe2 [39]. As shown in Figure 4e, the peak at 54.2 eV was indexed
to Se 3d5/2, indicating the presence of Se2− in the composite, and no selenium oxide was
formed [40]. Two main peaks with the binding energy peaks at 932.7 and 952.5 eV in
Figure 4f were attributed to Cu 2p3/2 and Cu 2p1/2, respectively. The difference between
the two binding energy peaks is 19.8 eV confirming Cu2+ was reduced to Cu+ during the
process of reaction [41]. The above analysis further demonstrated the successful synthesis
of CuInSe2/TiO2 photoanode composites.
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Figure 4. (a) The total XPS survey spectrum; high-resolution spectra of (b) Ti 2p, (c) O 1s, (d) In 3d,
(e) Se 3d and (f) Cu 2p of CuInSe2/TiO2-B NTAs.

3.2. Optical Properties Analysis

The light absorption performances of pure TiO2 and CuInSe2/TiO2-B were studied by
UV-vis DRS. Figure 5a shows that pure TiO2 can only absorb UV light with a wavelength
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less than 370 nm. In addition, the light absorption of TiO2 in the range of 400–800 nm may
be due to light scattering caused by cracks in TiO2 [42]. The absorption edge was o red-
shifted to 520 nm after depositing CuInSe2 on the TiO2. This indicates that the sensitization
of CuInSe2 nanoparticles improved the visible light absorption capacity of TiO2 NTAs.

Figure 5. (a) UV-vis DRS, (b) Tauc plots, (c) PL spectra and (d) time-resolved PL spectra of the
prepared TiO2 and CuInSe2/TiO2-B.

The Eg of the photoanode materials can be calculated by the formula [43]:

(αhv)2 = A
(
hv − Eg

)
(1)

where α, h, v, and A stand for absorption coefficient, Planck’s constant, optical frequency, and
characteristic constant, respectively. Figure 5b shows that the Eg of TiO2 and CuInSe2/TiO2
NTA composites were 3.2 and 2.5 eV, respectively.

The recombination rates of photogenerated carriers of CuInSe2/TiO2 and TiO2 NTAs
were analyzed by PL spectra. Figure 5c shows that the peak intensity of TiO2 was larger
than that of CuInSe2/TiO2, suggesting the photogenerated carrier recombination rate of
CuInSe2/TiO2 decreases. The lifetime of the photogenerated carriers of was evaluated
by time-resolved PL spectra (Figure 5d), which were used to characterize the lifetime of
photogenerated carriers. The attenuation curve was fitted by the formula:

R(t) = B1e(−t/τ1) + B2e(−t/τ2) (2)

The emission-decay time-constant values associated with τ1, τ2, B1 and B2 can be
calculated by the formula:
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R(t) =
(

B1τ1
2 + B2τ2

2
)

/(B1τ1 + B2τ2) (3)

Table 1 displays the fitting and calculation results from Figure 5d. The mean electron
lifetimes of TiO2 and CuInSe2/TiO2 were 1.26 and 1.32 ns, respectively. This indicated that
the formation of the CuInSe2/TiO2 heterojunction inhibited the recombination of e−/h+

pairs, thus enhancing the performance of PCP.

Table 1. Fitting results from Figure 5d.

Samples τ1 B1 τ2 B2 t

TiO2 1.26 202.54 1.26 245.59 1.26
CuInSe2/TiO2 1.32 308.75 1.32 362.61 1.32

3.3. PCP Performance and Stability Evaluation

The PCP performances were evaluated by comparing the values of the photocur-
rent densities of 316 SS connected to different photoelectrode materials. As shown in
Figure 6a, the photocurrent densities of all the photoanodes were almost zero before illumi-
nation, indicating that the photoanodes offered no protective effect for 316 SS in the dark
state. When the light source was turned on, the photocurrent response of the composite
material was considerably improved compared to TiO2. The composite materials pre-
pared with different precursor concentrations also showed different photocurrent densities,
and the CuInSe2/TiO2-B connected to 316 SS exhibited the largest photocurrent density
(140 μA cm−2).

Figure 6. (a) I–t curves and (b) OCP–t curves between the different materials and 316 SS.

The potential change of the metal coupled with the photoelectrode is also a critical
parameter for evaluating the properties of PCP. The more the potential drops, the better the
performance of PCP [44]. In order to further study the PCP properties of photoelectrode
materials, the OCP change curves of 316 SS connected with different photoelectrode materi-
als were tested. As demonstrated in Figure 6b, the potential of 316 SS in 3.5 wt% NaCl was
−0.19 V (vs. SCE). When the light source was turned on, the potentials of 316 SS connected
with TiO2 and CuInSe2/TiO2 NTAs both shifted negatively and then tended to be stable.
The potential drops of TiO2 under visible light irradiation was 0.29 V. For CuInSe2/TiO2
composites, the CuInSe2/TiO2-B showed the largest drop (0.71 V), which was consistent
with the results of the photocurrent densities. With the increase in precursor concentration,
the protective effect of the composite on 316 SS first increased and then decreased, which
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may be due to the excess of CuInSe2 blocking the pores of the TiO2 NTA and hindering
the absorption of visible light. The potentials of the composite were still lower than those
of 316 SS after the light source was closed, suggesting that the composite can also protect
316 SS for a period of time in the dark state.

Figure 7a shows the Tafel curves of 316 SS, 316 SS coupled with TiO2 and CuInSe2/TiO2-
B NTAs in light and dark states. The fitting data of the Tafel curves are shown in Table 2. In
the absence of light, the Ecorr of 316 SS connected with TiO2 and CuInSe2/TiO2-B negatively
shifted to –0.44 and –0.47 V (vs. SCE), respectively, which may be because of the galvanic
effect [20]. Under visible light irradiation, the negative shift of the Ecorr of 316 SS coupled
with CuInSe2/TiO2-B was larger than that of TiO2, indicating that CuInSe2/TiO2-B has
a better protection effect. In addition, the Jcorr of 316 SS connected with CuInSe2/TiO2-B
was significantly increased compared to TiO2, which may be due to the increased elec-
trochemical reaction rate at the interface caused by the polarization of photogenerated
electrons [8].

Figure 7. (a) Tafel curves, (b) Nyquist plots, and (c) Bode-phase curves of pure 316 SS and 316 SS
coupled with different photoanodes under intermittent visible light; (d) the equivalent circuit for
fitting the impedance data.
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The interfacial properties of CuInSe2/TiO2-B were investigated by EIS. Figure 7b,c
displays the Nyquist plots and Bode-phase curves of pure 316 SS and 316 SS connected
with different photoanodes under intermittent visible light. The impedance arc radius of
316 SS connected with CuInSe2/TiO2-B was smaller than that of TiO2 under light, which
may be because more electrons were transferred from CuInSe2/TiO2-B to 316 SS, thus
facilitating the electrochemical reaction rate of the interface [45]. In addition, the resistance
arc radius of CuInSe2/TiO2-B NTAs coupled with 316 SS in the dark state was still smaller
than that of 316 SS, indicating that CuInSe2/TiO2-B can also protect 316 SS in the dark state.
Figure 7d shows the fitted equivalent circuit models from EIS data, where Rs represent
solution resistance, Rp and Qdl represent polarization resistance and double-electric-layer
capacitance, respectively, and Rf and Qf represent surface-film resistance and capacitance,
respectively. The equivalent circuit model of bare 316 SS can be described as Rs(RpQdl).
The equivalent circuit of the 316 SS coupled with different photoanode materials can be
fitted as Rs(RpQdl)(RfQf). Table 3 shows the electrochemical parameters fitted from the
equivalent circuits. The values of Rp can reflect the difficulty of corrosion [46–48]. The
smaller value of Rp means more electrons were transferred to 316 SS. The Rp value of 316 SS
was significantly reduced after 316 SS was connected to CuInSe2/TiO2-B under visible
light, indicating that CuInSe2/TiO2-B had a higher separation efficiency of photoinduced
carriers than TiO2.

Table 2. Electrochemical parameters obtained by Figure 7a.

Samples Ecorr (V vs. SCE) Jcorr (μA cm−2)

316 SS −0.19 1.58
TiO2

dark −0.44 5.22
CuInSe2/TiO2-B dark −0.47 5.31

TiO2
illumination −0.59 32.31

CuInSe2/TiO2-B illumination −0.76 76.26

Table 3. Electrochemical impedance parameters of the as-prepared photoanodes obtained from
Figure 7b.

Samples Rs (Ω·cm2)
Qf

Rf (Ω·cm2)
Qdl Rp (Ω·cm2)

Y01 (Sn·Ω−1 cm−2) n1 Y02 (Sn·Ω−1 cm−2) n2

316 5.559 - - - 2.186 × 10−5 0.9232 1.001 × 105

TiO2
a 7.558 4.984 × 10−4 1.00 22.190 3.232 × 10−4 0.7796 4.357 × 104

CuInSe2/TiO2-B a 4.869 1.912 × 10−3 0.8027 1.948 × 103 6.390 × 10−4 0.8369 2.840 × 104

TiO2
b 3.567 2.879 × 10−7 0.99 3.636 6.784 × 10−4 0.7243 3.783 × 103

CuInSe2/TiO2-B b 6.677 3.167 × 10−3 0.8916 1.616 × 103 9.438 × 10−4 0.7958 20.990

a Dark. b Visible light illumination.

Figure 8a shows the photoinduced I–V curves of CuInSe2/TiO2-B and TiO2 with
visible light turned on and off. The photocurrent densities of the CuInSe2/TiO2-B NTA
photoelectrode were higher than those of TiO2. This indicates that the heterojunction
structure formed between CuInSe2 and TiO2 can increase the transfer rate of photoelectrons
and promote the separation of photogenerated carriers.

Figure 8b–d displays the M–S plots of different photoanodes. The three curves all
show a positive slope, suggesting that prepared photoanodes have the characteristics of an
n-type semiconductor. The flat band potential (Efb) of a semiconductor can be estimated
using C−2 = 0 in the M–S curve [49]. Figure 8b–d shows that the Efb of TiO2, CuInSe2 and
CuInSe2/TiO2-B were −0.20, −0.68 and −0.41 V (vs. SCE), respectively. Obviously, the Efb
of CuInSe2/TiO2-B was more negative than that of TiO2, indicating that the modification of
CuInSe2 can promote charge transfer in TiO2 NTAs [50]. The slope of M–S plot is negatively
correlated with the charge density [51]. The slope of the CuInSe2/TiO2-B curve was more
negative that of TiO2, demonstrating that CuInSe2/TiO2-B had a higher free carrier density
and superior photoelectrochemical performance than TiO2.
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Figure 8. (a) I–V curves of the prepared TiO2 and CuInSe2/TiO2-B; (b–d) M–S plots of TiO2, CuInSe2

and CuInSe2/TiO2-B.

The stability of the photoanodes is important for their PCP applications. Therefore,
a long-term OCP test was performed. As shown in Figure 9a, after the CuInSe2/TiO2-B
was illuminated for 4 h, the potential of 316 SS coupled with CuInSe2/TiO2-B can be
stabilized at −0.82 V. The potentials were still lower than the self-corrosion potential of
316 SS for more than 8 h in the dark state. This may be due to the extended lifetime of
photogenerated electrons and the generation of oxygen vacancies. Figure 9b shows the
XRD spectra of CuInSe2/TiO2-B before and after long-term OCP measurements. The XRD
results showed that the crystal structure of the photoanode did not change after long-term
testing. It indicated that CuInSe2/TiO2 composite had superior stability. The surface of the
316 SS before and after the experiment was characterized by metallographic microscopy.
According to Figure 9c,e, the surface of 316 SS protected by CuInSe2/TiO2-B was consistent
with that before the experiment, while several pitting holes appeared on the surface of the
unprotected 316 SS. These demonstrated the protective performance of CuInSe2/TiO2 for
316 SS.
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Figure 9. (a) Long-term OCP change of 316 SS connected to the CuInSe2/TiO2-B photoanode under
on and off visible light illumination; (b) XRD images of CuInSe2/TiO2-B before and after long-term
OCP measurements; the optical images of the 316 SS (c) before the experiment, (d) unprotected and
(e) protected by CuInSe2/TiO2-B for 14 h.

3.4. DFT Analysis and PCP Mechanism

The total electronic density of states (TDOS) and partial electronic density of states
(PDOS) of the prepared CuInSe2/TiO2 NTAs and pure TiO2 NTAs were calculated us-
ing first-principles density functional theory (calculation methods were provided in the
Supplementary Materials) In pure TiO2, the maximum value of valence band (VBM) is
provided by the electrons of O 2p state electrons, and the minimum value of conduction
band (CBM) is provided by the electrons of Ti 3d state electrons (Figure 10a). The Eg can be
estimated by the difference between VBM and CBM. The calculated Eg (2.0 eV) of TiO2 is
smaller than the DRS result (3.2 eV), which is due to the generalized gradient approxima-
tion (GGA) theory underestimating the Hubbard interaction [52]. In CuInSe2, the primary
contribution of VBM is of Cu 3d electrons (Figure 10b), and CBM is mainly provided by Se
4p electrons. When CuInSe2 was deposited on the surface of TiO2 NTAs, the 3d electrons
of Cu were hybridized with the 3d electrons of Ti and the 2p electrons of O at VB, which
further improved the mobility of the photogenerated carriers. Compared with TiO2, after
the formation of the CuInSe2/TiO2 heterostructure, the CBM of TiO2 shifted negatively,
and the Eg decreased significantly, indicating the enhanced visible light absorption of
the CuInSe2/TiO2 heterostructures. The DFT calculation results are consistent with the
DRS results.

The possible mechanism for the improved protection of CuInSe2/TiO2 photoanodes
was analyzed (Figure 11). The Efb of TiO2 and CuInSe2 obtained from the M–S curves were
−0.20 and −0.68 V (vs. SCE), respectively, which are equal to 0.04 and −0.44 V vs. NHE,
pH = 7, respectively. The ECB of an n-type semiconductor is 0.2 eV more negative than
Efb [30], so the ECB of TiO2 and CuInSe2 were −0.16 and −0.64 eV, respectively. The EVB of
TiO2 and CuInSe2 were 3.04 and 1.13 eV, respectively, obtained from the empirical formula
EVB = Eg + ECB. Under visible light irradiation, photoelectrons migrated from the CB of
CuInSe2 to the CB of TiO2, because the ECB of CuInSe2 is more negative than that of TiO2,
and then to the surface of 316 SS. As a result, the potentials of 316 SS were lower than
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the self-corrosion potential, thereby inhibiting the anodic oxidation reaction of 316 SS. In
addition, the photogenerated holes in the VB of TiO2 were transferred to the VB of CuInSe2
and consumed by reaction with the hole scavenger, thereby reducing the recombination of
e−/h+ pairs.

Figure 10. The calculated TDOS and PDOS for (a) TiO2, (b) CuInSe2 and (c) CuInSe2/TiO2.

Figure 11. Possible electron-transfer mechanism of the CuInSe2/TiO2.

4. Conclusions

In this study, novel CuInSe2/TiO2 NTA photoanodes were successfully fabricated
by electrochemical anodic oxidation and a solvothermal method. A highly efficient het-
erojunction was formed between tetragonal chalcopyrite CuInSe2 and anatase TiO2. The
sensitization of CuInSe2 improved the absorption capacity of the composites to visible
light, inhibited the recombination of electron-hole pairs and improved the electron transfer
ability. The CuInSe2/TiO2-B NTA photoanode exhibited the best PCP performance. The
photocurrent density of the composite connected to 316 SS could reach 140 μA cm−2 under
visible light, and the potential drops to −0.90 V, which is much lower than the self-corrosion
potential of 316 SS (−0.19 V). In addition, the protection effect can still be maintained for
more than 8 h after 4 h of visible light irradiation. The optical images of the protected 316 SS
fully demonstrated the excellent protection capability of CuInSe2/TiO2 NTAs. Therefore,
CuInSe2/TiO2 NTAs show great potential application in the field of PCP.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/coatings12101448/s1. Supplementary Materials: Computational methods.
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Abstract: The primary purpose of this paper is to study the size effect of surface roughness and
realize the quantitative description of the surface roughness in micro-forming process. This work
is a continuation of the previous work by the authors. The effects of the initial surface roughness
of the specimen, the grain size, and grain orientations on the surface roughness of micro-upsetting
products were investigated. The ratio of the number of grains of the surface layer to the total number
of grains was adopted to characterize the size effect. The variation of the size effect on the contact
normal pressure during the compression process was also analyzed. And the quantitative description
of the evolution law of surface roughness for micro-formed parts was realized. The corresponding
micro compression experiment was done in order to testify the prediction model.

Keywords: surface roughness; size effect; grain size; 3D voronoi; micro-forming

1. Introduction

Due to the rapid development of micro-system technology (MST) and micro-electro-
mechanical systems (MEMS), the forming and manufacturing technology of micro-parts is
highly regarded. In contrast with the products from a traditional plastic forming process,
the products from a micro-forming process have small sizes, high dimensional accuracy,
and surface quality requirements due to their high-end applications [1–3]. Due to their
miniaturized sizes, size effect is crucial in micro-forming processes [4–6]. During the micro-
plastic forming process, the surface roughness does not decrease with the reduction in the
geometric size of the product. Meanwhile, mechanical machining is challenging to improve
the surface quality due to the difficulty in clamping and operation. Therefore, the surface
roughness control for micro-formed products has become one of the critical challenges in
micro-forming.

For the macro-formed products, the roughness is affected by various factors such as
the initial specimen roughness, the sliding distance between the contact surface and die,
the contact normal pressure on the surface, and the properties of the material, etc. [7–9].
Among these factors, the influence of the normal pressure, the initial surface roughness, the
sliding distance, and the contact surface area on the surface roughness have been studied
in our previous work [10]. However, in the micro-plastic forming process, the material
properties change significantly with miniaturization due to the tiny size. One such property
is the grain size, and the other is the specimen size. Both of these factors lead to a change in
the ratio of thickness to the grain sizes of the specimen [11]. When the size of the workpiece
is gradually reduced close to the grain size, the grain number in the workpiece is less, and
a “size effect” occurs. The change in grain size and the incongruity of grain orientation
become increasingly apparent, resulting in the change in material mechanical properties,
impacting the roughness of the workpiece after deformation [12].
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Many studies have reported that under uniaxial tensile deformation, the uneven
plastic deformation between grain boundaries leads to surface roughness evolution [13,14].
Kubo et al. [14] reported the difference in the crystal orientations because of the stress state
on the surface roughness of a low-carbon steel sheet. It is therefore suggested that surface
quality after press forming may be further improved by reducing the number of grains with
crystal orientation of ND(001) in interstitial-free (IF) steel sheets. The surface quality after
press forming could also be improved by reducing the difference in deformation resistances
among the grains. The effect of crystal orientations on the inner surface roughness of micro
metal tubes in hollow sinking was investigated by Kishimoto et al. [15]. They suggested
that the roughness of inner surface can be suppressed by decreasing the wall thickness.
One of the crystal orientations was determined to inhibit the increase in internal surface
roughness during the hollow sinking. Yoshida [16] found that the surface roughness mainly
depends on the grain size of the workpiece through the plane strain tensile simulation
process, whereas the ratio of the workpiece thickness to the grain size has little influence on
the roughness. Wang et al. [17] found that the grain size and texture composition impact the
surface roughness through the bending deformation of copper tubes. At a particular scale,
the surface roughness increases with grain sizes. In the biaxial tensile deformation study,
Anand et al. [11] suggested that the ratio of sheet thickness to grain size (t/d) significantly
affects surface roughness due to the size effect. For thin brass sheets, the ratio of thickness
to grain size has a significant role in increasing the roughness during biaxial tension. With
the increase in t/d, the surface roughness decreases. Moreover, when t/d ≥ 12, the surface
roughness basically remains unchanged.

To sum up, compared with the macro-formed parts, the roughness control for micro-
formed parts is more complicated. The effects of grain size and grain orientation on the
roughness should also be considered. However, the roughness prediction for micro formed
parts based on the 3D Voronoi model has not yet been reported in the literature. In this
work, the effects of specimen initial surface roughness, grain size, and grain orientation on
the surface roughness of products after micro-upsetting were investigated. The cause of
size effect on surface roughness was also analyzed. Based on our previous work, a surface
roughness prediction model taking into account of size effect was established and testified
through the corresponding micro-compression experiments.

2. Materials and Methods

2.1. Development of Polycrystalline Finite Element Model with 3D Surface Roughness

Developing a polycrystalline geometric model is the foundation for investigating
polycrystalline materials’ plastic deformation. The 3D grain cluster generated in this work
was based on the Voronoi diagram method [18,19] and the ABAQUS/python script.

In order to describe the information on surface topography more comprehensively by
the 3D parameter characterization method, the surface root mean square deviation (Sq) in
ISO 25178-2 was used to evaluate the surface roughness [20]. The Sq represents the degree
of deviation of the roughness morphology from the reference plane, and its mathematical
expression is given in Equation (1) below.

Sq =

√
1

lxly

∫ lx

0

∫ ly

0
Z2(x, y)dxdy =

√
1

mn ∑m
i=1 ∑n

j=1
[
Zij
(

xi, yj
)− Z0

]2. (1)

where Z (x, y) is the height of the contour for each point, and lx and ly are the measured
lengths in X and Y directions, respectively. m and n are the numbers of measurement
points in X and Y directions, Zij is the height for the measuring point, and Z0 is the
centerline height.

According to the self-programmed W–M function [21], the modeling of 3D rough
surfaces with different fractal dimensions and scale coefficients was performed by MATLAB
R2018a. The corresponding fractal dimension and scale coefficient were determined based
on the measured rough surface profile. Figure 1a shows a randomly roughness profile with
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a surface roughness of 1.6 μm within 0.1 mm × 0.1 mm generated by MATLAB R2018a.
Combining the roughness topography with the 3D Voronoi model, a 3D polycrystalline
finite element model with initial roughness can be obtained in the finite element software
ABAQUS, as shown in Figure 1b.

Figure 1. (a) The randomly generated roughness profile with a surface roughness of 1.6 μm; and
(b) The 3D polycrystalline finite element model with initial roughness within 0.1 mm × 0.1 mm ×
0.1 mm.

2.2. Development of 3D Polycrystalline Regionalized Constitutive Model at Micro-Scale

Based on the analysis of the microstructure of annealed pure copper, three different
grain orientations are existed in the deformation direction: <411>, <100>, and <111> [22].
Table 1 shows the volume fractions and orientation factors for three different grain orienta-
tions of pure copper.

Table 1. Volume fractions and orientation factors for three different grain orientations.

Type <411> Type <100> Type <111>

Volume fraction (λ) 0.06 0.22 0.72
orientation factor (M) 2.64 2.45 3.67

For polycrystalline materials, the flow stress is a weighted component of the flow
stress of individual grains, given in Equation (2) below.

σ = Minτi + MinK′d
−1
2 =

n

∑
i=1

λi Mi

(
τi + K′d

−1
2

)
. (2)

where λi is the volume fraction of the i-th grain, Mi is the orientation factor of the i-th grain,
τi is the frictional shear stress that restricts the dislocation sliding along the slip plane,
K′d−1/2 is the resistance shear stress due to dislocation stacking near the grain boundary,
d is the grain size of the material, and n is the number of grains. Through the micro-
compression experiment of pure copper, the flow stress–strain curves of the specimens
with different grain sizes were obtained [18]. Equation (3) shows the representations of
K′(ε) and τi(ε). {

K′(ε) = 2.688ε0.29

τi(ε) = 100.1ε0.38 . (3)

Moreover, Msurf = 2.0 for the surface layer grains [23]. The material constitutive relationship
at any grain size can be determined by ignoring the rotation of grains and substituting the
values of M <411>, M <100>, M <111>, and Msurf in Equation (2).
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2.3. Polycrystalline Pure Copper Finite Element Simulation of the Upsetting Process

The micro-upsetting processes of pure copper with a 3D rough surface were simulated
and analyzed to investigate the effect of grain size and grain orientations on the specimen
surface roughness. In the simulation process, the diameter and the height of the specimen
were set to 0.5 mm 1.5 mm, respectively. The grain sizes of the specimens were set to 30 μm,
50 μm, 80 μm, and 120 μm. One-eighth of the specimens were used for simulation, and the
numbers of grains in the specimens were 681, 147, 36, and 11. As shown in Table 1, volume
fractions for different grain orientations were set as 0.06, 0.22, and 0.72 for <411>, <100>,
and <111> orientations, respectively. Four 3D surfaces with different initial roughness
values were set in the simulation. The values of the roughness for the four 3D surfaces
were 0 μm corresponding to an ideal plane surface, 0.7917 μm, 1.6131 μm, and 3.1152 μm.
Three different 3D rough surface contours at the same surface roughness were randomly
generated to decrease the experimental error. Figure 2 shows the assignment results with a
random grain orientation of the model.

Figure 2. Assignment results for random orientations assignment results of the finite element models
with different grain sizes (a) d = 30 μm; (b) d = 50 μm; (c) d = 80 μm; and (d) d = 120 μm.

Considering the variation of material properties at the microscale, 10 random grain
orientations were generated to investigate the effect of grain orientations on specimen
roughness. Figure 3 depicts different grain orientations with the grain size of 50 μm.

The material constitutive model developed in Section 2.2 was adopted during the
simulation of the micro-upsetting process. Moreover, the friction model used in this work is
the Coulomb friction model based on the Wanheim/Bay friction model transformation [24].
The friction coefficient is a function related to the normal pressure of the contact surface.
According to the symmetry condition, the left and lower ends of the specimen were set
as the left–right and the upper–lower symmetric boundary condition, respectively. The
upper die displacement was set downward along the Z direction with a 20% deformation.
After the deformation, the coordinates of the specimen surface contours were extracted
by postprocessing. According to Equation (1), the variation of the surface morphology
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roughness after deformation was calculated. The contact area of the specimen surface was
divided by mesh refinement. Figure 4 exhibits the developed simulation model and its
mesh generation.

Figure 3. Three different grain orientations with the grain size of 50 μm.

Figure 4. The 3D polycrystal model and its mesh generation.

3. Results and Discussions

3.1. Numerical Analysis Results

Based on the simulation results of the micro-upsetting deformation process, the effects
of initial surface roughness, grain sizes, and grain orientations on the evolution of the
surface roughness of specimens were analyzed in this work.

3.1.1. Effect of Initial Surface Roughness of Specimen on the Evolution of Contact
Surface Roughness

According to the research of Wanheim and Bay [25], when the surface roughness
of the mold is fixed, the shear film strength coefficient mc is mainly determined by the
specimen initial roughness. Based on the previous research work of the authors [10,24],
the relationship between the friction coefficient and the contact normal pressure under
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different initial surface roughness is determined. When the reduction in the upsetting is
20%, the equivalent stress and strain distribution of the specimens under different initial
surface roughness are shown in Figure 5a,b, respectively. It depicts that the distribution
of stress and strain increases with the initial surface roughness. During the deformation
process, the actual contact area of the specimen surface with a high degree of initial surface
roughness is smaller, resulting in the larger stress and strain of the micro-asperities on
the contact surface under the same deformation. The larger the stress and strain of the
micro-asperities on the contact surface, the more prone it is to plastic deformation.

 
Figure 5. The effect of initial surface roughness on (a) the stress distribution and (b) the strain
distribution under different values of initial surface roughness.

The surface morphologies of deformed specimens under various initial roughness
are shown in Figure 6a–d. Section “A” of Figure 6 shows the initial surface morphology,
and section “B” reveals the final surface morphology with an upsetting reduction of 20%.
When the material undergoes plastic deformation, a single micro asperity can only bear
contact pressure proportional to the material’s yield stress. The increasing number of micro-
asperities that enter the contact state and undergo plastic deformations make the surface
flatter. In addition, it was also found that surface roughness is an inevitable phenomenon
in the deformation process. Even if the initial surface roughness of the specimen and the
die is zero, a specific roughness value will still appear after deformation. This is a result of
the orientation difference between adjacent grains leading to the local strain concentration
on the specimen surface during the deformation process.

By calculating the coordinates of the surface nodes in the Z-axis direction, the variation
of the specimen surface roughness under a different initial roughness was obtained, as
described in Figure 7. When upsetting reduction gradually increases from 0% to 20%, that
is, the deformation strain ε varied from 0 to 0.2, the surface roughness of the specimen
with initial values of 0.7917 μm, 1.6131 μm, and 3.1152 μm gradually decreases to 0.2332
μm, 0.6733 μm, and 1.4709 μm. The roughness change is 0.5585 μm, 0.9398 μm, and 1.6443
μm. It means that with the increase in deformation, if the initial surface roughness of
the specimen is high, the variation of the surface roughness after deformation will also
be high. From the microscopic view, the actual contact area of the rough surface with
fractal characteristics is much smaller than the nominal contact area, leading to a high
value of actual contact pressure on the micro-asperities in real contact. With more plastic
deformation to the micro-asperities, the workpiece has considerable change in its surface
roughness.
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Figure 6. The surface morphology under different initial roughness after micro compression process
(a) Sqin = 0 μm; (b) Sqin = 0.7917 μm; (c) Sqin = 1.6131 μm; and (d) Sqin = 3.1152 μm.

Figure 7. Variation of surface roughness for different values of the initial surface roughness.
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3.1.2. Effect of Grain Size on the Evolution of Contact Surface Roughness

Figure 8 exhibits the equivalent stress of deformed specimens for different grain sizes.
It shows that with the increase in grain sizes, the flow stress of the material decreases
gradually. The coarse grains increase the proportion of the surface layer grains gradually.
The constraint of surface grain is smaller than that of internal grain. At the same time, the
larger grain sizes weaken the deformation coordination between grains. The specimen
deformation is significantly affected by the properties of single grain. Hence, with the
coarse grain sizes, the specimen surface roughness become more irregularity after the micro
compression process.

Figure 8. The equivalent stress of the deformed specimen for different grain sizes (a) d = 30 μm;
(b) d = 50 μm; (c) d = 80 μm; and (d) d = 120 μm.

The contact surface morphologies of the deformed specimens with different grain
sizes were obtained by extracting the node coordinates of the surface profile in the Z-axis
direction. Let us take one of the three random morphologies as an example. Figure 9a–d
show the surface morphologies for different grain sizes when the reduction amount is 20%.
As the grain size increases, the flattening effect of surface asperities weakened, leading to
the rougher surface of the specimen. The surface roughness for different grain sizes was
calculated according to Equation (1). The surface roughness of the specimens changed
from 1.6131 μm to 0.5327 μm, 0.6733 μm, 0.7512 μm, and 0.8720 μm corresponding to the
grain sizes of 30 μm, 50 μm, 80 μm, and 120 μm, respectively, as depicted in Figure 10.
Hence, with the increase in grain sizes, the specimen roughness increases gradually. In
the deformation process, the grain sizes significantly impact the strain distribution in
the material. Under the same deformation conditions, as the grain becomes smaller and
smaller, the strain near the grain boundary becomes closer to the inside grain. Compared
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with the coarse grain, the deformation with fine grain becomes more uniform, and the
corresponding surface roughness after deformation is lower.

Figure 9. Surface morphology of specimens after deformation for different grain sizes; (a) d = 30 μm;
(b) d = 50 μm; (c) d = 80 μm; and (d) d = 120 μm.

Figure 10. Change in specimen roughness under various grain sizes.

3.1.3. Effect of Grain Orientation on the Evolution of Contact Surface Roughness

Based on the change in material properties at the micro-scale, the 3D Voronoi method
was used to develop the finite element models. Ten random grain orientations were
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generated under the same grain size. The micro-upsetting simulation processes investigated
the effect of grain orientations on the specimen roughness. Figure 11 shows the surface
morphology of three specimens with different grain orientations (represented by #1, #2, and
#3) corresponding to the grain sizes of 50 μm and 120 μm, respectively. The increasing grain
sizes resulting in the increase in the uneven degree of stress on the surface micro-asperities.
Accordingly, the degree of variation of surface roughness also increases.

Figure 11. Surface morphology of the deformed specimens with various grain orientations; (a)
d = 50 μm, #1; (b) d = 50 μm, #2; (c) d = 50 μm, #3; (d) d = 120 μm, #1; (e) d = 120 μm, #2; and (f)
d = 120 μm, #3.

In this paper, Gaussian distribution was used to characterize the effect of grain orien-
tation on surface roughness [26]. Its expression is given below.

F
(
Sq
)
=

1√
2πβ

exp

(
−
(
Sq − γ

)2

2β2

)
. (4)

where Sq is the value of the roughness, β is the roughness standard deviation of the normal
distribution, and γ is the roughness expected value of the normal distribution. With
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the grain sizes of 50 μm and 120 μm, the probability distributions of specimen surface
roughness with random grain orientations are shown in Figure 12a,b. When the average
grain size is 50 μm, the average value of surface roughness for different grain orientations
is 0.6764 μm. The standard deviation is 0.0166, and the surface roughness distribution is
relatively concentrated. Moreover, when the grain size is 120 μm, the average roughness
under various grain orientations becomes 0.8602 μm. The standard deviation is 0.1145,
and the roughness distribution is relatively discrete. In the micro-forming process, the
increase in grain size reduces the number of grains in the surface layer, and the influence of
single grain orientation on the deformation process increases. In addition, the coordination
between the surface layer grains become worse, which also increases the deformation
inhomogeneity. Finally, the difference in heights of the surface profiles and the variation
range of surface roughness increases. In short, the effect of grain orientations on the
surface roughness of the deformed specimens gradually increases with the increase in the
grain size.

Figure 12. Probability density function of roughness with random grain orientations. (a) d = 50 μm;
and (b) d = 120 μm.
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3.2. Quantitative Description of Surface Roughness Variation Caused by Size Effect

According to our previous research on the influencing factors of surface roughness
in forming bulk metal [10], the normal pressure on the contact surface directly affects the
surface roughness of the resulting deformed product. The discussion in Section 2.2 shows
that the increase in grain size in the micro-upsetting process leads to the reduction in the
overall flow stress of the material, thus reducing the normal pressure on the contact surface.
Therefore, on the basis of the previously developed roughness prediction model for bulk
metal forming, in this paper, we investigate the influence of size effect on the contact normal
pressure between the specimen and the die by introducing the scale parameters. Then,
the quantitative description of the influence of size effect on the surface roughness change
was observed.

3.2.1. Influence of Size Effect on Normal Pressure of Contact Surface

The proportion of the surface layer grains numbers to the total grain numbers was
introduced to study the influence of size effect on the normal pressure. The relative
mathematical is as follows.

δ = 1 − (D − 2d)2

D2 . (5)

where D and d are the specimen size and average grain size, respectively, as shown in
Figure 13. The range of scale parameter is 0 < δ < 1. For micro-formed parts, when the
grain size gradually approaches the specimen size (D > 2d), the scale parameter gradually
approaches 1.

Figure 13. Schematic diagram of specimen diameter and grain size.

Table 2 shows the grain sizes and the corresponding scale parameters for the fixed
geometric sizes in simulation process. The model of the materials and the boundary
conditions in the simulations were consistent with those in Section 2.2. The deformation
reduction for different scale parameters was set as 20%. The average normal pressure of
the specimen after deformation was calculated by the simulation results of three random
grain orientations for each size parameter. As depicted in Figure 14, a decreasing trend of
the average normal pressure exhibits with the increased scale parameters. When the scale
parameter δ is below 0.1, the normal pressure has a minor change with the scale parameters.
For δ greater than 0.1, the continuous decrease in the flow stress causes the normal pressure
on the contact surface to decrease rapidly. As δ larger than 0.8, the variation of the normal
pressure with the changing of scale parameters becomes slow. In the plastic deformation
process, the increase in contact normal pressure of the specimen leads to a decrease in
surface roughness. The size effect of the surface roughness during the micro-compression is
mainly determined by the size effect of the normal pressure. For 0.1 < δ < 0.8, the specimen
roughness increases with the increase in the scale parameters, and there is an apparent size
effect. For the δ < 0.1 or δ > 0.8, the size effect of surface roughness becomes insignificant.
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Table 2. Grain sizes and the scale parameters in the micro compression simulation process.

Grain size
d/μm 30 50 80 100 120 150 180

Scale
parameter δ

0.23 0.36 0.54 0.64 0.73 0.84 0.92

Figure 14. Changing of average normal pressure with scale parameters.

3.2.2. Development of Roughness Prediction Model in Micro-Forming Based on 3D
Voronoi Model

A nonlinear fitting was performed to quantify the influence of size effect on surface
roughness according to Figure 14. The relationship between the contact normal pressure
and the scale parameter was obtained using Equation (6).

Pmic = 0.496Pmac +
0.154Pmac

0.304 + δ1.81 . (6)

pmic is the average normal pressure for micro forming with the consideration of size
effect, and pmac is the normal pressure for macro forming regardless of size effect. Based on
our previous work in the literature [10], a roughness prediction model for micro-formed
parts is developed and represented by the equations below.

{
Sq = Sqin − 0.0013PmicSqin − 0.158

1+101.12−0.0093Pmic

(
1 − 0.0089L/Pmic

)
− 0.213ϕ0.611

Pmic = 0.496Pmac +
0.154Pmac

0.304+δ1.81

(7)

Sq represents the surface roughness of the deformed specimen. L is the sliding distance
between the workpiece and the die. ϕ is the growth rate of the contact surface area. The
previous report has detailed all the above parameters [10].

Above all, for the micro-formed parts, the surface roughness of the workpiece is mainly
affected by multiple factors. The increase in normal pressure, the relative sliding distance,
and surface area growth rate on the contact surface positively improve the workpiece’s
surface roughness. However, with the increase in grain size, the contact surface’s normal
pressure decreases gradually, which is detrimental to improve surface quality of micro-
formed parts.
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3.2.3. Verification of Roughness Prediction Model for Micro-Forming

The micro-compression experiments of pure copper for different grain sizes were
carried out to testify the established roughness prediction model d. The cylindrical spec-
imens of pure copper with a diameter of 1.5 mm and a height to diameter ratio of 1.5:1
was selected. The NBD-T1500 vacuum tube furnace was used to conduct two annealing
heat treatment processes at 700 ◦C and 900 ◦C for one hour under the protection of argon
gas. The average grain sizes of the specimens were measured to be 65 μm and 119 μm,
as shown in Figure 15. The upper and lower end surfaces of the heat-treated specimens
were polished to the same roughness after ultrasonic decontamination. The roughness
at various positions on the specimens’ surface was measured using the VEECO NT9300
optical contour instrument. Figure 16a–d show the surface roughness profiles in different
regions. The average roughness Sqin of the pre-treated cylindrical specimen was measured
to be 1.57 μm.

Figure 15. Metallography of pure copper specimens with different heat treatments (a) 700 ◦C,
d = 65 μm, and (b) 900 ◦C, d = 119 μm.

Figure 16. Surface roughness of pretreated cylindrical specimen with (a) roughness measurement
positions as (b) Sqin = 1.58 μm, (c) Sqin = 1.56 μm, and (d) Sqin = 1.57 μm.

In the micro-upsetting experiment, to reduce the effect of the die surface roughness
on the surface quality of the deformed specimen, a set of gaskets with the roughness of
0.2 μm were adopted. Their surface roughness is much lower than the specimen surface
roughness. The specimen was placed between two gaskets, and the CMT5105 electronic
universal testing machine was used for the upsetting experiment at room temperature
under dry friction conditions. Figure 17a,b show the experimental setup and the surface of
the upper and lower gaskets used in the experiment, respectively. The deformation was set
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at 20%, and the low constant strain rate was set at 0.0003/s. Each group of parameters was
repeated three times to reduce the experimental error. And four different locations were
measured on each group of specimen surface. The surface roughness measurement area
and its size diagram are presented in Figure 18.

Figure 17. The micro-upsetting experiment with (a) experimental setup and (b) gasket surface.

 

Figure 18. Surface roughness measurement area and its dimensions.

Figure 19a,b present the surface roughness topography of the specimens and their
measurement areas after deformation for different grain sizes with a deformation of 20%.
The measurement results denoted that the specimen roughness is 0.90 μm with grain sizes
of 65 μm, and 1.03 μm with grain sizes of 119 μm. The specimen roughness with larger
grain sizes is becoming rougher after deformation under the same deformation conditions.

Figure 19. (a) Specimens after deformation with different grain sizes; the surface topography of
corresponding regions with different grain sizes: (b) d = 65 μm, Sq = 0.90 μm; and (c) d = 119 μm,
Sq = 1.03 μm.

Through the simulation of micro-upsetting process under the same conditions as the
experiment, the contact normal pressures were extracted, and the average normal pressure
pmic under different grain sizes was calculated. By measuring the surface diameter of the

137



Coatings 2022, 12, 1659

specimen after deformation, the relative sliding distance L and the surface area growth rate
ϕ between the specimen and the die can also be obtained. Combined with Equation (7), the
roughness prediction results, the simulation results of the 3D Voronoi model, as well as
the experimental results, are given in Figure 20. Because the 3D Voronoi model adopted in
the simulation process cannot fully reflect the specimen grain orientations, the prediction
results of surface roughness models for two different grain sizes have certain deviations
from the experimental values, with deviations of 1.46% and 2.78%, which are within the
acceptable error range. Considering the size effect, the established surface roughness
prediction model can better predict the surface roughness of formed parts in micro-forming.
Meanwhile, the research results in this paper also show that the grain size increase adversely
impacts the surface roughness of the micro-formed parts. Consequently, to improve the
surface roughness of the micro-formed parts, the grain refinement treatment should be
conducted to avoid the increase in the surface roughness due to the large grain size of
the bulk.

Figure 20. Comparison between model prediction, simulation, and experimental results for different
grain sizes.

4. Conclusions

In this paper, in order to realize the quantitative description of surface roughness
changes during the deformation process of micro-formed parts, the effects of initial surface
roughness, average grain sizes, and grain orientations on the surface roughness of the
specimen were analyzed. The influence of the size effect on the specimen surface roughness
was quantified and a roughness prediction model with multi-factors for micro-formed
parts was developed. The main conclusions of this paper are given below.

(1) The finite element model of polycrystalline pure copper with a 3D rough surface was
developed. The simulation results show that the variation in the specimen roughness
increases when the increase in initial specimen roughness. Moreover, the increase in
grain size leads to the gradual increase in the specimen roughness after deformation.
At the same time, the effect of grain orientations on surface roughness enhances with
coarse grains.

(2) The scale parameter was adopted to characterize the influence of size effect on the
contact normal pressure and the surface roughness. As the scale parameter increases,
the average contact normal pressure decreases gradually. For the scale parameter 0.1
< δ < 0.8, the surface roughness increases with the increase in scale parameter, which
shows an apparent size effect.

(3) A roughness prediction model for micro-formed parts was developed. By comparing
with the surface roughness measurement results of micro-upsetting specimens with
different grain sizes, the rationality and applicability of the established prediction
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model were verified. The established model can be used to predict and control the
surface roughness of micro-formed parts, especially for the parts affected by size effect
during deformation process.
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Abstract: Nanomaterials are widely used in modern technologies due to their unique properties.
Developing methods for their production is one of the most important scientific problems. In this
review, the advantages of electrochemical methods for synthesis in molten salts of nanostructured
coatings and nanomaterials for different applications were discussed. It was determined that the
nanostructured Mo2C coatings on a molybdenum substrate obtained by galvanostatic electrolysis
have a superior catalytic activity for the water-gas shift reaction. The corrosion-resistant and wear-
resistant coatings of refractory metal carbides on steels were synthesized by the method of currentless
transfer. This method also was used for the production of composite carbon fiber/refractory metal
carbide materials, which are efficient electrocatalysts for the decomposition of hydrogen peroxide.
The possibility to synthesize GdB6 nanorods and Si and TaO nanoneedles by potentiostatic electrolysis
was shown.

Keywords: electrochemical synthesis; molten salts; nanostructured coatings; refractory carbide
coatings; carbon fibers; nanorods; nanoneedles

1. Introduction

In recent years, nanostructured and nanoscale materials have been of great interest
because of the unique mechanical, electrical, optical, and chemical properties possessed
by such materials due to the small size of their components (e.g., grains, phase inclusions,
layers, pores, etc.). The possibility of obtaining nanomaterials with a given structure
provides a wide range of opportunities for the creation of new functional materials with
unique sets of characteristics [1]. Nanomaterials are of great applied importance for
solving problems of energy storage and conversion energy [2–4]; they are also used as
catalysts [5–8], electrocatalysts [9], protective coatings and structural materials [10,11].

To the present day, a great number of different methods and approaches have been
developed for the synthesis of nanomaterials [12–15]. According to [15] they can be divided
into three groups: biological, physical, and chemical. In the current study, we will not
describe all methods of nanomaterials synthesis in detail, but we will focus on some of the
most common ones, including sol-gel [16–20], micellar [21–23], hydrothermal [24–27], vapor
deposition [28–32], ultrasonic [33–37], microwave [38–41], and electrochemical [42–50].

Electrochemical methods of synthesizing nanomaterials and functional materials have
a number of advantages over other methods [51]. For example:

• electrolysis of melts using pulsed and reversible currents provides the ability to
easily adjust the structure, thickness, porosity, roughness, grain size and texture of
electroplated coatings and materials;

• a large number of environments for synthesis (both aqueous and non-aqueous) used
for various purposes;

• electrodeposition parameters determined at a laboratory scale can be transferred to
the industrial scale;
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• high purity of the obtained coatings and materials even if low-quality initial reagents
are used, since metals are refined in the process of electrolysis;

• low operating costs and low costs of electrochemical equipment.

On the other hand, the use of molten salts such as chlorides and fluorides of alkali
metals as a medium in the electrochemical synthesis of nanomaterials makes it possible to
increase the current density due to a high electric conductivity and thereby to intensify the
synthesis processes. Electrochemical synthesis in molten salts leads to the appearance of
strong electric and magnetic fields in the near-electrode layer (the electric field strength near
the cathode is 109–1010 V m−1 [52]). Therefore, the synthesis can proceed under conditions
far from the thermodynamical equilibrium, which significantly expands the number of
obtained compounds and their phase modifications as compared to other methods of
nanomaterial production.

A large number of studies are devoted to obtaining silicon-based nanomaterials in
various molten salts using electrochemical methods [53–61]. For example, methods of
producing silicon-based nanomaterials for utilization in advanced power engineering are
reviewed in [55,57,59–61]. By varying the electrolyte composition, electrolysis parameters
and process temperature, it becomes possible to synthesize nanowires and nanotubes.

The synthesis of carbon-based nanomaterials in molten salts has been the subject of
many reviews and articles. In review [62], the methods and mechanisms of synthesis of
nanomaterials based on graphene and its oxide in various melts are discussed in detail.
Reducing the amount of carbon dioxide emissions in the atmosphere has become an urgent
problem, and the electroreduction of CO2 in molten salts can contribute to solving this
challenge. In works [63–73], the processes and mechanisms of electroreduction of carbon
dioxide in various melts leading to the production of various carbon nanoparticles have
been investigated. One study [64] reveals the effect of the electrolysis temperature in
molten Li-Na-K carbonates on the shape of carbon nanomaterials. At a process temperature
below 850 K, carbon nanosheets are formed on the cathode, and nanotubes are formed
at a higher temperature. In the paper [65], the principle possibility of carbon nanotube
generation by the electrolysis of molten salts saturated by carbon dioxide was shown.
Kushkov et al. [68] found that, depending on the experimental conditions, the electrolysis
of molten alkali metal carbonates led to the synthesis of carbon nanotubes or fullerenes
C60 or C70. Electrochemical methods to synthesize carbon nanotubes and various carbon
nanostructures from CO2 in molten CaCl2-NaCl-CaO were discussed in [72].

For the nanotechnology of carbon materials, it is of great interest to produce nanodi-
amonds in molten salts. It was shown in [74] that single Li2CO3 nanocrystals (<30 nm)
can be synthesized by the injection of moist CO2 into molten LiCl containing Li2O. The
subsequent cathodic polarization of a graphite rod immersed in the molten salt led to
the formation of carbon-encapsulated lithium carbonate nanoparticles. Upon heating in
ambient-pressure air, these nanostructures acted as high-pressure nanocrucibles, creating
diamond crystallites within lithium carbonate.

The electrochemical methods allow to synthesize carbides of different metals, which
can be used for surface protection against oxidation or corrosion and as catalysts or electro-
catalysts. In studies [75,76] voltammetric investigations of tungsten and carbon-containing
melts were carried out to find the conditions for a high-temperature electrochemical syn-
thesis of nanostructured tungsten carbide coatings and nanopowders. Binary tungsten-
molybdenum carbide nanopowders were fabricated by high-temperature electrochemical
synthesis from tungstate–molybdate–carbonate melts [77].

Analysis of available literature data shows that electrochemical synthesis in molten
salts is a promising method for obtaining coatings and nanomaterials.

Of course, this article is not a complete review of all the data available in the liter-
ature on the production of coatings and nanomaterials in molten salts. The aim of the
present work was to introduce our results on electrochemical synthesis in molten salts of
nanostructured coatings and nanomaterials used for different applications.
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2. Materials and Methods

In this work, we used chloride-fluoride electrolytes for the synthesis of nanostructured
coatings and nanomaterials.

Sodium and potassium chlorides (Prolabo 99.5% min) were recrystallized in distilled
water to remove various insoluble impurities. Afterwards they were calcined in a muffle
furnace at 773 K. Then, NaCl and KCl were mixed (with a molar ratio of 1:1) and evacuated
to a residual pressure of 0.6 Pa at 298, 473, 673, and 823 K; following that, the NaCl and KCl
mixture was melted in a purified and dried argon atmosphere.

Sodium fluoride (Prolabo 99.5% min) was refined from impurities using the method
of directional crystallization, which is described elsewhere [78].

Li2CO3 (Sigma-Aldrich, St. Louis, MI, USA, 99% min) and Na2MoO4·H2O (Sigma-
Aldrich, 99.5% min) were dehydrated for 24 h at 473 K. Chromium trichloride (Sigma-
Aldrich, anhydrous, 99.99% min) was used without additional treatment.

Potassium heptafluoroniobate, heptafluorotantalate, and hexafluorosilicate were syn-
thesized at the experimental facility of the Tananaev Institute of Chemistry-Subdivision
of the Federal Research Centre, at the Kola Science Centre of the Russian Academy of Sci-
ences. The content of metallic impurities in the synthesized salts did not exceed 10−3 wt.%
according to mass spectroscopy data. The purification methods of K2NbF7, K2TaF7, and
K2SiF6 are described in literature [79–81].

Potassium tetrafluoroborate (Sigma-Aldrich, 99.99% min) was used without additional
treatment. GdF3 was synthesized by heating a mixture of Gd2O3 and [NH4][HF2] in an
argon atmosphere [78]. The procedures for obtaining K3TaOF6 and CsCl were described in
details elsewhere [82].

A detailed description of the experimental setup, instruments and materials used
for synthesis, identification and investigation of the morphology, and properties of the
synthesized coatings and nanomaterials are given in [83–85].

Other specific techniques are described in the sections below.

3. Results and Discussions

3.1. Nanostructured Catalytic Coatings Mo2C

One of the promising areas of hydrogen energy is the direct placement of an integrated
device on board a vehicle, which includes a fuel processor in combination with a fuel
cell. As a result of the transformation of gasoline or natural gas, hydrogen is obtained,
which contains about 12 vol % CO. The carbon monoxide steam reforming reaction (SRR)
is used to remove carbon monoxide from the hydrogen-rich gas, since CO is a catalytic
poison to the proton exchange membrane of the fuel cell. The high-temperature steam
reforming reaction is usually carried out on ferrochrome (Fe3O4/Cr2O3) as a catalyst at
temperatures of 573–723 K, which makes it possible to reduce the CO content to 2 vol %
and obtain an additional amount of hydrogen. This product is then subjected to a low-
temperature steam reforming reaction using a Cu/ZnO/Al2O3 catalyst at a temperature
range of 433–523 K, which reduces the CO concentration to 0.1% by volume. However,
the low-temperature catalyst occupies approximately 70% of the volume of the entire fuel
processor catalytic system and is also pyrophoric due to the oxidation of Cu to Cu2O or
CuO, making it potentially hazardous. Strict temperature control is necessary to carry out
a low-temperature SRR, which makes the Cu/ZnO/Al2O3 catalyst impractical.

Thus, the search for a catalyst with high activity at 473–523 K, capable of reducing the
CO concentration to 0.1 vol % for use in automobiles and other vehicles, remains relevant.
A new class of catalytic systems based on refractory metal carbides can be used for the
carbon monoxide steam reforming reaction.
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3.1.1. Electrochemical Synthesis

Based on the analysis of the peculiarities of molybdenum and carbon electrodeposition,
an NaCl-KCl-Li2CO3-Na2MoO4 chloride-carbonate-molybdate melt was chosen for electro-
chemical synthesis. As the substrate, molybdenum plates (99.99 wt.% Mo), 40 mm long,
10 mm wide, and 0.1 mm thick were used. Electrochemical synthesis of Mo2C coatings was
carried out at the following conditions: temperature 1123 K, cathodic current density 5 mA
cm−2, time of electrolysis 7 h, and the glassy carbon (SU-2000) ampoule was used as the
anode. X-ray phase and microstructural analyses, scanning electron microscopy, and the
BET method were used to characterize the obtained coatings.

It is important that the obtained coatings are β-Mo2C monophase semi-carbide with
a hexagonal crystalline lattice (Figure 1). At the same time, bulk Mo2C contains at least
several weight percent of cubic molybdenum carbide, which significantly reduces its
catalytic activity and stability in the carbon monoxide steam reforming reaction. The
formation of hexagonal Mo2C during electrochemical synthesis is the result of specific
electrocrystallization conditions (electric field, double layer, and high temperature) [52].

30 40 50 60 70 80 90

 β-Mo
2
C

2Θ, deg
Figure 1. X-ray powder diffraction patterns of the molybdenum carbide coating on molybdenum
substrates obtained at 1123 K and a current density of 5 mA cm−2 from the NaCl-KCl-Li2CO3

(1.5 wt.%)-Na2MoO4 (8.0 wt.%) melt (solid line), data points indicate the reference sample.

Joint electroreduction of MoO4
2− and CO3

2− ions resulted in the formation of 50 μm
thick Mo2C coatings and can be in general described by the reaction:

2MoO4
2− + CO3

2− + 16e− → Mo2C + 11O2−. (1)

The morphology of the Mo2C coating is presented in Figure 2. The figure shows that
the obtained coating is nanostructured, and consists of a large number of pores with sizes
ranging from 300 nm to 3 μm and Mo2C nanoneedles.
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Figure 2. Morphology of molybdenum carbide coating on a molybdenum substrate. T = 1123 K,
i = 5 mA cm−2, melt–NaCl-KCl-Li2CO3 (1.5 wt.%)-Na2MoO4 (8.0 wt.%).

3.1.2. Catalytic Activity

The steady-state steam reforming reaction rate for the Mo2C/Mo composition was
three orders of magnitude higher than for the Mo2C bulk phase and the commercial
Cu/ZnO/Al2O3 catalyst (Figure 3).
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Figure 3. Temperature dependence of the steam reforming reaction rate over different catalysts.
Reaction conditions: pCO = 300 Pa, pH2O = 760 Pa, pco2 = 1.2 kPa, pH2 = 40 kPa and balanced
helium. The gas flow rate is 50 cm3 min−1 (STP).
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The specific surface area (BET surface) of the Mo2C coating was 38 m2 g−1. The BET
surface of bulk Mo2C was much higher (61 m2 g−1) [86]. Despite this, the catalytic activity
of the bulk Mo2C was much lower than that of the catalysts obtained by electrolysis. This
can be explained by the presence of cubic modification in the bulk Mo2C composition,
which significantly reduces the SRR rate.

Methane formation was not observed throughout the entire temperature range in
which the Mo2C/Mo coatings were tested. The catalytic activity remained constant over
5000 h of testing. The coatings also remained stable during cyclic temperature tests, while
the activity of industrial catalysts decreased.

Thus, by electrochemical synthesis in molten salts, we obtained a new Mo2C/Mo-
based catalytic system for a low-temperature steam reforming reaction. The catalytic
activity of the composition, obtained by simultaneous reduction of electroactive MoO4

2−
and CO3

2− particles, was three orders of magnitude higher than that of the bulk Mo2C and
commercially available Cu-ZnO-Al2O3 catalyst.

3.2. Wear and Corrosion Resistence Coatings on Steels

The main requirements for hard alloys as cutting, milling, and drilling tools are wear
resistance, chemical stability at high temperatures, and superior mechanical properties.
Current research shows that the local temperature on the surface of these tools increases
greatly during tool usage, resulting in oxidation, changes in composition, and surface
degradation over time. In addition, these materials sometimes operate in aggressive
environments. The corrosion rate of materials is significantly affected by the pH of the
environment. Materials based on the refractory metal carbides show a good resistance in
acidic electrolytes [87].

The modification of a tool’s surface with films and coatings of different compo-
sitions can be carried out by many methods. These coatings determine the surface
properties [88,89]. Currently NbC and TaC, with the addition of WC, are effectively used
as cutting tools [90]. Tantalum carbide is used in the engine and aerospace industries due
to its resistance to high-temperature oxidation [91].

Various techniques of obtaining chromium carbide coatings, such as chemical vapor
deposition [92], metallothermic reduction of Cr2O3/C mixtures [93], and magnetron sput-
tering [94] were reviewed in [92–96]. It is shown that the deposition of Cr2C3 as a coating
on steel leads to an increase in the hardness and wear resistance and reduces the friction
coefficient [93,94].

In [97], different methods of synthesis of protecting coatings are discussed. It was
concluded [97] that coating deposition by molten salt electrolysis is a prospective way for
obtaining smooth and uniform coatings on complex-shape samples.

Previously, we have thoroughly studied [98] the processes of alloy formation during
electrodeposition of chromium on the surface of steels with the formation of chromium
carbide coatings of different compositions.

3.2.1. Currentless Transfer: A Simple Way to Obtain Refractory Carbide Coatings

An alternative method for synthesizing coatings of refractory metal carbides on steels
is currentless transfer (CT) [99]. It is important to note that CT is an electrochemical method,
and synthesis by CT is subject to the laws of electrochemical thermodynamics, kinetics,
and reaction diffusion in solids [98,100–102].

A schematic diagram of CT in molten salts is shown in Figure 4. During the process,
metal-salt reactions occur and metal cations with an intermediate oxidation state are formed
disproportionately on the surface of steel (or another carbon-containing material) to form a
refractory metal carbide and a cation in a higher oxidation state. The driving force of the
CT is the Gibbs (ΔGr) energy of the carbide-forming reaction. The carbide with the smallest
(more negative) value of ΔGr will be formed [99].
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(a) (b) 

Figure 4. Principle scheme of coating synthesis by the CT in molten salts. (a)—Cr7C3 chromium
carbide; (b)—MeC carbides (Me = Nb, Ta).

Figure 5 shows the temperature dependencies of the Gibbs energy per 1 mole of the
product for the formation of chromium, tantalum, and niobium carbides from the elements.
It was shown that the formation of Cr7C3, TaC, and NbC carbides is the most preferable.
It also follows from the thermodynamic data that the synthesis of chromium carbides
on steels is preferable at higher temperatures, as evidenced by the decrease in ΔGr with
increasing temperature. For niobium and tantalum carbides the temperature dependence
of ΔGr is different, and ΔGr increases (becomes less negative) with increasing temperature.
However, with increasing temperature the melt viscosity decreases, and diffusion fluxes
of metal complexes in various degrees of oxidation through the electrolyte increase. This
leads to the intensification of NbC and TaC formation on steels with increasing temperature
despite being less thermodynamically favorable.

950 1000 1050 1100 1150

−18

−16

−14

ΔG
−

T  
950 1000 1050 1100 1150

−70.4

−70.2

−70.0

−69.8

ΔG
−

T  
950 1000 1050 1100 1150

−66

−64

−62

−60

ΔG
−

T  
(a) (b) (c) 

Figure 5. Temperature dependencies of the Gibbs energy for the formation reactions of (a)—chromium,
(b)—tantalum, and (c)—niobium carbides from the elements.

147



Coatings 2023, 13, 352

Based on these considerations, the optimal conditions for the synthesis of carbide
coatings by the CT method were selected. An equimolar NaCl-KCl mixture was used as
an electrolyte, the process temperature was 1173 K, the concentrations of refractory metal
salts (CrCl3, K2TaF7 and K2NbF7) were 30 wt.%, and the synthesis time varied from 3 up to
24 h [103].

The obtained coatings were analyzed by XRD, which showed the formation of Cr7C3
TaC and NbC coatings (Figure 6), in perfect agreement with the thermodynamic data. The
peaks of diffraction patterns corresponding to the substrate are caused by the insignificant
thickness of the synthesized coatings.
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 Cr7C3

Figure 6. XRD patterns of the refractory carbide coatings on the St3 steel substrate (solid line), data
points indicate the reference samples.

3.2.2. Protective Properties of Refractory Carbide Coatings

Cross-section was used to determine the thickness of synthesized refractory metal
carbide coatings. In general, the thickness of the coatings obtained by the CT method
depends on the duration of the process, the diffusion rate, and the carbon content in the
substrate. In our case, the coating thicknesses were 1–2 microns. The morphologies of
niobium carbide coatings formed at various synthesis durations on St.3 steel are presented
in Figure 7. The coatings were composed of densely packed spherical particles with a
diameter of 1–2 μm. If the synthesis time was 3 h (Figure 7a), the coating was not continuous.
To obtain continuous coatings, the synthesis time was increased to 8 h (Figure 7b).

148



Coatings 2023, 13, 352

  
(a) (b) 

Figure 7. St.3 substrate surface morphology after its (a)—3 h exposure and (b)–8 h exposure in the
NaCl-KCl-K2NbF7 (30 wt.%)—Nb melt at 1173 K.

Samples coated with Cr7C3, NbC and TaC were tested for corrosion resistance in
concentrated mineral acids and for wear resistance by the following methods. The corrosion
rate was determined by a gravimetric method using cylindrical samples with a length of
30 mm and a diameter of 7 mm. After deposition of the coatings and electrolyte removal,
the samples were degreased with refined ethyl alcohol. The corrosion rate was determined
at 298 K for 48 h as a mass loss of the sample through a surface area unit per unit of time.
At the end of the sample exposure in concentrated mineral acids, corrosion products were
removed mechanically, the samples were degreased again, and were weighed on analytical
scales with an accuracy of up to 1 × 10−5 g.

The wear rate was measured as the weight loss of the coated sample relative to the
original sample, on the SMTs-2 friction machine (LLC “Precision Instruments”, Ivanovo,
Russia) at a specific load of 5 mPa, in transformer oil, at a slip velocity of 1.2 m s−1, and on
a path segment of 2000 m.

The results of the corrosion and wear resistance tests are shown in Figure 8. Refractory
metal carbide coatings substantially reduced the corrosion rate of steel samples in concen-
trated acids, especially for H2SO4 and HCl (Figure 8a). Of course, the quality of obtained
coatings (porosity) affects the results to a certain degree. Due to high hardness values of
refractory metal carbides and their good adhesion with the substrate, the loss of mass as
a result of mechanical wear is reduced by 3–5 times compared with the reference sample
(Figure 8b).

Our studies showed that to achieve a good corrosion resistance of samples with Cr7C3,
NbC and TaC coatings, the required thickness of protective coatings should be 1–3 μm. At
the same time, thin films with a thickness of 100–700 nm obtained at a shorter duration of
synthesis are sufficient only to impart resistance to mechanical wear.

The combination of high corrosion and wear resistance makes the investigated coatings
a promising material for aggressive media with abrasive wear. These coatings have been
tested in industrial facilities. Deposition of niobium carbide coatings on parts of crude oil
pumps improved their lifetime by 3–4 times (tested by LLC “New technology”, Russia,
Nefteyugansk). Tests carried out by LLC “Ecotech” (Russia, Apatity) showed that the
coatings of Cr7C3 or TaC on the rubber-cutting knifes made of St3 can increase their wear
resistance and increase a tool service life by a factor of 2.0 (Cr7C3) and 2.5 (TaC).
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Figure 8. (a)—Corrosion rates of steel/refractory metal carbide coatings in concentrated mineral
acids and (b)–mass loss due to mechanical wear.

3.3. Electrocatalytic Compositions Carbon Fiber/Refractory Metal Carbide

The application of cheap refractory metal carbides as catalysts and electrocatalysts in-
stead of expensive noble metals is preferable for some oxidation or reduction processes [104].
Carbon fibers can serve as a substrate for the electrochemical deposition of coatings and
crystals of refractory metal carbides from molten salt media. Obtaining refractory metal
carbide-carbon fiber composites using such processes is operationally quite simple and not
energy consuming.

Conducting electrocatalytic reactions instead of traditionally catalytic ones has a
number of advantages. For example, it is possible to control the reaction kinetics by
adjusting the potential, which directly affects the activation energy of the conducted
process [105], as well as the environmental friendliness of electrocatalysis since an electron
is involved in the reaction as an oxidizing or reducing agent, and there are no hazardous
reaction by-products [105,106].

3.3.1. Synthesis of Refractory Metal Carbide Coatings on Carbon Fibers

The synthesis of transition metal carbide/carbon fiber composites was carried out by
the CT method described above (Section 3.2.1). X-ray diffraction patterns of all synthesized
composites are presented in Figure 9. According to XRD analysis, tantalum carbide had a
cubic structure with a border-centered crystal lattice, niobium carbide had a cubic crystal
lattice, and crystals of the Mo2C phase had a hexagonal structure.

Figure 10 shows micrographs of carbon fibers coated with tantalum carbide (a) and a
cross-section of a single fiber (b). The micrographs show that the fibers were not spliced
together, and the coatings were uniform both in the cross-section and along the fiber.

Carbon fibers with niobium carbide coatings are shown in Figure 11. The diameter of
the carbon fibers was approximately 7 ± 1 μm. The thickness of the tantalum and niobium
carbide coatings on the carbon fiber was from a few tens of nanometers to a couple hundred
nanometers. No other compound phases were detected between the carbon fiber and
the coating.
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Figure 9. X-ray diffraction patterns of TaC, NbC coatings and Mo2C crystals obtained by electro-
chemical methods in molten salts on the surface of carbon fibers (solid line). Data points indicate the
reference samples.

  
(a) (b) 

Figure 10. Micrographs of the tantalum carbide-carbon fiber composite at different scale. (a)—Overall
view and (b)—cross-section of a single fiber. Synthesis conditions: CT in NaCl-KCl-K2TaF7 (30 wt.%)–
Ta melt at 1123 K for 24 h.
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(a) (b) 

Figure 11. Micrographs of the niobium carbide-carbon fiber composite at different scale. (a)—Overall
view and (b)—cross-sections of fibers. Synthesis conditions: CT in NaCl-KCl-K2NbF7 (30 wt.%)–Nb
melt at 1123 K for 24 h.

The Mo2C phase was also obtained on carbon fibers by CT in molten salts. The melt
in this case contained sodium molybdate, Na2MoO4. It was found that increasing the
exposure time of the carbon fiber in the melt leads to an increase in the amount of Mo2C
crystals. The Mo2C crystals had a well-defined structure with a crystal size of ~7–21 μm
(Figure 12).

  
(a) (b) 

Figure 12. Micrographs of the molybdenum carbide-carbon fiber composite at different scale.
(a)—Overall view and (b)—a single Mo2C crystal. Synthesis conditions: CT in NaCl-KCl-Na2MoO4

(15 wt.%)–Mo melt at 1123 K and for 1 h.

3.3.2. Investigation of the Electrocatalytic Activity of Composites Based on Refractory
Metal Carbide on Carbon Fiber

The kinetics of electrocatalytic decomposition of hydrogen peroxide on the surface of
refractory metal carbides (TaC, NbC, Mo2C) can be investigated by measuring the volume
of evolved gases per unit of time. Decomposition of hydrogen peroxide proceeds with
the emission of gaseous products: oxygen is emitted at the anode, which was the studied
composite material, and hydrogen is emitted at the cathode, which was an uncoated
carbon fiber.
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To compare the results of studying the kinetics of the hydrogen peroxide decompo-
sition reaction on refractory metal carbide-carbon fiber composites with the kinetics of
the same reaction using traditional catalysts as copper and platinum, we used 5 mm2

metal electrodes. However, it is difficult to estimate the surface area of electrodes made of
composites of refractory metal carbides. Their specific surface area is 5–15 m2 g−1. In all
our experiments, the same linear dimensions of the composite electrodes were used, and
the same immersion depth in hydrogen peroxide solution was maintained.

The graphical analysis of the kinetic dependences (Figure 13) established the zero
order of the electrocatalytic reaction of hydrogen peroxide decomposition [107]. It can be
described by the kinetic equation of the form υ = k, where υ is the reaction rate, and k is the
reaction rate constant.

 

 

 
Figure 13. Zero-order kinetic dependencies of the electrocatalytic decomposition of H2O2, taken on
the electrodes at the same temperature 303 K.
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The activation energies of the studied H2O2 decomposition were calculated from
experimental data obtained at different temperatures in steps of 10 K. Figure 13 shows the
kinetic data at 303 K for all studied composites. Similar dependencies were also observed
at higher temperatures, so only one example is presented in this article. It can be seen that
the rate of electrocatalytic reaction of hydrogen peroxide decomposition increases in the
following series: Mo2C/C < TaC/C < Pt < Cu < NbC/C.

The obtained values of the rate constants for the hydrogen peroxide decomposition
at different temperatures were used to calculate activation energies. It was found that the
activation energy values for the Mo2C/C, TaC/C, Pt, Cu and NbC/C electrodes are equal
to 107.2, 82.2, 74.8, 48.2, and 37.1 kJ mol−1, respectively.

It should be noted that the activation energy of the hydrogen peroxide decomposition
process is given here from the general chemical point of view. Since it is impossible to
reliably determine the value of the potential difference between the electrode surface
and any point in the solution, we do not have a reliable method for the experimental
determination of the activation energy for the specific electrode process. Therefore, the
calculated activation energies are given for a formal decomposition process taking place on
the anode.

It has been established that the reaction rate does not change over time, in accordance
with the zero-order kinetic equation, which has no dependence on the concentration of
reacting substances, and the diffusion rate to the surface of electrode is smaller than the
rate of chemical transformation.

3.4. Electrochemical Synthesis of Gadolinium Borides Nanorods in Molten Salts

Highly pure rare earth metals and their refractory compounds with oxygen, carbon,
nitrogen, and boron are widely used in special alloys in metallurgy, semiconductor elec-
tronics and laser techniques; they are used for production of permanent magnets, new
types of catalysts, optical glasses, and hydrogen accumulators. Gadolinium boride is
especially prospective in nuclear engineering for neutron adsorption. Nanomaterials based
on gadolinium hexaboride are promising materials for modern technology due to their
unique electric, magnetic, and optical properties. For example, GdB6 nanorods are charac-
terized by a very low electron work function (∼1.5 eV), which makes this nanomaterial
very interesting for the fabrication of point electron emitters. GdB6 nanorods are strong
light absorbers in the near infrared region, and they are transparent to visible light.

The traditional manufacturing of rare-earth borides is based on the direct reaction
of pure initial components at high temperatures (up to 2700 K), which negatively affects
the microstructure of the product. Electrochemical synthesis at moderate temperatures
(973–1023 K) is a cost-effective alternative to direct reaction techniques and it has been
successfully applied to the production of high-quality refractory borides. Electrochemical
techniques provide not only the required stoichiometry and narrow size distribution of the
product, but also the designated morphology. Prior to our studies, there was no information
on the preparation of GdB6 nanorods and nanowires in the literature.

For the electrochemical synthesis of GdB6 it is necessary to know the electrochemical
behavior of boron and gadolinium in their joint presence in the melt. Waves on the voltam-
mogram in the NaCl-KCl-NaF-GdF3-KBF4 melt (Figure 14) reflected the boron reduction
from BF4

- complexes (RB, the least negative wave at about −0.8–−1.0 V) and gadolinium
discharge on a boron deposit (RGd-B, at potentials −1.5 V and −1.8 V). The ascending
section on the voltammogram corresponds to the discharge of gadolinium and alkali metal
cations. Significant differences in the electroreduction potentials of boron and gadolinium
allows us to make a reasonable assumption about the so-called “kinetic regime” [52] of
their compound synthesis in the melt. Thus, the hexaboride can be synthesized only at
current densities higher than the limiting current density for a more positive constituent
(boron) discharge process. During co-deposition with boron, gadolinium reduced not on a
silver surface, but on the layer of already deposited boron. The high depolarization value
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of this process leads to the formation of boron-gadolinium compound at potentials near
−1.5 V and −1.8 V.
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Figure 14. Voltammogram of the KCl-NaCl-NaF (10 wt.%)-GdF3-KBF4 (B/Gd = 2.6) melt,
CKBF4 = 1.8 × 10−5 mol cm−3, Ag—working electrode, A = 0.5 cm2, GC—counter electrode, GC-
quasi-reference electrode; ν = 0.5 V s−1, T = 1023 K.

Potentiostatic electrolysis (7 h duration) was carried out, at potentials −1.5 V and
−1.8 V. The deposits were scraped off and any electrolyte adhering to the deposits were
leached with a warm dilute HCl, then 2% NaOH, and finally washed with distilled water
and ethanol. XRD analysis identified the products of electrolysis as gadolinium hexa-
boride [78]. At the potential of –1.5 V the gadolinium hexaboride was synthesized in the
form of coral-like dendrites. Micro- and nanorods were obtained at the potential of −1.8 V
(Figure 15). Along with nanorods, a GdB6 nanowire was also formed on the cathode;
the length of the nanostructure significantly exceeded its diameter, and, in some cases,
the nanowire was bent. The intercalation mechanism was suggested for the formation of
nanorods and nanowire [78].

3.5. Synthesis of One-Dimensional Nanostructures: Si and TaO Nanoneedles

One-dimensional nanomaterials, such as nanorods, nanotubes, nanowires, and
nanofibers, are promising for catalysis and electrocatalysis [108]. Firstly, this is due to
their large surface area with a high concentration of active centers [109]. Secondly, such
nanostructures have a unique channel structure, which can be used as a fast pathway
for the transfer of electric charges [110,111]. Finally, many adjacent one-dimensional
nanostructures create a large number of pores and channels for the supply of reagents
and escape of reaction products. Another important advantage of such structures is the
possibility of obtaining them directly on the desired substrate without the use of additional
binding agents [111].
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Figure 15. SEM image of the GdB6, synthesized in the KCl-NaCl-NaF (10 wt.%)-GdF3-KBF4 melt at
−1.8 V vs. GC quasi-reference electrode.

3.5.1. Electrochemical Synthesis of Si-Nanoneedles in Molten Salts

Silicon technology has created computers, cell phones, and other electronic devices [59,112].
The use of silicon nanoneedles for medical purposes is known [113,114], for example, to
grow new blood vessels. Such nanoscale needles are involved in the delivery of genetic
material to stimulate blood vessel growth and can deliver drugs directly to living cells.

Electrochemical methods of synthesis make it possible to produce nanoscale silicon,
regulating its growth and the size of the final product [56].

A chloride-fluoride melt, NaCl-KCl-NaF (10 wt.%)-K2SiF6, was used for the production
of silicon [115]. The cyclic voltammogram of this melt is presented in Figure 16 and in
the cathodic semi-cycle, two electroreduction peaks R1 and R2 corresponding to Si(IV)
were registered.

Potentiostatic electrolysis at the first wave did not led to the formation of solid product
at the cathode, but after washing off the electrolyte remaining on the electrode, needle- and
flake-form crystals were observed (Figure 17). The XRD analysis showed that the crystals
correspond to elementary silicon [115].

Thus, the recharge process of Si(IV) to Si(II):

Si(IV) + 2e → Si(II), (2)

is accompanied by the disproportionation reaction [116]:

2Si(II)� Si(IV) + Si. (3)

According to the XRD data, electrolysis at the potentials of the second wave led to the
formation of large silicon crystals (Figure 18) during the electroreduction of Si(II) to Si, and
fine needle crystals were also observed due the disproportionation reaction (3).
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Figure 16. Cyclic voltammogram of the NaCl-KCl-NaF(10 wt.%)–K2SiF6 melt. Concentration of
K2SiF6 is 6.87 × 10–5 mol cm–3; v = 0.2 V s−1; T = 1023 K; A = 0.162 cm2. The quasi-reference electrode
was the SU-2000 glassy carbon.

 
Figure 17. Needle and flake silicon crystals obtained during potentiostatic electrolysis at E = −0.75 V
vs. the glassy carbon electrode, after rinsing the remaining electrolyte off the electrode after its
removal from the melt.

157



Coatings 2023, 13, 352

 

Figure 18. Electron microscope image of silicon crystals on a silver electrode obtained by potentio-
static electrolysis at E = −1.2 V vs. the glassy carbon electrode.

3.5.2. Obtaining of TaO Nanoneedles by Electroreduction of K3TaOF6 in Molten Salts

Tantalum monoxide can replace the tantalum pentoxide in high-density electric capac-
itors because of its high dielectric constant and low leakage current [117]. This material
has been commercially integrated in capacitors which are used in computer dynamic
random-access memory [118].

The formation of TaO was mentioned in several papers [119–123], but in [122,123] the
electrocrystallization of tantalum monoxide was not confirmed by XRD analysis.

It was determined that during electroreduction of tantalum monoxofluoride complexes
in the CsCl-K3TaOF6 melt, several phases containing tantalum are formed. The variation of
cathodic products obtained at different parameters of electrolysis are presented in Figure 19.
As can be seen from the diagrams in Figure 19, tantalum monoxide crystallized at the
cathode with other tantalum compounds and did not form at a temperature of 1173 K. The
micrograph of tantalum monoxide formed during electrolysis of the CsCl-K3TaOF6 melt is
shown in Figure 20. It demonstrates that tantalum monoxide crystallizes at the cathode as
nanoneedles up to 12,000 nm in length with a cross-section of ~100 nm.

Table 1 presents a brief summary of all functional coatings and nanomaterials con-
sidered in the present paper, the corresponding synthesis conditions in molten salts, and
possible applications.
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Figure 19. Diagrams of the phase composition of the cathodic products deposited at a current density
of 0.15 A cm−2 at (A) 923 K, (B) 1023 K, (C) 1173 K. The concentration of K3TaOF6 in the CsCl melt
was (1) 1.25, (2) 2.5, (3) 5.0, and (4) 10.0 wt.%.
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Figure 20. SEM image of TaO obtained by electrolysis of the CsCl-K3TaOF6 (2.5 wt.%) melt at 1023 K
and a current density of 0.15 A cm−2.

Table 1. Summary of electrochemical synthesis of functional coatings and nanomaterials in molten salts.

Molten Salt System
Deposition

Regime
Experimental

Condition
Substrate Product

Possible
Application

NaCl-KCl-Li2CO3-
Na2MoO4

Galvanostatic
electrolysis

i = 5 mA cm−2

τ = 7 h
T = 1123 K

Mo plate Mo2C nanostructured
coating [84]

Catalyst for steam
reforming reaction

NaCl-KCl-CrCl3-Cr Currentless
transfer

τ = 8 h
T = 1173 K Steel St.3 Cr7C3 coating [98,103] Protective corrosion- and

wear-resistant coating

NaCl-KCl-K2TaF7-Ta Currentless
transfer

τ = 8 h
T = 1173 K Steel St.3 TaC coating [103] Protective corrosion- and

wear-resistant coating

NaCl-KCl-
K2NbF7-Nb

Currentless
transfer

τ = 8 h
T = 1173 K Steel St.3 NbC coating [103] Protective corrosion- and

wear-resistant coating

NaCl-KCl-K2TaF7-Ta Currentless
transfer

τ = 24 h
T = 1123 K

Carbon
fibers TaC coating [107] Electrocatalyst for H2O2

decomposition

NaCl-KCl-
K2NbF7-Nb

Currentless
transfer

τ = 24 h
T = 1123 K

Carbon
fibers NbC coating [107] Electrocatalyst for H2O2

decomposition

NaCl-KCl-
Na2MoO4-Mo

Currentless
transfer

τ = 1 h
T = 1123 K

Carbon
fibers Mo2C crystals [107] Electrocatalyst for H2O2

decomposition

NaCl-KCl-NaF-
GdF3-KBF4

Potentiostatic
electrolysis

E = −1.8 V vs. GC
τ = 7 h

T = 1023 K
Ag rod GdB6 nanorods and

nanowires [78]

Material for point
electron emitters;

Material for the neutron
adsorption

NaCl-KCl-
NaF-K2SiF6

Potentiostatic
electrolysis

E = −0.75 V vs. GC
τ = 2 h

T = 1023 K
Ag rod Si nanoneedles [115]

Material for
Li-ion batteries;

Drug delivery into
living cells

CsCl-K3TaOF6
Galvanostatic

electrolysis

i = 0.15 A cm−2

τ = 1 h
T = 1023 K

Mo rod TaO nanoneedles [80] Material for high-density
electric capacitors

160



Coatings 2023, 13, 352

4. Conclusions

The advantages of high-temperature electrochemical synthesis of nanostructured
coatings and various nanomaterials in molten salts were demonstrated:

1. By electrochemical synthesis in molten salts, a new Mo2C/Mo-based catalytic system
for a low-temperature steam reforming reaction was obtained. The catalytic activity
of this composition, produced by the simultaneous reduction of electroactive MoO4

2−
and CO3

2− species, was three orders of magnitude higher than that of the bulk Mo2C
phase and commercial Cu-ZnO-Al2O3 catalyst.

2. The currentless transfer for the synthesis of nanoscale coatings of carbide refractory
metals on substrates containing carbon was studied. It was shown that these coatings
on steels increase corrosion resistance by several orders of magnitude and increase
wear resistance by 3–5 times. Tests carried out by industrial facilities showed that the
coatings of Cr7C3 or TaC on rubber-cutting knifes made of St3 can improve their wear
resistance and increase a tool lifetime by 2.0 (for Cr7C3) and 2.5 (for TaC) times.

3. It was found that NbC, TaC, and Mo2C carbides deposited on carbon fibers by current-
less transfer in molten salts can be used as highly active electrocatalysts for hydrogen
peroxide decomposition. The kinetics of the electrocatalytic decomposition of H2O2
were studied and the following series of electrocatalytic activity was established:
Mo2C < TaC < Pt < Cu < NbC.

4. Using potentiostatic electrolysis, GdB6 nanorods for different applications were syn-
thesized in the KCl-NaCl-NaF(10 wt.%)-GdF3-KBF4 melt.

5. The synthesis of one-dimensional nanomaterials based on Si and TaO for application
in modern electronic devices was discussed. Silicon nanoneedles were synthesized by
potentiostatic electrolysis in the NaCl–KCl–NaF(10 wt.%)-K2SiF6 melt. The possibility
to synthesize TaO using the CsCl-K3TaOF6 melt was shown. TaO crystallized at the
cathode as nanoneedles, together with other tantalum compounds. It was found that
TaO can be obtained by the electrolysis of molten salts only at temperatures below
1173 K.
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Abstract: Assessing the current condition of protective organic coatings on steel structures is an
important but challenging task, particularly when it comes to complex structures located in harsh
environments. Near-infrared (NIR) spectroscopy is a rapid, low-cost, and nondestructive analytical
technique with applications ranging from agriculture, food, and remote sensing to pharmaceuticals.
In this study, an objective and reliable NIR-based technique is proposed for the accurate distinction
between different coating conditions during their degradation process. In addition, a state-of-the-art
deep learning method using a one-dimensional convolutional neural network (1-D CNN) is explored
to automatically extract features from the spectrum. The characteristics of the spectrum show a
downward trend over the entire wavenumber period, and two major absorption peaks were observed
around 5250 and 4400 cm−1. The experimental results indicate that the proposed deep network
structure can powerfully extract the complex characteristics inside the spectrum, and the classification
accuracy of the training and testing data was 99.84% and 95.23%, respectively, which suggests that
NIR spectroscopy coupled with a deep learning algorithm could be used for the rapid and accurate
inspection of steel coatings.

Keywords: steel coating assessment; near-infrared spectroscopy; deep learning; degradation

1. Introduction

Assessing the current condition of protective organic coatings on steel structures is an
important but challenging task. It is crucial for asset owners to understand when the coating
is no longer effective, so the repair can be applied before damage is done to structures due
to the failure of protective coatings, and the improvement in maintenance planning can
have a significant financial benefit. Common coating assessment practices involve trained
inspectors performing close-up visual inspections and using a rating system. However,
these practices are not only labor-intensive but also time-consuming and pose significant
safety and logistical challenges when structures are located in harsh places [1]. Therefore,
an efficient and intelligent evaluation approach is highly required for making informed
decisions about protective coating maintenance.

Near-infrared (NIR) spectroscopy is a rapid, nondestructive and relatively inexpensive
analytical technique. It characterizes materials based on their absorption intensity in the
NIR region of the electromagnetic spectrum, which ranges from 700 to 2500 nm. These
optical responses in the NIR region reflect vibrations of molecular functional groups
containing atoms like C, N, O, and S or chemical bonds between atoms, such as C=O,
C=H and C-O-C, which allows researchers to analyze samples of organic composition [2].
Therefore, the technique has found broad application in agriculture, food, pharmaceuticals,
remote sensing, and several other fields [3–5]. For example, Piehl et al. [6] presented
the first quantitative and qualitative analysis of plastic contamination in agricultural soil
based on the NIR technique. Via Fourier transform infrared (FTIR), they were able to
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identify and quantify macro and microplastic pieces within the investigated area, which
therefore provided important data to determine the extent of contamination concerning
agroecosystems. Valand et al. [7] provided an extensive review of the application of NIR
spectroscopy for food adulteration and authenticity. The literature has shown that, over the
last decades, NIR has proven itself to be a trustworthy technology for examining foods for
adulteration and authenticity. It is not only a fast, easy, and generally cost-effective method,
but it also can combine with other analytical chemistry techniques to develop validated or
standardized methods.

Meanwhile, methods used to extract and process the NIR analytical information to pro-
duce quantitative and qualitative models has evolved during the last decade. Sohn et al. [8]
proposed a combination model of Savitzky–Golay and a support vector machine (SVM) to
classify six different Amaranthus species in Korea, and the result shows that Vis-NIR spec-
troscopy with an SVM model has the capability to discriminate Amaranthus species with a
notable accuracy up to 99.7%. Nawar et al. [9] established a random forest (RF) modeling
approach for the quantitative analysis of soil organic carbon (OC). The results suggest that
RF regression with spiking provides an accurate prediction of OC under both indoor labora-
tory and on-site field scanning conditions. Sampaio et al. [10] compared the performance of
partial least squares (PLS), interval-PLS, synergy interval-PLS, and moving windows-PLS
models, and developed an optimal regression model with high accuracy for rice amylose
determination. Recently, the deep learning algorithm has attracted increasing attention
for NIR researchers; it has shown great capabilities in creating powerful analytic models
based on multilayer abstraction to represent concepts or features [11–13]. Chen et al. [14]
proposed a framework for a backpropagation, neural deep learning 1D-CNN to predict the
nutrition components in soil samples; Rong et al. [15] applied a simple CNN architecture
with a single convolutional layer to distinguish peach varieties; Gholizadehhis et al. [16]
examined the capability of vis–NIR spectra coupled with traditional machine learning
techniques and a fully connected neural network (FNN) to assess potentially toxic elements
in forest soils. The results show that FNN provides better results in the availability of a
large sample size. These research works indicate that deep learning can be successfully
applied to NIR sensor data analysis.

A lot of research works have been conducted with respect to the application of NIR
technology in the field of monitoring or the inspection of steel structure coatings [17–19].
Kishigami et al. [20] recently demonstrated the use of NIR in the estimation of the degree
of abrasion of coating thickness. It was found that the observed infrared intensity could
be used to estimate the top coating thickness based on the calibration relationship they
discovered. Omar et al. [21] developed a novel integrated device based on FTIR and
micro-electromechanics to make structural analyses of the epoxy coating of steel pipelines.
It shows that their instrument was useful for on-site material analysis, especially in the
investigation of the mechanical properties and detection of the distribution of particles
inside the material. Raeissi et al. [22] explored the use of a k-means clustering algorithm
on the NIR portion of hyperspectral images (NIR-HIS) to provide diagnostic information
about the spatial inhomogeneities of the chemical structures of an applied steel coating.

The aim of the study was to present an innovative approach based on NIR spectroscopy
as a novel solution to objectively assess the condition of the protective coatings applied
to steel structures. Moreover, this method of nondestructive evaluation could provide
precise and automatic grading in the assessment of coating degradation due to age or
environmental factors. The potential of the approach was shown using a real NIR dataset
acquired from prepared coating samples with an accelerated aging process. In addition,
a modern convolutional neural network (CNN) was developed to classify the different
grades of corrosion based on their NIR data. CNNs have achieved promising performances
in such classification tasks due to their large flexibility regarding the dimensionality of
the operational layers, their depth and breadth, and their ability to extract strong features
about the input data [23]. With the excellent learning ability of CNNs, a spatial distribution
of the intensity variations at particular absorption lines in the electromagnetic spectrum of
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NIR data can be reconstructed as essential features, which can be used for the identification
and for the evaluation of chemical changes that occur as a result of coating degradation.

2. Materials and Data Collection

2.1. Sample Preparation

The protective coating used in this study was based on three layers of a composite
coating system that was applied to the world-famous Hongkong-Zhuhai-Macro Bridge
(HZMB). The coating system was formulated with zinc-rich epoxy primer, MIO epoxy
intermediate paint, and a fluorocarbon topcoat, and each layer has a thickness of 100,
200, and 80 μm, respectively. Moreover, the composite coating was applied to steel plates
using a high-pressure airless spraying method, following the specifications of painting and
coating for steel structures in China. Chinese steel of grade Q235 was used for the steel
plates, of which the dimensions were 100 mm × 50 mm × 10 mm. Figure 1 shows a real
image of a steel plate with the composite coating.

 
Figure 1. Image of a steel plate sample.

2.2. Data Acquisition and Labelling

In order to simulate the behavior of coating degradation, 50 steel plates with a pro-
tective composite coating were exposed to a salt spray test device to accelerate corrosion
growth. The salt spray test was performed following the instruction of the ISO 9227 stan-
dard, and each coated plate was grouped and subjected to a different exposure time: 120,
240, 360, 480, 600, 720, 840, 960, and 1080 h. Each sample was rinsed with water and
air-dried before NIR data collection. The data collection was based on FTIR measurements
performed using a BRUKER Lumos FTIR microscope. Reflectance spectra were recorded in
the range of 8500 to 4000 cm−1. The resolution of the obtained spectra was 3.5 cm−1. For
each coated sheet, six points located in the corner and center were measured individually.
A total of 300 individual point spectra were recorded per one measurement, and a total of
10 measurements were made based on the different exposure times.
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The labelling task was performed shortly after the NIR data collection of each steel
sheet, and a human expert was present at the collection site to make an observation of
the actual sample surface and assigned a label corresponding to their condition ratings. A
four-level rating system is applied by inspectors and, in our study, is described in Table 1.
The NIR dataset of a steel coating is then generated and referred to as a matrix of 1991 rows
and 1201 columns. Each row represents the spectral information of the individual point
from the coated steel sheet; each column (descriptive features) represents the reflectance
magnitude of the NIR spectral band with a specific wavelength, which ranges from 8500 to
4000 cm−1; the last column has the condition class labels that are associated with each point.
As shown in Table 1, the dataset is programmed to randomly divide into a training set and a
testing set with a proportion of 80:20. The training set is used to train the model parameters
and the testing set is used to check the classification performance of the trained model.

Table 1. The four-level coating condition rating system.

Coating Condition Number of Training Set Number of Testing Set Description

Level 1 375 99 The coating remains intact

Level 2 566 146
The coating is slightly degraded, with
speckled rusting in areas that are less

than 1% of the total surface area.

Level 3 356 90

The coating is moderately degraded,
with speckled rusting in areas greater
than 1% and less than 40% of the total

surface area.

Level 4 286 73
The coating is no longer effective, with

speckled rusting in areas larger than
40% of the total surface area.

Total 1583 408 /

3. Methodology

3.1. Pre-Processing of NIR Data

Preprocessing of spectral data is the most important step before the subsequent model-
ing and analyzing. The objective of preprocessing is to remove physical phenomena in the
spectra, such as baseline drift, high-frequency noise, and mutual interference between the
components [9]. In this study, multiple preprocessing techniques were adopted based on
four categories: smoothing, scatter correction, spectral derivatives, and wavelet denoising.
Table 2 presented general information about these methods and a comparison of their
denoising effect using root mean square error (RMSE) and signal-to-noise ratio (SNR). The
two metrics are calculated by

SNR = 10 × log
(

∑N
n=1 f (n)2

∑N
n=1 [ f (n)− f̂ (n)]

2

)
(1)

RMSE =

√
1
n ∑

n
[ f (n)− f̂ (n)]

2
(2)

where f (n) is the original spectrum, f̂ (n) is the denoised spectrum, and n is the sampling
point. It can be seen that SG smoothing, MSC, 1st derivatives, and wavelet denoising
with coiflets base have the best denoising effect in their category, respectively. However,
the optimal preprocessing method will be determined according to the performance and
robustness of the classification model, which is explained in detail in the next section.
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Table 2. Comparison of preprocessing method denoising effects.

Categories Pre-Processing Methods RMSE SNR

Smoothing Mean average (MA) smoothing 0.0545 20.18
Savitzkygolay (SG) smoothing 0.0112 29.94

Scatter Correction
Multiplicative scatter correction (MSC) 0.0322 28.50

Standard normal variate (SNV) 0.0322 28.50

Spectral Derivatives 1st Derivatives 0.2208 8.05
2nd Derivatives 0.2253 7.88

Wavelet Denoising

Haar wavelet 0.2813 5.94
Daubechies wavelet 0.0178 29.89

Coiflets wavelet 0.0109 34.16
Symmlets wavelet 0.0127 32.86

3.2. Architecture of the Proposed CNN Based Model

The CNN network can be variously arranged depending on the designed parameters
and depths of the structure as well as the training method of the network. The basic
architecture of the 1-D CNN in this paper consists of an input layer, multiple convolutional
and pooling layers stacked together, a fully connected layer, and an output layer. A
schematic diagram of this process is shown in Figure 2. As the obtained NIR input data
represent a one-dimensional vector, the convolutional layer filters the input data with a
one-dimensional kernel to obtain subtle feature information. A convolution kernel size
of 1 × 9 is adopted in the first two convolutional layers to quickly obtain rough feature
information, and then the convolution kernel with a small size of 1 × 3 is selected to extract
more subtle features. In order to control the shrinkage of the dimensions, full zero padding
and upward rounding are adopted in the process of convolution. The output of every
convolutional layer is then passed to the pooling layer to reduce the size of the feature
map, and the maximum operation is used. The size of the pooling layer is set as 1 × 2
with a step of 2 in this study. The final feature maps from the pooling layer are then
flattened and passed to the fully connected layers at the end of the network. The Rectified
Linear Unit (ReLU), the most commonly used activation function, is adapted in this model
to implement nonlinear transformations [24]. The model applied Batch Normalization
over the output of the convolutional layer to carry out the standardization process and
the dropout mechanism is used to alleviate overfitting. The function of cross entropy is
selected as the loss function in this study to quantify the difference between two probability
distributions [25]. Lastly, the mathematical function of Softmax is implemented for the
neural network of multiple classifications. In order to train the proposed CNN model, the
learning rate is set to 0.001, the batch size is set to 64, and the epoch of training is set to 100.

3.3. Performance Evaluation

In order to evaluate the overall performance of the proposed model, the following
four criteria were used: classification accuracy, precision, recall, and F1 score. These metrics
are calculated by

Aaccuracy =

n
∑

i=1
(TPi + FNi)

n
∑

i=1
(TPi + TNi + FPi + FNi)

(3)

Precision =
1
n

n

∑
i=1

TPi
TPi + FPi

(4)

Recall =
1
n

n

∑
i=1

TPi
TPi + FNi

(5)
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F1 =
1
n

n

∑
i=1

2TPi
2TPi + FPi + FNi

(6)

where TP, TN, FP, and FN are true positive, true negative, false positive, and false negative,
respectively. A confusion matrix is provided to demonstrate insight information for the
predictions and to comprehend other classification metrics.

 

Figure 2. A schematic diagram of the proposed 1D-CNN classification model: (a) basic structure;
(b) architectural details.
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3.4. Software Tools

The Python 3.6 program with PyCharm IDE was used to perform spectral extraction,
preprocessing, and other analysis models. The 1D-CNN model was programmed using the
Pytorch framework, running on the graphics processing unit.

4. Results and Discussion

4.1. Spectral Characteristic

The original and mean NIR spectra of the steel coatings with different grades of
corrosion are shown in Figure 3a,b, respectively. Overall, the original spectrum of the four
kinds of coating conditions showed a downward trend over the entire wavenumber period.
Two major absorption peaks were observed around 5250 and 4400 cm−1. A peak around
5250 cm−1 is typically attributed to the hydroxyl ring, which represents a combination of
asymmetric stretching and bending of O-H, and the peak around 4400 cm−1 represents the
combination band of the second overtone of the epoxy ring [22,26,27]. Both characteristics
are highly correlated to coating degradation. Another clear trend from Figure 3b was
a decrease in the coating degradation in the reflectance of the spectra features. This
phenomenon reflected the thickness and total surface coverage of the corrosion compounds
within the analysis area [28].

Figure 3. Near-infrared (NIR) spectra of steel coating: (a) raw data for all samples; (b) mean spectra
of different grades of the coating condition.

4.2. Preprocessing Method

NIR spectral data are often interfered with by stray light, noise, baseline drift, and
other factors, thus affecting the final qualitative and quantitative analysis results. In this
paper, multiple pretreatment methods were used for the comparative analysis, and the
following accuracy results of the proposed CNN model are shown in Table 3. Compared
with other methods, SG smoothing is more competitive, with a 95.8% accuracy, but the
MSC and SNV methods reached close accuracy results of around 95%. Obviously, spectral
derivative methods are not suitable for the proposed model. It is worth mentioning that
wavelet methods (coiflets and symmlets family) showed an inferior performance of 85–90%
accuracy while having better denoising results based on the RMSE and SNR results in
Table 2. In summary, SG smoothing was selected as the preprocessing method for the
proposed discriminant model.
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Table 3. The accuracy results of the 1D-CNN model with different preprocessing methods.

Categories Pre-Processing Methods Accuracy (%)

Raw Data / 91.8

Smoothing
Mean average (MA)

smoothing 92.8

Savitzkygolay (SG) smoothing 95.8

Scatter Correction
Multiplicative scatter

correction (MSC) 94.7

Standard normal variate
(SNV) 95.0

Spectral Derivatives 1st Derivatives 80.3
2nd Derivatives 61.5

Wavelet Denoising

Haar wavelet 55.7
Daubechies wavelet 85.1

Coiflets wavelet 91.0
Symmlets wavelet 84.8

4.3. CNN-Based Steel Coating Condition Assessment Model

The results for loss value and prediction accuracy on the training set and test set are
shown in Figures 4 and 5. As can be seen in Figure 4, the loss value shows a trend that drops
down rapidly during the first 20 epochs, then decreases slowly until it is steady. In the end,
the loss values of the training set and the testing set were 0.759 and 0.829, respectively. In
Figure 5, it is observed that the classification performance of the 1D-CNN model shows a
trend of rapid rise, gradual and slow increase, and then tends to be stable. After 40 epochs,
the accuracy rate of the testing and training sets reach 99.84% and 95.23%, respectively.

Figure 4. The loss value of the proposed 1D-CNN model.

In order to better explain the prediction results of the 1D-CNN model for each category
in the test set, a confusion matrix was introduced and is shown in Figure 6. As can be
seen from the confusion matrix, the predictions of a coating with a level 1 condition are all
correct, and only one sample with a level 2 coating condition is falsely predicted as being
level 3. The coating samples with a level 3 condition show the lowest prediction accuracy,
with a total of 14 samples being misclassified; most of them are falsely predicted as a level
4 condition. Similarly, seven coating samples with a level 4 condition are misclassified to
level 3. The result of the confusion matrix indicates that most false predictions occur in
condition levels 3 and 4.
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Figure 5. The accuracy of the proposed 1D-CNN model.

Figure 6. The confusion matrix for the testing set.

The overall performance results are shown in Table 4, which confirms that, for limited
high-dimensional data, the proposed 1D-CNN model has excellent classification ability
and can discriminate the condition levels of steel coatings. This reveals the superiority
of the deep learning model with a high ability for feature extraction and learning over
traditional processing.

Table 4. The performance results of the proposed 1D-CNN model.

Performance Train (%) Test (%)

Accuracy 99.84 95.23
Precision score 99.83 94.90

Recall score 99.73 94.74
F1 score 99.81 94.48

5. Conclusions

In this paper, a 1D-CNN-based model was developed for the assessment of steel
coating conditions using NIR data. Four levels of coating degradation were constructed by
artificially-accelerated aging, and the data were collected based on different exposure times.
With the current popular research method of deep learning, NIR data can be directly input
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into the model, extracting feature information from the spectrum and conducting automatic
learning. Therefore, an accurate assessment of the coating condition can be achieved. The
major findings of this paper can be summarized as follows:

• The characteristics of the spectrum showed a downward trend over the entire wavenu-
mber period, and two major absorption peaks were observed around 5250 and
4400 cm−1;

• A decrease in the reflectance of the spectrum features was observed along with the
coating degradation process;

• A comparison of the different preprocessing methods indicated that the SG smoothing
method was the most suitable method for the proposed model to effectively improve
classification performance;

• Based on the above data and pretreatment, the experimental results of the pro-
posed model achieved an overall prediction accuracy of 95.8% and very minimal
error measures.

All the findings suggest that the proposed 1D-CNN framework coupled with NIR
data has great potential for steel coating assessment and can provide rapid and accurate
predictions of coating degradation levels. The next steps in this research should be to collect
more coating data under a complex environment to build a comprehensive database; thus,
the robustness of the model can be improved.
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Patricia Jovičević-Klug and
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Abstract: The phase composition, microstructure, mechanical, corrosion, and wear behaviors of the
Ti15Zr35Ta10Nb10Sn30 (Sn30) and Ti15Zr30Ta10Nb10Sn35 (Sn35) biomedical high-entropy alloys
(BHEAs) were studied. We found that the Ti–Zr–Ta–Nb–Sn BHEAs showed hyper-eutectic and
eutectic structures with body-centered cubic (BCC) and face-centered cubic (FCC) solid-solution
phases. The Sn30 BHEA exhibited a high Vickers hardness of approximately 501.2 HV, a compressive
strength approaching 684.5 MPa, and plastic strain of over 46.6%. Furthermore, the Vickers hardness
and compressive strength of Sn35 BHEA are 488.7 HV and 999.2 MPa, respectively, with a large
plastic strain of over 49.9%. Moreover, the Sn30 and Sn 35 BHEA friction coefficients are 0.152 and
0.264, respectively. Sn30 BHEA has the smallest and shallowest furrow-groove width, and its wear
rate is 0.86 (km/mm3); at the same time, we observed the delamination phenomenon. Sn35 BHEA
has a wear rate value of 0.78 (km/mm3), and it displays wear debris and the largest–deepest furrow
groove. Sn30 BHEA has the highest impedance value, and its corrosion current density Icorr is
1.261 × 10−7 (A/cm2), which is lower than that of Sn35 BHEA (1.265 × 10−6 (A/cm2)) by 88%, and
the passivation current density Ipass of Sn30 BHEA and Sn35 BHEA is 4.44 × 10−4 (A/cm2) and
3.71 × 10−3 (A/cm2), respectively. Therefore, Sn30 BHEA preferentially produces passive film and
has a small corrosion tendency, and its corrosion resistance is considerably better than that of the
Sn35 BHEA alloy.

Keywords: biomedical high entropy alloy; TiZrTaNbSn; corrosion resistance; mechanical properties;
friction and wear

1. Introduction

Pure Ti has the advantages of non-toxicity, light weight, high strength, good biocom-
patibility, etc. Therefore, in the 1950s, the United States and the United Kingdom started to
apply it for use with living organisms [1]. In the 1960s, Ti alloys (first Ti-6A1-4V [2,3] and
later Ti-5Al-2.5Fe and Ti-6A1-7Nb) began to be widely used in clinical practice as a human
implant material [4–7]. In the 1970s and 1980s, researchers began to prepare Ti alloys
with V-free implants because of its toxic and potentially harmful effects on the human
body; furthermore, in the mid-1980s, new types of α+β Ti alloys, namely Ti-5Al-2.5Fe
and Ti-6Al-7Nb, were developed in Europe [3]. The mechanical properties of these alloys
are similar to Ti-6Al-4V [7], albeit with higher biocompatibility and corrosion resistance
properties. However, these alloys still contain Al, which can cause organ damage and
harmful symptoms, such as osteomalacia, anemia, and neurotin disorder [4,5]. Based
on the above reasons, new types of alloys, which are free of both V and Al but with the
addition of Nb, Zr, Ta, and Sn (Ti-13Nb-13Zr, Ti-35Nb-5Ta7Zr, Ti-24Nb-4Zr-7.9Sn), have
been developed in recent years [4–6], and their elastic moduli are closer to that of natural
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human bone, and their strength is also higher than that of pure Ti. Consequently, Ti alloys
are being rapidly developed for human implant materials; however, their strength, friction
and wear, and corrosion resistance need to be studied further.

Traditional alloy systems usually consist of one or two main elements, and the content
of the other elements is much lower. In 2004, Yeh et al. [8–10] first proposed high-entropy
alloy, a class of materials containing five or more elements in relatively high concentrations
(5–35 at.%) [11,12]. Due to their unique high-entropy, sluggish diffusion, lattice distortion,
and cocktail effects [13–15], HEAs show excellent comprehensive properties compared with
traditional alloys, such as high hardness [16], high strength [17], corrosion resistance, wear
resistance [18,19], etc. At the same time, high-entropy alloys break the traditional alloy
design concept of using only one principal element. Despite this, researchers are actively
exploring the possibility of applying high-entropy alloys in new products [20], such as
biomedical, magnetic, hydrogen storage materials, etc. [21–25]. At present, the comprehen-
sive mechanical properties of medical alloys are still to be improved in clinical practice.
Therefore, the design concept of high-entropy alloy can be used to prepare biomedical
high-entropy alloy materials with low modulus, high strength, corrosion resistance, and
other excellent comprehensive properties to meet demand.

In the past decade, a series of Ti-Zr-Hf-Nb-Ta [21–25], Ti-Mo-Ta-Nb-Zr [26–29], and
Ti-Nb-Hf-Ta-Zr-Mo [30,31] HEAs with considerable mechanical and chemical properties
suitable for biomedical applications have been designed. Researchers are also improving
the performance of HEAs by alloying with O, Si, Al, and Cr [32–35]. However, we noticed
that adding Sn to Fe-Co-Cu-Ni(-Mn) HEAs can improve elongation strain and tensile
strength by 16.9% and 476.9MPa, respectively [36,37]. In addition, Sn is non-cytotoxic and
widely present in β-Ti alloys [38–41]. Previously, we studied the effects of atomic ratios on
as-cast microstructural evolution, and the mechanical and electrochemical properties of
Ti30Zr20Ta20Nb20Sn10 high-entropy alloy [42]. While its elastic modulus is relatively high,
with a value of 110GPa, it does not match the elastic modulus of human bones (30–50 GPa).
Moreover, Zr-based Ti0.5Zr1.5Ta0.5NbSn0.2 (Ti13.5Zr40.5Ta13.5Nb27Sn5.5) high-entropy
alloys display an elastic modulus value of about 40 GPa [43]. Therefore, in our study,
we designed a new Zr-based high-entropy Ti-Zr-Ta-Nb-Sn alloy based on metastable β-
titanium alloy, which is based on the four elements of Ti-Zr-Ta-Nb. We prepared two kinds
of biomedical-grade high-entropy alloys, namely Sn30 BHEA and Sn35 BHEA, by vacuum
arc melting, and we systematically studied the feasibility of preparing biomedical-grade
high-entropy alloy with five elements (Ti, Zr, Ta, Nb, and Sn), paying specific attention
to morphology, compressive strength, electrochemical corrosion, and friction and wear
properties. Our work will provide data for the future development of biomedical-grade
high-entropy alloy, in addition to guidance for further scientific research on Ti alloys.

2. Experimental

The Ti, Zr, Ta, Nb, and Sn raw materials with a purity of more than 99.9 wt.% were
used to prepare BHEAs with the atom ratio of Sn30 BHEA and Sn35 BHEA. The master
alloy ingot was arc melted and cooled on a water-cooled copper crucible in a high-purity
argon protective atmosphere at least 5 times to ensure the chemical homogeneity. Wire cut
electrical discharge machining (WEDM, DHL-500) was used to cut samples from the core
region of the master alloy ingot (Buttonhole, maximum diameter Φ32mm, maximum height
16 mm). The surface of the alloy sample was ground with silicon carbide sandpaper up to
2000 grit. The phase composition and microstructure of the alloy sample were characterized
via an X-ray diffractometer (XRD, Rigaku D/max-RB) and a Hitachi S-4300 scanning
electron microscope and HITACHI SU8010 scanning electron microscope (SEM), and energy
dispersive X-ray spectroscopy (EDS) was used to analyze the chemical composition of the
HEAs.

Cylinder-shaped (Φ4 mm × 6 mm) samples were cut via WEDM, and used for Vickers
hardness and room-temperature compression stress and strain test. The microhardness
test was carried out on an HYHVS-1000T Vickers hardness tester using an applied load of
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1000 g force (gf) and a dwell time of 15 s. A 370.1 type mechanical testing system (MTS)
was employed to record the room-temperature compression stress and strain curves of
HEA samples. The compressive strain rate was set as 0.5 mm/min. After the compression
test, the lateral surface morphologies of the compressed specimens were examined by SEM.

Corrosion behavior was obtained through the electrochemical workstation (CHI660E)
using a three-electrode-cell system. Saturated mercuric chloride was used as reference
electrode, platinum electrode as counter electrode, a 1 mm thick sample was embedded
in copper wire as working electrode, test temperature was 26 °C, scanning speed was
1 mV/s, and scanning voltage range was from −1.5 to +1.5 V. Before corrosion experi-
ments, the surface of the sample was polished with 2000 grit silicon carbide sandpapers.
Then, as-polished specimens were ultrasonically cleaned in deionized water, acetone, and
ethanol. Before the potentiodynamic polarization test, the alloy sample was immersed in
3.5% NaCl solution until the open circuit potential (OCP) reached a stable state. After the
polarization experiment, TAFEL and IMP were used to measure the polarization curve and
AC impedance of Sn30 and Sn35 BHEAs, respectively. Then, Corrview software was used
to analyze the Tafel curve and Zview software to analyze the impedance spectrum. The
corroded morphologies on the sample surface were examined by SEM, and the composition
of the corroded surface was determined by EDS.

When performing the friction and wear test, we ensured each specimen of the two ma-
terials was wet-ground and polished using a polishing machine (UNIPOL-1502, Shenyang
Kejing Auto-Instrument Co., Ltd., Shenyang, China) with a series of silicon carbide papers
of P320, P400, P800, P1200, P1500, P2000, and P3000 grits (Matador Starcke, Germany)
under water cooling. Finally, after ultrasonically cleaning for 10 min in deionized water,
we fine-polished all specimens with a diamond velour polishing pad under a flowing
cerium oxide solution (particle size: 1.5 μm) (Shenyang Kejing Auto-Instrument Co., Ltd.,
China) before finishing with a mirror-like surface. Then, we tested the wear behaviors of
the HEAs by a VHX-2000 tribology tester using a Si3N4 ball (4 mm in diameter) as the
couple-pair. In our study, the test parameters were as follows: load 10 N, time of 30 min,
sliding velocity 600 r/min, and friction reciprocating motion amplitude 2 mm. We recorded
the friction coefficient during the sliding process. After the wear test, we determined the
wear volume (WV) of the alloy samples by an MT-500 Probe-type material surface profile
measuring instrument. We examined the morphologies and compositions of the HEAs’
wear scars by SEM and EDS, respectively.

3. Results

3.1. Phase Composition and Microstructure of Sn30 BHEA and Sn35 BHEA

Figure 1 shows the XRD diffraction patterns of Sn30 BHEA and Sn35 BHEA. We found
that there is an obvious peak correspondence relationship by comparing with the standard
PDF database. The diffraction peaks of 36.8◦ and 38.4◦ correspond to BCC Zr, FCC Nb, and
BCC Ti solid solutions, respectively. At the same time, 64.8◦ corresponds to the FCC Ti solid
solution, while 75.9◦ and 80.2◦ correspond to the diffraction peaks of the BCC Zr and BCC
Ti solid solutions, respectively. We also observed that 41.8◦ corresponds to the diffraction
peak of the BCC Ti solid solution in Sn30 BHEA. Furthermore, the 37.6◦ (Sn35 BHEA) and
35.9◦ (Sn30 BHEA) diffraction peaks correspond to the HCP Zr5Sn3 phase. Our results
show that both alloys contain BCC and FCC phases. Table 1 shows the corresponding
thermodynamic parameters. The values of ΔH, ΔS, and δ are in the range where the
solid-solution phase is likely to occur. Table 1 shows the calculated values of the entropy–
enthalpy quotient parameter (Ω), the valence electron concentration (VEC) criterion, and
the mean square deviation of the atomic radius of elements (δ) of these two high-entropy
alloys. The thermodynamic parameter VEC further proves that FCC and BCC phases
co-exist in the alloy.
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Figure 1. XRD patterns of Sn30 BHEA and Sn35 BHEA.

Table 1. Thermodynamic parameters of Sn30 BHEA and Sn35 BHEA.

Alloy Ω δ ΔH/(KJ/mol) ΔS/J (K/mol) VEC

Sn30 BHEA 1.04 3.78 −21.2 12.25 7.2
Sn35 BHEA 0.95 3.64 −22 12.3 7.7

We used SEM and EDS to analyze the chemical compositions and microstructures of
HEAs. Figure 2 shows the microstructures of Sn30 BHEA and Sn35 BHEA. Sn30 BHEA
is a typical hypoeutectic structure composed of long-strip gray phases, a bright white
small-block phase, and an interphase rod eutectic microstructure (Figure 2a,b). Moreover,
the eutectic microstructure’s volume fraction is 33.8%. Sn35 BHEA is a typical eutectic
microstructure with lamellar distribution; however, there are some bright white blocky
phases distributed on the dark gray phase. Additionally, the solidification mode looks more
equiaxed for Sn35 BHEAs, while it seems more columnar dendritic for Sn30 BHEAs. With
changes in atomic ratio, the eutectic structure’s content and morphology also considerably
changed. In order to analyze the element content of each phase in Figure 2, EDS analysis
was carried out on eutectic microstructure (area 1), gray phases (area 2), and bright white
blocky phases (area 3). The results are shown in Table 2. We discovered a high content
of Zr and Sn in the dark gray phase of both high-entropy alloys. Combined with our
XRD analysis results, we deduced that this phase is a Zr solid solution with a BCC crystal
structure. The bright-colored small-block area contains a large amount of Ti and Ta, which
exceeds the initial composition of the alloy; therefore, it is rich in Ta and Ti FCC phase.
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Based on our above analysis, we determined that the bright-colored phase in the remaining
eutectic structure is a Ti solid-solution phase with a BCC crystal structure.

Figure 2. The microstructure of Sn30 BHEA and Sn35 BHEA. (a,b) Sn30 BHEA, (c,d) Sn35BHEA.

Table 2. EDS analysis of the phase in Figure 2.

Composition Place Color Ti/at% Zr/at% Ta/at% Nb/at Sn/at%

Sn30 BHEA
area 1 - 19.51 26.56 8.21 16.80 28.93
area 2 Gray 15.96 39.71 3.75 8.52 32.06
area 3 Bright white 28.69 19.14 12.07 15.38 24.72

Sn35 BHEA
area 1 - 19.58 27.83 7.82 20.02 24.73
area 2 Gray 15.69 34.01 0.98 8.83 40.50
area 3 Bright white 24.55 18.39 14.65 14.55 27.86

To further analyze the element distribution, the map scanning results of its element
distribution are shown in Figure 3. Figure 3 shows the map scanning results of the element
distribution. The Zr, Nb, and Sn elements are mainly distributed in the dark gray phase,
while Ti tends to be uniformly distributed in the dark gray phase, and is eutectic in
structure; however, Ti is segregated in the bulk phase close to the eutectic microstructure
(Figure 3(a1–a5)). For Sn35 BHEA, the distribution of elements tends to be consistent with
that of Sn30 BHEA.
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Figure 3. The map scanning of Sn30 BHEA and Sn35 BHEA: (a)–(a5) Sn30 BHEA, (b)–(b5) Sn35 BHEA.

3.2. Mechanical Properties of Sn30 BHEA and Sn35 BHEA

The mechanical properties of Sn30 BHEA and Sn35 BHEA are shown in Figures 4 and 5.
Figure 4a shows the compression stress–strain curves of Sn30 BHEA and Sn35 BHEA at
room temperature. Compared with Sn35 HEAs, the Sn30 HEAs exhibit double-yielding
behavior, which is often observed in shape memory alloys as a stress-induced phase
transformation and has relatively lower plasticity [44]. Figure 4b displays the Vickers
hardness results for both alloys. Hardness is one of their mechanical properties, and it
has a considerable impact on the application of alloys. At the same time, it is also one
of the factors that affect alloys’ friction and wear properties. Sn30 HEA has the highest
hardness level, and the average value of 5 measurements is 501.2HV, while the hardness
of alloy Sn35 HEAs is 488.72HV, which is slightly lower. Figure 4c–f show the fracture
morphologies of these two high-entropy alloys after compression testing. Figure 4c,d
show that Sn30 BHEA’s macrofracture morphology is relatively flat, while its micromor-
phology has river patterns, showing obvious shear failure characteristics. On the gray
strip, it also shows typical brittle fracture characteristics. Furthermore, after increasing
the magnification, we observed tear edges and dimples on the eutectic structure, showing
the mixed characteristics of quasi-cleavage and ductile fractures. Generally, the samples
show brittle quasi-cleavage fractures [45]. Figure 4e,f show that the compression fracture
surfaces of Sn35 HEAs are uneven and considerably fluctuate, and there are obvious signs
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of shear tear on the fractures. After increasing the magnification, we observed shallow and
slender dimples on the relatively flat shear plane, and we determined that the compression
fracture is generally a brittle cleavage fracture. Figure 5 shows the maximum strain and
compressive strength values corresponding to the two alloys. The maximum strain value
and compressive strength of Sn30 HEAs are 46.6% and 684.5 MPa, respectively, and the
maximum strain value and compressive strength of Sn35 HEAs are 49.9% and 999.2 MPa,
respectively. Therefore, Sn35 HEAs exhibit better mechanical properties.

Figure 4. Compressive stress–strain curves and corresponding fracture morphologies of Sn30 BHEA
and Sn35 BHEA: (a) stress–strain curves, (b) HV of Sn30 BHEA and Sn35 BHEA, (c,d) fracture
morphology of Sn30 BHEA, (e,f) fracture morphology of Sn35 BHEA.

Figure 5. Compression properties of Sn30 BHEA and Sn35 BHEA.
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3.3. Friction and Wear Properties of Sn30 BHEA and Sn35 BHEA

As hardness is one of the primary factors that affect the friction and wear properties
of the alloys, there are certain requirements regarding the friction and wear properties of
materials implanted into the human body. The friction and wear mechanical properties
tests of Sn30 BHEA and Sn35 BHEA are shown in Figure 6. Wear marks can be clearly
seen in Figure 6a, which shows the sample used in the friction and wear test, including
its wear marks and approximate dimensions. Figure 6b displays the friction coefficient
curves (COFs). The COFs of Sn30 and Sn35 are 0.152 and 0.264, respectively. Moreover,
the friction coefficients first display a sharp increase and then decrease before becoming
flat. The main reason is that at the initial stage, the sample and the Si3N4 sphere will
undergo a point-to-surface contact process. First, the friction coefficient is sensitive to the
roughness of the sample surface, causing the friction coefficient to rapidly increase. When
the ball makes complete contact with the sample and the contact condition is stable, the
friction coefficient tends to be flat. The Sn30 BHEA presented the minimum average COFs.
The mechanical properties (hardness, strength, and plasticity) have a considerable effect
on tribological properties [46–48]. Normally, the relationship between tribological and
mechanical properties can be described as W = k(P/H) (W is wear rate, P is applied load, k
is relative to plasticity, and H is hardness) [46]. Figure 4 shows there are no considerable
differences in plasticity; however, Sn30 BHEA’s hardness is much higher. Hence, the
tribological properties of Sn30 BHEA are superior to Sn35 BHEA.

Figure 6. Friction and wear test results of Sn30 BHEA and Sn35 BHEA (a) samples, (b) friction
coefficient curves, and profiles of the worn surfaces for sintered composites and corresponding 2D
cross-section profiles of wear tracks: (c) Sn30 BHEA, (d) Sn35 BHEA.

185



Coatings 2022, 12, 1795

To further obtain the wear volume (Wv) of the Sn30 BHEA and Sn35 BHEA after the
wear test, the section profile morphologies of the worn surfaces were characterized by a
Keyence surface profilometer (VHX-2000), and the results are illustrated in Figure 6c,d.
Sn30 BHEA showed finer grooves owing to its higher hardness; therefore, it resists abrasive
wear (Figure 6c). Abrasive wear was aggravated in Sn35 BHEA, which was confirmed by
its widened grooves (Figure 6d). The corresponding wear width and depth in Figure 6a
can be obtained directly from the images. Table 3 displays the calculated wear properties,
where E is wear resistance, Kv is specific wear rate, and K2 is linear wear rate. The Kv of
Sn30 BHEA is 2.27 × 10−4 (mm3/nm), the K2 is 1.163 (mm3/km), E is 0.86 (km/mm3), and
the Wv is 0.51 mm3. Furthermore, the Kv of Sn35 BHEA is 2.49 × 10−4 (mm3/nm), and the
values of K2, E, and Wv are 1.277 (mm3/km), 0.78 (km/mm3), and 0.56 mm3, respectively.
A higher material loss rate will also lead to slight work hardening (Figure 7). Therefore, our
comprehensive analysis shows that Sn30 BHEA has better friction and wear morphologies.

Table 3. Wear properties of Sn30 BHEA and Sn35 BHEA at room temperature.

Sample L/m Wv/(mm3) Kv/(mm3/nm) K2/(mm3/km) E/(km/mm3)

Sn30 BHEA 226.2 0.51 2.27 × 10−4 1.163 0.86
Sn35 BHEA 226.2 0.56 2.49 × 10−4 1.277 0.78

 

Figure 7. Hardness of the worn surface for the Sn30 BHEA and Sn35 BHEA.

We carried out our SEM characterizations of the worn surfaces to explore the wear
mechanisms of Sn30 BHEA and Sn35 BHEA, the results are displayed in Figure 8, and
the plastic deformation and delamination traces showed severe wear for both alloys.
Furthermore, the wear surfaces of all Sn30 BHEAs and Sn35 BHEAs showed typical furrow
characteristics, and there are grooves and wear debris along the sliding direction due to the
micro cutting and furrow effects of the Si3N4 ball, which indicates that furrow wear is the
main wear mechanism [47,49].
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Figure 8. SEM images of Sn30 BHEA and Sn35 BHEA: (a,b) Sn30 BHEA, (c,d) Sn35 BHEA.

Sn30 BHEA’s worn surfaces were smoother with less debris and smaller grooves
compared with Sn30 BHEA, as shown in Figure 8a–d. Moreover, Figure 8a shows that the
surface morphology of the Sn30 BHEA alloy’s friction structure tends to form a regular
pit structure, and the wear surface is almost free of wear debris. Figure 8c,d show that
there are wear debris generated on Sn35 BHEA’s surface morphology, resulting in poor
surface quality and cracks. Furthermore, we found severe delamination in Sn35 BHEA. The
subsurface generates work hardening owing to its dislocation motion, rearrangement, and
grain refinement. However, once deformed, dislocation accumulation occurred to a certain
extent, resulting in crack formation and, finally, delamination. The absence of obvious
work hardening for Sn30 BHEA (Figure 7) was due to its higher material loss rate. This
consecutive deformation can be easily induced through delamination [50].

3.4. Corrosion Property Characterization of Sn30 BHEA and Sn35 BHEA

The corrosion resistance properties of biomedical materials during their implantation
into the human body is another aspect that needs to be studied. Figure 9 shows the
impedance spectroscopy of Sn30 BHEA and Sn35 BHEA, Figure 9a is the Nyquist diagram,
and Figure 9b shows the Bode diagram. The electrochemical AC impedance value can
reflect the corrosion resistance of the alloy to a certain extent. The greater the impedance
value, the better the corrosion resistance. It can be seen from Figure 9a that the capacitive
arc curvature radius of Sn30 BHEA decreases significantly, indicating that among the
two high-entropy alloys, Sn30 BHEA has the best corrosion resistance; furthermore, it
suggests that the decrease in Sn content and the increase in Zr content will improve the
corrosion resistance of Sn30 BHEA and Sn35 BHEA. In the Bode diagram, the phase angle of
Sn30 BHEA is close to 75◦ in a wide frequency range, while the phase angle of Sn35 BHEA
is about 60◦. Sn30 BHEA has a large resistance value and forms a passive film.
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Figure 9. EIS of Sn30 BHEA and Sn35 BHEA: (a) Nyquist plots, (b) Bode plots.

The potentiodynamic polarization curve and the corrosion morphology of Sn30 BHEA
and Sn35 BHEA are shown in Figure 10. The key parameters derived by the Tafel method
such as the corrosion current density (Icorr) and the corrosion potential (Ecorr) are listed in
Table 4. It was clearly found that Sn30 BHEA exhibited an Icorr value smaller than that of
Sn35 BHEA. Moreover, for passivation current density Ipass, the smaller the value, the easier
it is to enter the passivation state. The Ipass value of Sn30 BHEA is 4.44 × 10−4 A/cm−2,
which is 88% lower than that of Sn35 BHEA—a significant improvement. Another note-
worthy fact is that in the anode and cathode area, the value of βa and βb of Sn30 BHEA
is lower than that of Sn35 BHEA, demonstrating that Sn35 BHEA has stronger corrosion
resistance properties. The corrosion potential (Ecorr) can determine the corrosion trend of
the alloy. According to the thermodynamic principle, the smaller the Ecorr, the greater the
corrosion tendency. The Ecorr of Sn30 HEAs is −0.96, which is about 43.3% smaller than
that of Sn35 BHEAs. However, the data that most directly reflect the corrosion resistance of
the alloy are the corrosion rate, which can be obtained by the following equation.

CR =
0.13Icorr ∗ EW

d
, (1)

where EW is the equivalent weight, and d is the density of the metal (g/cm3). The calcula-
tion results are shown in Table 4. The corrosion rate of Sn30 BHEA is 1.37 × 10−4 mm/a.
The corrosion rate of Sn35 BHEA is 1.20 × 10−3 mm/a, which is nearly 88.6% greater
than that of ambient pressure. Therefore, Sn30 BHEA has stronger corrosion resistance
properties.

Table 4. The key electrochemical parameters of Sn30 BHEA and Sn35 BHEA.

Composition (at.%) Icorr (A/cm2) Ecorr (V) βa βc Ipass (A/cm−2)
Corrosion

Rate (mm/a)

Sn30 BHEA 1.261 × 10−7 −0.96 0.36 0.21 4.44 × 10−4 1.37 × 10−4

Sn35 BHEA 1.265 × 10−6 −0.67 0.76 0.88 3.71 × 10−3 1.20 × 10−3
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Figure 10. Corrosion properties characterization for Sn30 BHEA and Sn35 BHEA: (a) potentiodynamic
polarization curves, (b,c) corrosion morphology of Sn30 BHEA, (d,e) corrosion morphology of Sn35
BHEA.

The corrosion surface morphology was observed by scanning electron microscopy
(SEM) after the potentiodynamic polarization test, as shown in Figure 10b,e. The surfaces
of these two high-entropy alloys show certain levels of corrosion after electrochemical
corrosion for 2400s and the corrosion degree of (Zr, Sn)-rich phase is high. Meanwhile,
the corrosion of Sn35 BHEA also mainly occurs in the gray phase, which is accompanied
by many irregular corrosion pits and some cracks. There are also some electrochemical
corrosion products on the surface, as shown in Figure 10d,e. The volume fractions of large
dendritic Zr-rich zones within Sn30 BHEA and Sn35 BHEA are 77.7% and 90.8% (Figure 11),
respectively. Then, from the corrosion morphology and analysis of the above two high-
entropy alloys, it can be concluded that the corrosion resistance of Sn30 BHEA is better than
that of Sn30 BHEA. However, both alloys exhibit high levels of corrosion resistance [51],
indicating that Sn30 BHEA and Sn35 BHEA are a suitable alternative material considering
corrosion resistance.

Figure 11. Volume fraction of Zr-rich phase in Sn30 BHEA and Sn35 BHEA.
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4. Discussion

According to our SEM results for the surface of the corroded coatings, all of the
corroded alloys exhibited similar surface morphologies, i.e., corrosion at the (Zr, Sn)-rich
location. The volume fraction of the (Zr, Sn)-rich phase in Sn30 BHEA is smaller than in
Sn35 BHEA (Figure 11). Combining the results of our electrochemistry corrosion analysis,
we discovered that decreases in the anti-corrosion properties of Sn35 BHEA were due to
the increases in the volume fraction of the (Zr, Sn)-rich phase. Moreover, the hardness of
Sn30 BHEA is greater than Sn35 BHEA. However, as Sn35 BHEA exhibits a near-eutectic
microstructure, it shows excellent plasticity, which, in turn, leads to the best compression
strength.

The anti-wear properties are concerned with the alloy’s surface quality, hardness,
toughness, and loading capability [52–55]. Besides the different anti-wear properties of
Sn30 BHEA and Sn35 BHEA, the hardness of each alloy is the key factor related to wear
resistance. The hardness of Sn30 BHEA is greater than that of Sn35 BHEA because the
volume fraction of the Ta-rich BCC phase is extensively generated (Figure 11). Moreover,
during the sliding wear process, the hard Si3N4 ball will act similar to a cutter tool and peel
off the surface materials, leading to severe plastic deformation and a high wear rate. In
addition, the surface’s severe wear and damage is accompanied by oxidation under the high-
speed wear process. However, for Sn30 BHEA, wear resistance is considerably improved
because of the large number of BCC phases generated, which could act as strengthening
support sites and carry loads during the wear process. To sum up, Sn30 BHEA shows
excellent comprehensive properties. We also conclude that too many Sn elements are not
conducive to TiZrTaNbSn HEA design.

5. Conclusions

Taking β-type titanium alloy as the design conception, the comprehensive properties
of biomedical high-entropy alloy based on Ti-Zr-Nb-Ta and Sn element were systematically
discussed. The main conclusions are as follows:

1. Sn30 BHEA and Sn35 BHEA are typical hypo-eutectic and eutectic structures, respec-
tively, and both alloys are composed of BCC and FCC phases;

2. the two high-entropy alloys have brittle fractures at room temperature. The maximum
strain value and compressive strength of Sn30 BHEA are 46.6% and 684.5 MPa,
respectively, while the maximum strain value and compressive strength of Sn35 BHEA
are 49.9% and 999.2 MPa, respectively. Sn30 HEA’s strength and yield strength are
better than those of Sn35 HEA;

3. the friction coefficient of Sn30 BHEA is 0.152, the specific and linear wear rates (Kv and
K2, respectively) are 2.27 × 10−4 (mm3/nm) and 1.163 (mm3/km), respectively, while
the width of the furrow groove is the smallest and shallowest, with almost no wear
debris. Furthermore, the friction coefficient of Sn35 BHEA is 0.264, and the values
of specific and linear wear (Kv and K2, respectively), in addition to wear resistance
E, are 2.49 × 10−4 (mm3/nm), 1.277 (mm3/km), and 0.78 (km/mm3), respectively.
Furthermore, the width of the furrow groove is the largest and deepest, and there
are wear debris. In conclusion, the Sn30 HEA has excellent wear resistance and rates
compared with Sn35 HEA;

4. Sn30 BHEA has the highest impedance value. The corrosion current density Icorr is
1.261 × 10−7 (A/cm2), which is lower than that of Sn35 BHEA by about 88%. The
capacitive arc curvature radius of Sn30 BHEA also considerably decreases. Therefore,
Sn30 HEAs preferentially produce passivated film with a small corrosion tendency,
indicating that its corrosion resistance is considerably better than that of Sn35 BHEA
alloy.
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Abstract: New types of ceramic coatings based on SiO2-Na2O-B2O3-TiO2 oxide phases were investi-
gated as protection for boiler steel in power generation systems. Low-alloyed Cr-Mo 16Mo3 steel
was coated with different compositions of enamel coatings to assess the protective potential of these
coatings under water vapor at high temperatures. Oxidation at 650 ◦C for 50 h in Ar + water vapor
was performed in a TGA apparatus to investigate the oxidation kinetics. The results indicate that
the ceramic coatings provided a high degree of protection for the steel exposed to such conditions
compared to the uncoated 16Mo3 steel. Furthermore, despite the formation of cracks in the coatings,
no spallation from the steel surface was observed. Interconnected porosity in the coatings is suspected
to provoke interfacial degradation.

Keywords: ceramic coatings; 16Mo3 steel; high temperature oxidation; TGA; water vapor

1. Introduction

Energy consumption increases yearly due to the high demand for electricity world-
wide; therefore, new systems for the high-temperature protection of structural steels
employed in the energy sector must be developed. However, the operating conditions in
different plants are particularly aggressive, and different types of corrosion at high temper-
atures occur. For instance, in most thermal plants, molten sulfate and chloride derivative
salts appear that markedly attack the low Cr-containing steel grades, as demonstrated by
Abu-warda et al. [1]. Similarly, an extensive sulfidation attack has been recently reported
in the typical 16Mo3 boiler steel [2]. Since the use of noble materials is not economically
interesting, many various coatings have been proposed in the open literature whether to
fight against steam or fireside corrosion. Amongst the former, Al and Al/Si slurry diffusion
coatings were demonstrated to withstand long exposures of 100% steam [3] even at high
pressures and long exposures [4]. However, such diffusion coatings are relatively brittle
and tensile cracks may appear under high pressures allowing steam to penetrate into the
substrate material. In addition, the potential interdiffusion of the substrate and coating
elements may lower their use for extended periods of time.

The fight against fireside corrosion (and erosion) is mostly conducted through various
derivate techniques of thermal spray to produce overlay coatings on the different metal
alloys (steels and nickel-based alloys) as reported in the comprehensive reviews of Dhand
et al. [5] and of Kumara and collab. [6]. In low-alloy steels, such as 16Mo3, T21, T22 and the
alike, various studies have focused on different coating alternatives. For instance, Galetz
et al. focused on the use of cladding, self-fluxing, flame spray, and high velocity oxy-fuel
(HVOF) to improve the resistance against molten salts of various low-alloy steels [7]. It
was concluded that the introduction of Mo and Si in the coatings was beneficial, yet the
most protective coatings were those with the lowest porosity and the thickest ones, i.e.,
the overlay welded alloys and the self-fluxing spray coatings were the most promising
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despite their greater cost against the flame-sprayed or HVOF coatings. Jafari and collab. [8]
employed high-velocity air–fuel (HVAF) on 16Mo3 boiler steel against KCl-induced hot
corrosion in air. When compared with more noble materials (AISI 304 and Sanicro25),
the authors found a better performance of the Ni-Al coatings than the Ni-Cr-based ones
because the alumina scale grown in the former was denser than the chromia one formed
in the latter. This impeded the diffusion of the aggressive chlorine species. Indeed, the
chlorides have been reported to induce a great attack on the chromia, also forming NiCr
coatings when produced by HVOF [1].

In essence, such thermal spray coating systems show some degree of porosity, de-
pending on the technology used, where ashes can accumulate and initiate accelerated
degradation processes of boiler tubes [9,10]. To overcome the problem, new systems based
on ceramic compounds are being developed for the high-temperature protection of boiler
steels. One of the very first works related to ceramic coatings for steels to be used at a
high-temperature regime was presented by Harrison et al. [11]. The coatings were designed
for use at temperatures as high as 670 ◦C while displaying outstanding properties such
as high resistance to chipping under repeated thermal shock and protection of the metal
against oxidation during prolonged exposures. These 70-μm thick coatings were prepared
using a mixture of a special grade of calcined aluminum oxide with a conventional type
of ground-coat frit in water that is applied to the steel surface before drying and firing
according to well-known methods in the ceramic industry. The development of ceramic
coatings for high-temperature applications accelerated since the ’70s due to the develop-
ment of deposition techniques [12]. In 1980, ceramic coatings were applied to adiabatic
engines [13]. First, ceramic coatings were employed in gas turbine blades and then in
pistons, cylinder linings, valves, and piston crown surfaces [14]. For such applications,
ceramic coatings are mainly used for the protection of the base alloys against hot corrosion,
oxidation, and wear degradation. One of the most advanced ceramic coatings produced
recently are the coatings reducing the based metal temperature (Ni-based superalloys),
known as the Thermal Barrier Coatings (TBCs) [15]. Those types of coatings are used in
aero-jet engines, as well as in gas turbine technologies [16,17]. The state-of-the-art TBCs are
generally based on yttria-stabilized zirconia (YSZ) deposited by Electron Beam Physical
Vapor Deposition (EB-PVD) or APS process [18,19]. As a decent alternative, mullite can
replace zirconia as a TBC for high-temperature gradient fields [20]. In the energy sector,
where temperatures are much lower and the surface area is much larger than in aero jet
engines, the gas atmosphere is incomparably worse, and hence, different and cheaper
solutions are required. Generally, carbides like silicon carbide (SiC) and tungsten carbide
(WC) are used as dispersoids when the hardness and wear resistance of the coatings on
boiler tubes against fireside corrosion are the major requirements. Nevertheless, oxides
such as TiO2, SiO2, Al2O3, etc., are used when resistance to hot corrosion and oxidation at
high temperatures is required [21]. Therefore, to get a better understanding of advanced
ceramic materials for further development in particular engineering applications, e.g., the
energy sector and boiler protection, extensive research is essential for evaluating the mi-
crostructural and corrosion resistance properties of such coatings. Therefore, this research
investigates the oxidation resistance at high temperatures and in the presence of water
vapor of new ceramic enamel coatings based on SiO2-Na2O-B2O3-TiO2 oxide phases that
are applied on low-alloyed 16Mo3 steel.

2. Experimental Method

2.1. Materials and Coatings

The 16Mo3 steel (0.12 C, 0.4 Mn, <0.35 Si, 0.025 S, 0.025 P, 0.3 Cr, 0.3 Mo, wt%, bal. Fe)
samples of 7–9 × 12 × 4–5 mm3 were ground using SiC P600 grid paper prior to coating
application. Then, the enamel ceramic coatings were applied in a two-step process that
is described elsewhere [2]. The different oxide compositions of the enamel coatings of
the study are described in Table 1. Their purity was higher than 99.9%, according to the
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supplier (Sigma-Aldrich). However, for clarity purposes, the samples will be referenced as
samples A to G in this work.

Table 1. Enamel-producing recipes (wt.%) for ceramic coatings development used in this work.

Coating Symbol

Oxide A B C D E F G

SiO2 54.13 51.72 56.80 55.76 63.17 45.11 39.79
Al2O3 - - 2.89 - 2.22 - -
B2O3 18.10 15.79 7.22 2.02 8.32 15.08 12.14
CaO - - 4.34 3.01 2.00 - -

Na2O 13.30 13.80 11.46 10.02 12.33 11.08 10.62
K2O - 1.50 9.18 3.25 1.91 - 1.16
ZnO - - - - 3.05 - -
Li2O 0.62 1.74 - 5.04 0.52 1.34
TiO2 6.14 7.53 5.69 1.99 3.05 5.11 5.79
BaO 1.99 2.51 - - - 1.66 1.93
ZrO2 - - - 14.94 - - -

F 3.68 2.18 - 1.99 1.85 3.07 1.67
CoO 0.41 0.54 1.21 0.99 1.05 0.34 0.41
MnO 1.02 1.61 0.52 0.43 0.45 0.85 1.24
NiO 0.61 1.08 0.69 0.57 0.60 0.51 0.83

Cr2O3 - - - - - 16.67 23.08

One shall note that after the application of the selected enamel on the steel sub-
strate (16Mo3) a firing step at 880 ◦C for about 20 min was conducted. Visual and micro-
scopic assessment of the surface showed no presence of capillary cracks for the coatings
of investigation.

2.2. Oxidation in Water Vapor

The oxidation of the different samples was carried out using a Setsys Evo 1750 ther-
mobalance (0.1 μg accuracy, SETARAM, Caluire-et-Cuire, France) under a wet Ar atmo-
sphere containing water vapor at 10 vol.%. The water vapor was created using the Wetsys
module (SETARAM, Caluire-et-Cuire, France) and transferred to the bottom of the thermal
enclosure of the thermobalance via a heated transfer pipe. To assess the different kinetic
behaviors of the samples, the specific mass gain ( Δm

S ); where Δm is the mass gain of the
sample and S its surface) was plotted on log-log diagram as a function of the time to retrieve
the oxidation parameters described by the law of kinetics of Equation (1):

Δm
S

= k × tn (1)

where k and n correspond to the kinetic parameters that are usually employed to describe
and compare the different oxidation regimes in the transient stable period that arrives
ahead of any slope change or breakaway. On the one hand, if “n” is comprised between 0.9
and 1.1, the oxidation kinetic is described by the simple linear Equation (2):

Δm
S

= kl × t (2)

where kl corresponds to the linear rate constant in g·cm−2·s−1. On the other hand, if “n” is
comprised between 0.35 to 0.65 a parabolic law allows the determination of the parabolic
rate constant kp in is g·cm−4·s−2 following the Equation (3):

Δm
S

=
√

kp × t + A (3)

where A is a constant that depends on the transient period [22].
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2.3. Characterization

The characterization of the materials before and after testing at high temperatures was
conducted by scanning electron microscopy (SEM Quanta 200F, FEI, Hillsboro, OR, USA)
in a SCIOS FEI dual-beam apparatus coupled to energy dispersive spectrometry (EDS,
FEI, Hillsboro, OR, USA) from EDAX [2]. Secondary and backscattered electron images
were taken at different magnifications yet only the most representative are included in
this paper. The preparation of the cross-section of the samples included gentle polishing
with increasing SiC papers (Struers) and final 1-μm diamond polishing with a Struers
suspension following conventional metallographic protocols. The polished cross-sections
were finally rinsed with water and ethanol and dried. The crystal phase identification was
realized by X-ray diffraction (XRD, BRUKER, Karlsruhe, Germany) in a Bruker AXS D8
Advance using the λCu radiation in symmetric θ–2θ mode. The local phase analyses were
made possible with Raman micro-spectrometry (Jobin Yvon LabRam HR800, HORIBA,
Tulln, Austria) using a laser of λ = 632 nm. The porosity in the coatings before and after
the water vapor tests was investigated by image analyses using Image J software (version
1.54b) (see highlighted contours in yellow on cross-section micrographs).

3. Results

3.1. Coatings

Figure 1 gathers the images of the cross-sections of the enamel coatings as observed in
the backscattered electrons mode of the SEM, while Table 2 summarizes the main features. It
can be observed that all the coatings homogeneously covered the steel substrate irrespective
of their composition and variable thickness. Furthermore, except for the negligible porosity
of A and B, all the remaining coatings displayed very tiny bubbles (C, D, F, and G) to small
(B and D) and coarse pores (E).

 

Figure 1. SEM cross-section images in the backscattered mode of the glass enamel coatings (coatings
(A–G)) in the as-fabricated condition (pores and cracks are highlighted in yellow).

3.2. Oxidation in Wet Air

Figure 2 shows the evolution of the specific mass gains of the uncoated and coated
steels with time at 650 ◦C in Ar-10 vol%H2O. It can be noted that the coatings dramatically
decreased (8 to 16 times) the mass gain of the uncoated steel (Figure 2a). The coatings
themselves evolved very differently upon oxidation (Figure 2b). For instance, a small yet
continuous mass uptake occurred with A, but the mass gain of B increased significantly and
then slowed down. Other coatings (C, D, and F) tended to exhibit some kind of breakaway
oxidation after about 5 h. At the end of the test, the highest mass gain after 48 h of annealing
in Ar-10%H2O at 650 ◦C was reported for C (0.85 mg·cm−2) and the lowest mass gain was
recorded for ceramic sample A (0.42 mg·cm−2). However, the final specific mass gain is not
sufficient to describe the oxidation behavior of each specimen. For a better understanding
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of the kinetic behavior of each sample, the oxidation parameters (k, n) retrieved from the
kinetic law of Equation (1) were calculated at different time intervals for each specimen
that depends on the different transient periods observed and are gathered in Table 3.

Table 2. Summary of the main microstructural features of the enamel coatings on low-alloyed 16Mo3
boiler steel (the vol.% of porosity is based on image analyses of the cross-sections and should be
considered as comparative values).

Thickness
(μm)

Porosity
(vol.%)

Cracks
(Orientation)

Coating-Substrate Interface

A 100 ± 25 1% Parallel Oxide and corrosion layer
B 80 ± 15 3% None Thin oxide and corrosion layer
C 110 ± 25 14% None Continuous thin oxide layer
D 230 ± 15 25% None Thin oxide and corrosion layer
E 170 ± 20 34% Normal and parallel Thin oxide and corrosion layer
F 150 ± 10 15% Parallel Continuous thin oxide layer
G 90 ± 5 18% Parallel Continuous thin oxide layer

  

Figure 2. Specific mass gain curves obtained by TGA of (a) the raw material (reference 16Mo3)
and coated samples exposed to Ar-10%H2O at 650 ◦C for 48 h; (b) presents the data of the coated
samples only.

As expected from Figure 2, after a linear growth from the onset of oxidation to 4 h, the
uncoated 16Mo3 shows fast oxidation kinetics described by a parabolic constant “kp” of
3.17·10−10 g2·cm−4·s−1 that is approximately two orders of magnitude higher than that
the coated samples. The discrepancy in the oxidation behavior of the different coated
specimens is evident from the values of Table 3 after an initial short transition period.
Indeed, A, D, and G exhibit continuous linear oxidation after 7 h to 13 h, while B, C, E,
and F show parabolic oxidation behavior that stabilizes after 4 to 11 h of oxidation. The
peculiar breakaway behavior observed in C and F can be related to the appearance of
cracks in the coating or in the oxide but without any spallation. The cracks would allow
direct access of the substrate to the water vapor provoking an accelerated attack. The B
and F samples did not gain further mass after some oxidation period, which could be
related to a very protective oxide scale and/or a densification of the coating that prevented
further oxidation.

Figure 3 shows the XRD analyses performed on unexposed and exposed samples
while Figure 4 and Table 4 show the results of the Raman analyses. The 16Mo3 substrate
is covered with a lepidocrocite γ-FeOOH and goethite Fe(III)OOH oxide layer in the as-
received conditions that further transforms into hematite α-Fe2O3 after exposure to 650 ◦C
for 48 h in the Ar-10%H2O atmosphere. In contrast, the Raman spectra do not display any

198



Coatings 2023, 13, 342

significant difference between the as-deposited and the oxidized enamel coatings, while
the X-ray patterns of Figure 3b indicate the formation of some new phases attributed to the
crystallization of silicate compounds.

Table 3. Oxidation parameters “n” and “k” of the uncoated and coated samples as a function of
different time intervals.

Material Time Interval; Oxidation Parameters “n” and “k” *,**

16Mo3
0–1 h 1–4 h 4–48 h –

transition n = 1: linear
* kl = 8.12·10−8

n = 0.65: parabolic
** kp = 3.17·10−10

A
0–1 h 1–7 h 7–48 h –

n = 0.49: parabolic
** kp = 1.20·10−13 transition n = 1.05: linear

* kl = 2.51·10−9

B
0–20 min 20–30 min 30 min–7 h 7–48 h

n = 0.51: parabolic
** kp = 1.20·10−13 transition n = 0.75: sub-linear

* kl = 2.32·10−8
n = 0.3: ~parabolic
** kp = 1.64·10−12

C
0–1 h 1–4 h 4–48 h –

n = 0.45: parabolic
** kp = 2.28·10−12

breakaway without
spallation

n = 0.55: parabolic
** kp = 4.80·10−12

D
0–10 h 10–48 h – –

transition n = 1.4: super-linear
* kl = 4.31·10−9

E
0–30 min 30 min–11 h 11–48 h –
transition n = 0.55: parabolic

** kp = 1.39·10−12
n = 0.65: parabolic
** kp = 2.66·10−12

F
0–30 min 30 min–4 h 4–40 h 40–48 h

n = 0.56: parabolic
** kp = 1.69·10−12

breakaway without
spallation

n = 0.53: parabolic
** kp = 1.66·10−12 evaporation

G
0–3 h 3–13 h 13–48 h –

transition n = 1.2: super-linear
* kl = 4.37·10−9

n = 0.74: linear
* kl = 2.49·10−9

* kl, linear constant of oxidation in g·cm−2·s−1; ** kp, parabolic constant of oxidation in g2·cm−4·s−1.

  

Figure 3. XRD diffraction plots for (a) the initial samples and (b) the oxidized samples at 650 ◦C for
48 h in Ar-10%H2O atmosphere.

199



Coatings 2023, 13, 342

  

Figure 4. Raman spectra for (a) initial and (b) oxidized samples at 650 ◦C for 48 h in Ar-
10%H2O atmosphere.

Figure 5 shows SEM images of the exposed surfaces of the uncoated 16Mo3 steel
and the coated samples in an Ar-10%H2O atmosphere for 48 h at 650 ◦C. For uncoated
16Mo3 (Figure 5A), some cracks as well as two types of microstructures are observed with
oxides exhibiting a platelet-like morphology on the external surface and round-shaped
oxides underneath that are revealed as spallation occurred. For the coated samples, various
microstructures were observed on the surfaces exposed to the Ar-10%H2O atmosphere for
48 h at 650 ◦C. For A, B, and E, small pores were observed (Figure 5B,C,F). Only D samples
exhibited partial spallation of the coating (Figure 5E). This spallation probably occurred
upon cooling, as no evidence of spallation was observed during the TGA analysis. In the
case of F (Figure 5G), some tiny bright precipitates were observed on top of the coatings,
whereas the precipitates observed for the other coatings appeared to be embedded in the
silica matrix.

Figure 6 shows the cross-section SEM images of the uncoated and coated 16Mo3 steel
exposed to Ar-10%H2O atmosphere at 650 ◦C for 48 h, while Table 5 summarizes the
major features after oxidation compared to the as-fabricated coatings. Irrespective of the
coating thickness that may differ from one batch to the other, it is interesting to observe that
barely any significant interfacial oxide scale grew between the coating and the substrate. In
contrast, the uncoated 16Mo3 developed a very thick (~120 μm) dual oxide layer separated
by a porous interlayer. The upper sublayer contains cracks.

Table 4. Raman peaks position and corresponding phases.

Peaks Position (cm−1)

Initial Samples: 16Mo3 A B C D E F G

∼220 1

∼250 1

∼307 1

∼347 1

∼379 1

∼529 1

∼644 1

-

∼142 3

∼223 2

∼243 2

∼295 2

∼411 2

∼500 2

∼535 3

∼605 2

∼660 3

∼228 2

∼245 2

∼292 2

∼412 2

∼496 2

∼616 2

∼667 3

- -
∼301 3

∼533 3

∼662 3

∼198 2

∼264 2

∼359 2

∼431 2

∼536 3

∼607 2

∼695 3
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Table 4. Cont.

Peaks Position (cm−1)

Oxidized samples: 16Mo3 A B C D E F G

∼227 2

∼248 2

∼295 2

∼413 2

∼500 2

∼615 2

∼658 2

∼308 3

∼538 3

∼667 3

∼311 3

∼460 3

∼600 2

∼674 3

∼465 3

∼612 3

∼682 3

∼304 3

∼533 3

∼662 3

∼312 3

∼467 3

∼610 2

∼675 3

∼304 3

∼535 3

∼664 3

∼304 3

∼534 3

∼664 3

Phases: 1 Lepidocrocite FeO(OH); 2 Hematite Fe2O3; 3 Magnetite Fe3O4.

 

Figure 5. SEM images of the surfaces of uncoated 16Mo3 and coated samples ((A–G) coatings)
exposed at 650 ◦C for 48 h in Ar-10%H2O atmosphere (pores and cracks are highlighted in yellow).
Note that there were no oxide scales formed at the top of the enamel coatings.

In the case of the coatings, it can be noted that the porosity of most coatings did not
change with oxidation time and that no cracks were found either. However, the interfacial
reaction zone between the coating and the substrate extended while new bright contrasted
phases formed at the coating/gas interface. For instance, the porosity of B also vanished,
but a significant interfacial reaction similar to that of A before oxidation occurred. The
porosity still remained in all other coatings, but interestingly, the cracks mostly disappeared,
except in D, which developed significant cracking.

 

Figure 6. SEM images of cross sections of uncoated 16Mo3 and coated samples (A–G) exposed at
650 ◦C for 48 h in Ar-10%H2O atmosphere (pores and cracks are highlighted in yellow).
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Table 5. Summary of the coating microstructural features of the enamel coatings on low-alloyed
16Mo3 boiler steel after the oxidation at 650 ◦C for 48 h in wet Ar (the vol.% of porosity is based on
image analyses of the cross-sections and should be considered as comparative values). Significant
changes compared with the coatings in as-deposited conditions (Table 2) are highlighted using
italic font.

Thickness
(μm)

Porosity
(vol.%)

Cracks
(Orientation)

Coating-Substrate Interface

A 50–60 2% Parallel Thick oxide and corrosion layer
B 30–40 3% None Thick oxide and corrosion layer
C 280 14% None Thick oxide and corrosion layer
D 110–120 25% Parallel Thin oxide and corrosion layer
E 225 34% None Thin oxide and corrosion layer
F 200 15% None Continuous thin oxide layer
G 300 18% None Continuous thin oxide layer

4. Discussion

4.1. Coatings

In glass enamel coatings like the ones studied here, SiO2 and B2O3 ensure the for-
mation of the network while Na2O, K2O, Li2O, and CaO are the network modifiers; in
particular, Li2O and Na2O are strong modifiers. The other oxides provide an intermediate
effect, e.g., Al2O3 and Cr2O3 can take part as network formers or modifiers depending
on the surrounding environment and coordination with bonding and non-bonding oxy-
gen anions [23]. In this work, the intention was simply to study different chemistries to
obtain a variety of coatings that adhere to the substrate. Such adherence results from the
corrosion/oxidation of the melt with the steel substrate in all our coatings [24]. Yet, the
reactivity of the melt clearly depends on the initial composition of the ceramic frit because
either very thin and continuous oxide layers formed (C, D, F, G), a significant interfacial
reaction occurred (A), or a mixed situation with corrosion and broken oxide layers (B, E)
was observed in Figure 1. The presence of bubbles and porosity in the enamel coatings has
been reported in various other works [25] and is ascribed to the gas evolution upon the
firing process of the ceramic powder mixture [26]. In contrast, the main differences between
the coatings relate to the presence or absence of cracks in the as-fabricated conditions. The
cracks mostly depend on the thickness and the thermal expansion coefficients, in particular
the latter [27]. This is demonstrated by comparing, e.g., G, which has 90 μm thickness and
cracks running parallel to the thickness, with D, whose thickness is more than twice the
previous one (230 μm) but shows no cracking.

4.2. Oxidation

The 16Mo3 steel was selected in this work to show the potential efficiency of the
ceramic coatings exposed to harsh conditions. The high-temperature oxidation of the steel
was already reported in [28]. However, to the best of our knowledge, no study focused
on the effects of water vapor that regularly appears in combustion atmospheres. It was
anticipated that this poorly alloyed steel will require additional protection with inexpensive
coatings like the enamel ones proposed here. This is clearly reflected in Figure 2a, where
the uncoated steel underwent a 6-fold increase of mass gain after 48 h of exposure to wet air
at 650 ◦C compared to any of the coatings. Indeed, before oxidation, the uncoated steel is
covered with lepidocrocite γ-FeOOH and goethite α-FeOOH despite the initial grinding of
the surface of the steel with SiC P600 sandpaper to leave a rust-free surface with a homoge-
nous roughness. Yet, the kinetics of the formation of lepidocrocite are very fast [29], and it
has great thermodynamic stability (ΔHf

◦ (lepidocrocite) = −549.4 ± 1.4 kJ.mol−1) before it
transforms into goethite, which is even more stable (ΔHf

◦ = −560.7 ± 1.2 kJ.mol−1) [30].
Lepidocrocite is similar to goethite as they are polymorphs of the same composition with
different structures; the lepidocrocite possesses an orthorhombic structure with space
group Amam. The thermal dehydration of both goethite and lepidocrocite results in the
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hematite and maghemite formation by topotactic transformation (oxidation of magnetite
to maghemite), where the magnetite phase oxidizes into the maghemite phase by natu-
ral weathering or other processes with the conversion of all Fe2+ ions into Fe3+ ions [31].
Goethite α-FeOOH, lepidocrocite γ-FeOOH, hematite α-Fe2O3, and maghemite γ-Fe2O3
are the constituents of magnetite Fe3O4 for ferric oxides and oxyhydroxides. Therefore, the
oxidation process results in iron vacancies in the crystal lattice due to the partial removal
of iron to compensate for the positive charges. The resulting multilayered scale is very
similar to the ones observed in other very low-Cr boiler steels such as 13CrMo4 [32] and
is believed to arise from the presence of iron vacancies on the FeO scale that foster diffu-
sion, hence provoking the growth of thick oxide layers. As postulated by T. Dudziak, the
growth of Fe2O3 and of Fe3O4 for which the defects are respectively found in the oxygen
sublattice and interstitially (support iron ion diffusion) will sustain further diffusion upon
oxidation [33].

In the case of the coatings, different oxidation behaviors have been observed in
Figure 2b, but no real surface oxide formation occurs (Figure 5). For instance, only coatings
B and F seem to follow a parabolic growth with a sharp oxygen uptake during the first
stages and a subsequent transition till the interfusion of the cations and oxygen anion
through a supposedly single and even oxide scale. Therefore, the oxygen uptake is slowed
down with time. In contrast, all the other coatings seem to undergo linear oxidation yet
at different rates according to their different slopes. Among the latter, coatings C and D
undergo the fastest growth while coatings A and G exhibit the lowest mass gains. Since the
TGA curves did not indicate any spallation, the oxidation phenomena can be attributed to
either chemical reasons or to the cracking of the coatings. As for the former, it has been
noted in Table 1 that the C and D coatings have the lowest amount of Na2O whereas the
best-behaving coatings (B and F) contain the highest B2O3 concentrations. B2O3 is known
to be a strong glass network former whereas Na2O has a strong ionic bonding that is easy to
break and therefore strongly modifies the Si-O-Si bonds [34]. As a result, the glassy enamel
coating loses the relative toughness and develops cracks, as shown in Figure 6 for D. The
reasons why C does not crack can be thus related to the greater content of the network
stabilizer B2O3 and of K2O and TiO2, whose role is to depolymerize the glass and open the
network [34]. Yet, the cracks observed in the D coatings run parallel to the gas/coating inter-
face and should not allow the attack of the substrate underneath. Therefore, the increasing
mass gain with time shall derive from the very coarse porosity that allows penetration
of the water vapor to the coating/substrate interface. This hypothesis is confirmed by
paying particular attention to such areas with the presence of pores surrounded by oxides
(Figure 6). Such pores can be ascribed to the evaporation of Cr as CrO2(OH)2(g) at 650 ◦C,
but there is very little Cr in the steel. Therefore, the presence of oxides in those pores
is more likely due to the dissociation of water vapor resulting in H2(g) that reduces the
iron oxide and fosters the diffusion of metal or cationic iron. Simultaneously, the water
vapor can be transported and form oxide around the pores [35]. Therefore, the coatings
that underwent densification with the oxidation temperature like coating B underwent
the lowest mass gains. It thus derives that glass enamel coatings with sufficiently dense
microstructures should be designed to provide a barrier effect against oxidation.

5. Conclusions

Different enamel coatings based on SiO2-Na2O-B2O3-TiO2 oxide phases were in-
vestigated as protection for low-alloyed 16Mo3 steel designed for boiler steel in power
generation systems. The oxidation in water vapor (Ar + 10 vol.%) at 650 ◦C for 48 h of these
coated samples indicates that the ceramic coatings provided a high degree of protection to
the steel exposed to such conditions compared to the uncoated 16Mo3 steel. Furthermore,
despite the formation of cracks in some coatings, no spallation from the steel surface was
observed. As a matter of fact, the enamel displayed a high adherence to the substrate due
to a partial dissolution of the substrate by the glass during the elaboration process that
led to the bonding of the ceramic to the metal. The extensive attack for coating D was
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related to the interconnected porosity in the coating that allowed access of water vapor to
the 16Mo3 steel. An accurate assessment of the porosity of the tested coatings should be
thus conducted in the future to evaluate such a hypothesis.
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Abstract: The risk of fatigue failure of welded hollow spherical joints (WHSJs) under alternating
loads increases due to the inherent defects, the disrepair, and the demand for tonnage upgrades,
of suspension cranes. The finite element analysis results revealed that the ranking of the stress
concentration factor at the WHSJ was as follows: weld toe in steel tube of tube–ball connection
weld > weld toe in steel tube of tube–endplate connection weld > weld toe in sphere of tube–ball
connection weld > weld toe in plate of tube–endplate connection weld. Moreover, the peak stress at
the weld of the tube–sphere connection was reduced by 32.93% after CFRP bonding reinforcement,
which was beneficial for improving the fatigue performance. In this study, 16 full-scale specimens of
Q235B WHSJs were tested by an MTS fatigue testing machine to study the strengthening effect of
CFRP on the fatigue performance. It was found that the fatigue fracture of WHSJs was transferred
from the tube–sphere connection weld to the tube–endplate connection after CFRP reinforcement.
According to the fitted S-N curves, the fatigue strength could be increased by 13.26%–18.19% when
the cycle number increased from 10,000 to 5,000,000.

Keywords: welded hollow spherical joints; CFRP strengthening method; fatigue performance; S-N
curve

1. Introduction

The welded hollow sphere joint grid structure has a simple structure, excellent me-
chanical properties, and unique advantages, especially in terms of construction cost [1]. As
an important part of the grid structure, the welded hollow sphere joint (WHSJ) has been
widely used in public buildings such as gymnasiums, exhibition centers, waiting halls,
industrial buildings, industrial plants, hangars, and dry coal sheds, etc. [2].

With the development of industrialization, industrial buildings are faced with increas-
ing volume demand and lifting equipment upgrades. The increases in suspension crane
level, load, and use frequency, render welded hollow spherical joint grid structures more
prone to fatigue damage. The damage positions are shown in Figure 1: the weld toe on the
spherical surface of the steel pipe or cross-plate connection ( 1©, 3©), the weld toe on the pipe
surface of the steel pipe connection ( 2©), and the high-strength bolts for cross-plate–beam
connections ( 4©). In related research on the fatigue performance at the spherical weld toe of
welded hollow ball joints, Lei [3] established the calculation formula of stress concentration
factor (SCF) by means of the thin shell theory, with a numerical range of 2.38–3.09. Fatigue
tests of 15 specimens were completed, and the allowable nominal stress amplitude with
n = 2× 106 was 31.4 MPa. Yan [4] determined the SCF using ANSYS finite element analysis
and a static tensile test with a numerical range of 2.06–4.86. The fatigue test of 29 welded
hollow ball full-scale specimens was carried out, and the allowable nominal stress ampli-
tude with n = 2 × 106 was 22.3 MPa. Jiao et al. [5] took the cross-plate–welded hollow
sphere joint connection as the research object, performed 25 welding ball fatigue tests, and
obtained that the allowable nominal stress amplitude with n = 2 × 106 was 19.7 MPa. In a
study of the weld toe in steel tubes, Zhang [6] performed a fatigue test on 38 specimens
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and used infrared thermography to predict the position of fatigue fracture. The allowable
nominal stress amplitude with n = 2 × 106 was 56.96 MPa.

 
Figure 1. Schematic diagram of fatigue failure location. ( 1©) Spherical surface of the steel pipe
connections; ( 2©) Pipe surface of the steel pipe connection; ( 3©) Spherical surface of the cross-plate
connection; ( 4©) High-strength bolts.

The experimental results above indicate that the allowable stress amplitude at the
spherical weld toe of the WHSJ is only 19.7–31.4 MPa, which is lower than the lowest
class Z14 (36 MPa) in the standard for the design of steel structures (GB50017-2017) [7].
The allowable stress amplitude at the weld toe of the steel pipe is 56.96 MPa, which is
close to class Z10 (56 MPa) in GB50017-2017 [7]. This indicates that there are significant
fatigue hazards in grid structures with such a low fatigue strength. However, the research
on the reinforcement of WHSJ is more focused on the static performance [8–11], and the
improvement of fatigue performance is rarely involved, which proved that research into
improving its fatigue performance fundamentally is extremely urgent.

In studies on the fatigue performance of welding structures reinforced by CFRP, the
test objects included butt joints in steel plates [12–15], cruciform welded joints [16–19],
square pipe butt joints [20], K-shaped [21,22] and T-shaped [23] tube joints, and welded
H-beams [24–26], which were characterized by a thick parent metal, relatively few weld
defects, and an easy reinforcement operation. As shown in Table 1, the use of CFRP paste
reinforcement could double the fatigue life or fatigue strength of components, and the
reinforcement effect is remarkable. Compared with steel plates, the parent metal of WHSJ
is a spherical surface, which results in more severe geometric discontinuities and stress
concentration, whereas the effect of reinforcement with CFRP pasting is unknown. In this
study, CFRP was applied to strengthen the welded hollow spherical joints, and the constant
amplitude fatigue test of reinforced and unreinforced specimens was conducted. Based
on the obtained S-N curves, the fatigue designing method was proposed and the effects
of reinforcement were discussed, laying a foundation for the improvement of the fatigue
performance of in-service welded hollow sphere grid structure joints.

Table 1. Fatigue performance improvement percentage of welded joint reinforced by CFRP.

Component Type Life Improvement (%)

Butt joint 418 [12]; 97.19 [13]
Cruciform welded joint 57–66.5 [16]; 218 [19]

Tubular welded joint 408.82 [20]; 138 [21]
Welded steel beam 213.28 [24]; 93.7 [26]
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2. Stress Concentration Analysis

2.1. SCF of WHSJ

In order to obtain the stress distribution state of the nodes in the welded hollow
spherical joint grid structure, an FE model with the size of the specimen from Zhang [6]
(specification 1, where the hollow ball is stronger than the tube) was built to analyze the
stress concentration. A tensile surface load of 1 N/mm2 was applied to the top of the joint.
The calculation results revealed four parts with significant stress concentration in this type
of WHSJ (Figure 2). Under the same load, severe stress concentration appeared on the weld
toe in the steel tube, due to the tube–sphere connection weld (Location 1) and tube–endplate
connection weld (Location 3), with a maximum stress of 5.69 and 5.45 MPa, respectively. On
the other hand, the SCF of the weld toe in the sphere (Location 2) and endplate (Location 4)
was smaller, with a maximum stress of 4.25 and 0.72 MPa, respectively. Under the action of
cyclic load, fatigue failure first occurred at Location 1, followed by Location 3, Location 2,
and Location 4, which is consistent with the test failure locations. Therefore, the primary
reinforcement area for the fatigue performance of WHSJs would be the weld toe in the steel
pipe of the tube–ball connection weld, while the secondary area of concern would be the
weld toe in the steel pipe of the tube–endplate connection weld.

 
Figure 2. Results of stress concentration analysis.

2.2. SCF of CFRP-Strengthened WHSJ

The basic principle of the fatigue performance of the welded structure reinforced
with CFRP is to change the force transmission path of the original structure, such that
part of the load is borne by CFRP, thereby reducing the stress state of the reinforced part.
Research results have shown that CFRP can effectively reduce the SCF at the weld toe,
which decreases significantly with the increase in the number of carbon cloth layers [22]. As
shown in Figure 3a, taking account of the symmetry of WHSJs, only one-eighth of the tube–
spherical joints were analyzed, where the vertical boundaries of the sphere and the tube
surface were fixed constraints. An axial tensile surface load of 150 MPa was applied to the
end of the steel tube, and a single layer of CFRP was arranged in the range of 100 mm above
and below the weld of the tube–sphere connection. Welds, pipes, and hollow balls used the
same material parameters, with an elastic modulus of 206 GPa and a Poisson’s ratio of 0.3.
The mesh types of CFRP and steel products were M3D4R and C3D8I, respectively, and the
mesh at the weld toe of the tube–ball connection was encrypted (Figure 3b).
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(a) (b) 

Figure 3. FE modeling process. (a) Finite element model; (b) Mesh division.

2.3. FEA Results

Under the action of the axial tensile surface load (Figure 4a), the stress concentration at
the weld toe of the original tube–sphere joint was the most severe. The calculation results
of Von Mises stress at the weld toe extracted along the circumferential direction are shown
in Figure 4b. The maximum stress at the weld toe of the unreinforced WHSJ was 329.8 MPa,
which changed to 221.2 MPa when reinforced by CFRP, representing a 32.93% reduction
in maximum stress. The finite element analysis results show that CFRP bonding could
improve the stress concentration at the weld toe, thereby improving its fatigue performance.

 
(a) (b) 

Figure 4. FEA results. (a) Stress concentration; (b) Stress concentration.

3. Experimental Program

3.1. Specimen Design

A total of 16 WHSJ fatigue tests were carried out, including four unreinforced speci-
mens and 12 CFRP-reinforced specimens. Technical specifications for space frame structures
(JGJ 7-2010) [27] stipulate that the ratio of the outer diameter D of the welded hollow sphere
(WSH) to the outer diameter d of the steel pipe in the grid structure should be 2.4–3.0, the
ratio of the wall thickness of the hollow sphere t to steel tube tc should be 1.5–2.0, and
the ratio of D to t should be 25–45. According to the requirements of the specification, the

209



Coatings 2022, 12, 1585

material of the test piece was selected as Q235B, while the pipe was high-frequency welded
with a diameter of 75.5 mm and a thickness of 3.75 mm. The diameter of the hollow sphere
was 200 mm, and its thickness was 8 mm. The welding grades were no lower than second
grade; the parameters of the specimen are shown in Figure 5. Grade I carbon fiber cloth
and matching impregnating adhesive produced by Carbon Composites Co., Ltd. (Tianjin,
China) were selected as the reinforcement material; its mechanical properties are shown in
Table 2.

 
(a) (b) 

Figure 5. Size of specimens. (a) Front view; (b) Vertical view and welding details.

Table 2. Mechanical properties of test materials.

Material
Elastic Modulus

(GPa)
Yield Strength

(MPa)
Tensile Strength

(MPa)
Elongation

(%)

CFRP 240 − 3512.7 1.7
Adhesive 2.9 − 60.1 3.40

Tube 206 407 518 22.5

3.2. Visual Examination
3.2.1. Size Recheck

The sphere thickness t, tube outer diameter d, and thickness tc of all specimens were
measured using an ultrasonic thickness gauge and vernier caliper. The provisions in the
standard for the acceptance of construction quality of steel structures (GB 50205-2020) [28]
and welded steel tubes for general construction (SY/T 5786-2016) [29] indicate that the
allowable deviation of the thinning amount of the ball wall thickness is a minimum of
0.18 t, 1.5 mm if t ≤ 10, while the allowable deviation of d is ±1% d when 60.3 ≤ d < 355.6
and that of tc is ±10% tc when 3 ≤ tc < 12. The test results are shown in Table 3. The
wall thickness reductions of the welding ball and pipe size in this batch of specimens were
within the allowable range of the specification; thus, they were considered acceptable.
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Table 3. Measurement results of specimen size (mm).

Test Pieces
t d tc

Test Value Error Upper Lower Error Upper Lower Error

QP-76 7.28 −9.04% 76.10 76.05 0.86% 3.72 3.72 −1.01%

Note: The size of the connecting steel tubes at both ends of the welding ball was measured and divided into an
upper branch pipe and lower branch pipe according to the relative position.

3.2.2. Weld Appearance

JGJ 7-2010 [27] stipulates that tube–sphere butt welds should be second grade, and that
all welds should be subject to visual inspection. GB 50205-2020 [28] specifies that no cracks,
incomplete welding, root shrinkage, arc scratches, poor joints, pores, or slag inclusions
are allowed in the appearance of secondary welds that require fatigue checking. On the
other hand, undercut is allowed if its length is less than a minimum of 0.05 t, 0.3 mm or its
continuous undercut length is 100 mm and both sides of the weld undercut total length are
≤10% of the weld.

This batch of test pieces was assembled manually by welding in the factory, truly
simulating the on-site construction process of welding hollow spheres. The appearance
checking results of the welds in all the test pieces in accordance with the above provisions
are shown in Figure 6, highlighting that the welds of individual specimens had more or
less apparent defects such as undercut and poor joints. The results of the weld survey
showed that the construction quality of the welded hollow ball grid structure was uneven,
especially for the in-service structures which were built at a poor construction level; the
welding quality was possibly not up to standard but still functional.

  
(a) (b) 

 
(c) 

Figure 6. Defects in weld appearance. (a) Undercut; (b) Porosity; (c) Spatter and poor welding formation.

3.2.3. Coaxiality

A large number of manual operations relating to the welded hollow spherical grid
structure can easily lead to angle deviation between the branch pipe and the spherical joint
during the production process, such that the node domain is not completely in the state
of absolute axial force. The additional bending moment generated by the eccentricity of
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the branch pipe has a great influence on the fatigue strength of the structure. As shown in
Figure 7, the analysis of the tube–sphere coaxiality of the specimen revealed the following
problems in this batch of specimens:

(1) In-plane and out-of-plane tilt of branch pipe,
(2) Branch pipe not perpendicular to endplate,
(3) Projection line of the chuck on endplate surface not perpendicular to endplate edge,
(4) Branch pipe centroid not coinciding with endplate centroid.

  
(a) 

  
(b) 

 
(c) 

Figure 7. Coaxiality of specimen. (a) Tube ball basically centered, with endplate basically vertical.
(b) Tube not centered and endplate not vertical. (c) Deviation of centroid of endplate and branch pipe.

3.3. Specimen Construction

This batch of specimens was divided into two categories: a nonreinforced welding
ball control group (hereinafter referred to as the ‘control group’), and a CFRP-reinforced
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welding ball experimental group. According to the census results of the appearance of
the specimens, they were divided into qualified specimens (‘experimental group A’) and
unqualified specimens (‘experimental group B’). The two types of specimens whose initial
states were close to each other were tested for comparison. The specimens in the control
group were only polished and smoothed on the surface and sprayed with black matte
paint, and the specimens in the experimental group were reinforced on the basis of the
control group.

The reinforced part was ground until the metallic luster was exposed, and then steel
glue was used to screed the weld surface to make it as smooth as possible. Then, special
CFRP impregnating glue was configured according to the proportions and painted evenly
on the surface of the test piece. Finally, the carbon cloth and test piece were tightly pasted
together, pressing for 10–15 min. The production process and finished product are shown
in Figures 8 and 9.

 
(a) (b) (c) 

Figure 8. Strengthening process of specimens reinforced with CFRP. (a) Polishing (b) Screeding
(c) Pasting.

 

Figure 9. Specimen bonded with CFRP.
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3.4. Loading Scheme

The instruments used in the test were an MTS Landmark370.50 fatigue testing ma-
chine and the supporting test system MTS MPE. The maximum displacement loading
measurement accuracy of the test machine was 0.00028 mm, the load range was ±15–500 N,
and the maximum loading frequency was 100 Hz. This machine can perform sinusoidal, tri-
angular, square wave, custom waveform, and load spectrum fatigue loading. The clamping
diameter of the test fixture was in the range of 25–55 mm, meeting the design requirements
of this study (Figure 10).

 
Figure 10. Test setup.

The stress amplitude Δσ of the lower chord member near the suspension point in
the welded hollow spherical grid structure with a suspension crane was the largest; the
stress ratio ρ of the fatigue test was set as 0.1. According to the design strength of Q235
steel [7], the maximum stress σmax in this test was 215 MPa. The lower chord was controlled
by the dead load, and the stress was relatively large under the static state. Therefore, the
minimum stress σmin in this test was determined to be 130 MPa; the loading scheme is
shown in Table 4.

Table 4. Constant-amplitude fatigue test loading system of QP-76.

Loading
Grade

Nmax Nmin σmax σmin Δσ ρ

1 181.74 18.17 215 21.5 193.5 0.1
2 152.15 15.22 180 18 162 0.1
3 143.70 14.37 170 17 153 0.1
4 126.79 12.68 150 15 135 0.1
5 118.34 11.83 140 14 126 0.1
6 109.89 10.99 130 13 117 0.1

Note: Nmax and Nmin are the maximum and minimum loading forces, respectively. σmax and σmin are the nominal
stress of the steel pipe where σmax = Nmax/As and σmin = Nmin/As. Stress range Δσ = σmax − σmin and
ρ = σmax/σmin.
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4. Results and Discussion

4.1. Failure Mode

A total of 16 experimental data were obtained from QP-76, including four data in
the control group and 12 data in the experimental group. As shown in Figure 11, the test
results of the control group were consistent with the finite element analysis, and the fatigue
fractures were all generated at Location 1, being recorded as failure mode 1. The fatigue
failure modes of the specimens in the experimental group were divided into two categories.
Experimental group A was consistent with the finite element analysis results, with fracture
occurring at Location 2. The fatigue life of the specimens was higher than that of the control
group, being recorded as failure mode 2, and the test components were qualified specimens.
The fracture location of experimental group B was the same as that of the control group,
and the fatigue life of the specimen had no increase, being recorded as failure mode 3; the
test components were unqualified specimens.

 
(a) (b) (c) 

Figure 11. Typical failure mode of QP-76. (a) Failure mode 1 (b) Failure mode 2 (c) Failure mode 3.

Failure mode 1 (Figure 12) was the same as the test results of Zhang [6], occurring at
the weld toe of the pipe surface. When the test was stopped, the fracture length basically
accounted for half of the tube’s entire circumference. The crack originated from the undercut
of the tube surface and completely penetrated along the wall thickness direction of the steel
tube, before cracking circumferentially along the weld toe of the tube surface. The angle
between the section and the horizontal plane was about 45◦ after the specimen was broken,
and obvious fatigue sources could be observed on the fracture surface.

  
Figure 12. Failure mode 1.

The fatigue failure position of the test piece in experimental group A was transferred
from the tube–sphere connection weld to the pipe–endplate connection weld, and fracture
occurred at the pipe surface weld toe, as seen in Figure 13. As shown in the FE analysis
(Section 2.1), the most severe stress of WHSJ was concentrated at the weld of the tube–
ball connection. After CFRP was used to strengthen the tube–sphere weld, the force
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transmission mode of the joints changed from ‘steel tube→weld’ to ‘steel tube→weld +
CFRP’, which changed the stress field around the crack tip and reduced its stress intensity
factor. Compared with the control group, the most severe stress of the component was then
changed from the tube–ball connection weld to the tube–endplate connection weld, and
the fatigue life was improved.

 

Figure 13. Failure mode 2.

For experimental group B, the failure position of the specimen still occurred at the
weld of the tube–sphere connection after reinforcement, similar to the control group. When
the crack propagated, the CFRP and the weld were completely peeled off, thus negating
the effects of the CFRP. Hence, the fatigue life was not improved compared with the
control group.

4.2. Data Statistics

The relationship between the load and the fatigue life of a member can be described by
the S-N curve, which is commonly represented by the following power function expression:

σmN = C (1)

where σ is the stress range and N is the fatigue life. C and m are fatigue constants that can
be obtained through testing.

Taking the logarithm of both sides of Equation (1), the following expression can be
obtained:

lgN = −mlgσ + lgC (2)

According to the Equation (2), taking the stress range Δσ as the variable, the test life
under different failure modes in the test results was fitted in the form of a power S-N curve
and a double logarithmic lgσ–lgN curve. The results are shown in Figures 14–16. The
fitting results of failure mode 1 and the calculation formula of the corresponding diagonal
part at a 97.7% guarantee rate are as follows:

Δσ1 = 1190 × N−0.17 (3)

lgN1 = 14.48 − 4.19lgΔσ − 0.57 (4)
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(a) (b) 

Figure 14. Power S-N curve fitting with Δσ as variable. (a) Unreinforced specimen (b) Strengthened
with CFRP.

  
(a) (b) 

Figure 15. Double-logarithmic S-N curve fitting with Δσ as variable. (a) Unreinforced specimen
(b) Strengthened with CFRP.

  
(a) (b) 

Figure 16. S-N curve of failure mode 3. (a) Power (b) Double logarithmic.

The corresponding expressions for failure mode 2 are as follows:

Δσ2 = 1650 × N−0.19 (5)

lgN2 = 14.41 − 4.36lgΔσ − 0.40 (6)
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The corresponding expressions for failure mode 3 are as follows:

Δσ3 = 2185 × N−0.23 (7)

lgN3 = 13.06 − 3.63lgΔσ − 0.31 (8)

4.3. Contrastive Analysis

The test results showed that, for the qualified specimens, the failure position after
CFRP reinforcement was transferred to the steel tube–endplate connection. Under the
same stress amplitude, the fatigue life of the specimens after CFRP reinforcement could be
increased by 17.36%–279.56%. Secondly, no fatigue failure occurred at the reinforcement
position when the test stopped. The increase in fatigue life based on the test results was
a conservative calculation result. Thirdly, the increase in fatigue life became greater for a
larger loading stress amplitude, indicating a better reinforcement effect according to the
test results. Lastly, the initial defects of unqualified specimens were obvious, and there
were visible neutral deviations in the upper and lower branches in experimental group B.
The appearance quality of the weld at the tube–ball joint of the specimen could not meet
the requirements of the secondary weld, and the fatigue performance was not improved
after CFRP reinforcement.

The test fitting curves are summarized in Figure 17. It can be obtained that after
the fatigue failure position was transferred from Location 1 to Location 3, the fatigue
strength of the qualified specimen was increased by 13.26%–16.94% between 10,000 and
1,000,000 cycles. Secondly, when the number of cycles reached 2,000,000, the fatigue
strength increased by 17.48%. Lastly, when the number of cycles reached 5,000,000, the
fatigue strength increased by 18.19%.

 
Figure 17. Summary of fitting curves.

The verification test research carried out in this paper demonstrates that the use of
CFRP to strengthen the fatigue performance was effective. Nevertheless, the reinforcement
effect of CFRP on WSHJ is slightly lower than other welding forms.

5. Fatigue Design Method

Currently, the common fatigue design method is still based on the nominal stress
amplitude method. Therefore, two types of fatigue design methods, including the weld toe
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in the steel pipe of WHSJ (Location 1), and tube–endplate connection (Location 3), were
established according to the following formulas:

Δσnom ≤ [Δσ] (9)

[Δσ] =

(
C
n

)1/β

(10)

where Δσnom represents the nominal stress amplitude of the steel pipe, and [Δσ] is the
allowable stress amplitude. C and β are the fatigue design parameters that need to be
calculated, and n is the fatigue stress cycle number.

For failure mode 1, the fatigue design parameters at the weld toe in the steel tube
of the tube–sphere connection were C = 7.998 × 1013 and β = 4.188, whereas they were
C = 1.02 × 1014 and β = 4.360 in failure mode 2. For the unqualified specimens in failure
mode 3, these parameters were C = 5.60 × 1012 and β = 3.626. For the tube–ball joint weld,
the lower limit of allowable stress amplitude of the qualified specimen with n = 2 × 106 as
the base period and taking 97.7% survival probability was 65.35 MPa, whereas it decreased
to 59.95 MPa for the unqualified specimen. For the tube–endplate connection weld, the
lower limit of the allowable stress amplitude with the same base period and survival
probability was 58.73 MPa, which is lower than the Z8 (71 MPa) of the flange–butt weld
connection in the specification [7].

6. Conclusions

In this paper, a finite element simulation and experimental study were conducted to
evaluate the fatigue performance of CFRP reinforcement in a welded hollow spherical joint
grid structure, and the following conclusions were obtained:

(1) The ranking of the SCF at the weld toe of the WHSJs was as follows: weld toe in
steel tube of tube–ball connection weld (Location 1) > weld toe in steel tube of tube–
endplate connection weld (Location 3) > weld toe in sphere of tube–ball connection
weld (Location 2) > weld toe in plate of tube–endplate connection weld (Location 4).
The maximum stress at Location 1 was reduced by 32.93% after CFRP pasting.

(2) The fatigue fracture of the unreinforced WHSJ occurred at Location 1, whereas the fail-
ure position was transferred to Location 3 after reinforcement, which was consistent
with the finite element simulation results.

(3) The S-N curves at the weld toe of the WHSJs before and after reinforcement were
as follows:

lgN1 = 14.48 − 4.19lgΔσ − 0.57, R2 = 0.704.

lgN2 = 14.41 − 4.36lgΔσ − 0.40, R2 = 0.792.

Taking n = 2 × 106 as the reference period, the lower limit of allowable stress ampli-
tudes under 97.7% survival probability were 65.35 MPa and 58.73 MPa, respectively.

(4) No fatigue failure appeared in the reinforced area of WHSJs. Thus, the increase in
fatigue life of WHSJs was conservative on the basis of the test results.
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Abstract: Aluminum dross is solid waste produced by the aluminum industry. It has certain toxicity
and needs to be treated innocuously. The effect of sodium carbonate and calcium oxide on the
denitrification efficiency of high nitrogen aluminum dross roasting was studied in this paper. By
means of XRD, SEM and other characterization methods, the optimum technological parameters
for calcination denitrification of the two additives were explored. The test results show that both
additives can effectively improve the efficiency of aluminum dross roasting denitrification, and the
effect of sodium carbonate is better. When the mass ratio of sodium carbonate to aluminum dross
is 0.6, the roasting temperature is 1000 ◦C and the roasting time is 4 h, the denitrification rate can
reach 91.32%.

Keywords: roasting denitrification; additive; process parameter

1. Introduction

Aluminum dross is solid waste produced in the process of aluminum production. It is
mainly composed of non-molten impurities, oxides and various additives floating on the
surface of aluminum melt during smelting [1]. According to the source of aluminum dross,
aluminum dross can be divided into primary aluminum dross and secondary aluminum
dross. Primary aluminum dross usually refers to the scum insoluble in aluminum liquid
generated in the process of electrolytic aluminum and cast aluminum. The content of metal-
lic aluminum in primary aluminum dross is high up to 30–70%. In addition, it also contains
fluorinated salt, aluminum oxide, aluminum nitride and other substances. The color is
generally gray-white, also known as white aluminum dross. Secondary aluminum dross
usually refers to the waste residue generated in secondary aluminum industry processes
such as remelting primary aluminum dross or recovering aluminum alloy from waste
aluminum. A variety of salt solvents need to be added in the process of recovering metal
aluminum in the secondary aluminum industry. Therefore, the composition of secondary
aluminum dross is more complex than that of primary aluminum dross, mainly including
metal aluminum, aluminum oxide, aluminum nitride, aluminum carbide, chloride, etc. The
content of metal aluminum is less, which can be reduced to less than 10%. The secondary
aluminum dross is generally black, also known as black dross.

In 2020, the global output of recycled aluminum will reach 34.71 million tons, account-
ing for 33.10% of the total amount of primary aluminum and recycled aluminum [2]. The
output of recycled aluminum in developed countries has generally exceeded the output
of primary aluminum, such as the United States, which has accounted for more than 80%
of the total. While the recycled aluminum industry provides aluminum materials for
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economic construction, a large amount of aluminum dross, namely recycled aluminum
dross, is also produced in the regeneration process [3]. Recycled aluminum dross generally
belongs to secondary aluminum dross. There are few heavy metals in aluminum dross slag,
but there are still heavy metals such as Se, Cr and Pb [4]. A large amount of accumulation
will cause heavy metal pollution of surrounding soil and groundwater [5]. Soluble salts
such as NaCl and KCl contained in aluminum dross will enter the soil with rainwater and
cause soil salinization [6]. Fluoride in aluminum dross easily causes fluoride pollution,
resulting in muddy soil when it is wet. At the same time, aluminum dross contains many
chemical reactive substances, which makes it dangerous and toxic. For example, AlAs in
aluminum dross will react with water to produce AsH3 gas, which will lead to hydrogen
arsenide poisoning of close contacts and endanger the health of nearby personnel [7]. Metal
aluminum and aluminum carbide will react with water to produce H2 and CH4 combustible
gases and release a large amount of heat, which is easy to cause a fire [8]. In particular,
aluminum dross is rich in AlN, which can react with water in the air and slowly release
the unpleasant irritant gas NH3, seriously polluting the atmosphere [9]. Human beings
have a very sensitive sense of smell for ammonia. The concentration of ammonia in the air
reaches 15.2 mg/m3, and human beings have an obvious sense of stimulation [10]. When
the ammonia concentration is 1290.2 mg/m3, humans can cause severe cough, seriously
damage the respiratory system and may die within 30 min [11]. Therefore, aluminum
dross is recognized as hazardous waste in the National Hazardous Wastes Catalogue (2021
Edition) [12] and the European Hazardous Waste List [13].

At present, the treatment methods for recycled aluminum dross are mainly stockpiling
and landfill [14], which will cause irreparable damage to the environment. Therefore,
it is necessary to find a harmless treatment method with low cost and high efficiency
to realize the harmless treatment of recycled aluminum dross. The content of fluoride
in recycled aluminum dross is low, and its properties are relatively stable, which will
not affect the performance of resource utilization products, and even fluoride can be
removed in the process of resource utilization [15]. Recycled aluminum dross contains
a large amount of aluminum nitride, and its properties are very unstable [16]. However,
the existing aluminum dross recycling technology cannot directly remove AlN, so the
recycled aluminum dross needs to be pretreated for nitrogen removal during the recycling
process [17].

This paper aims to explore the effect of sodium carbonate and calcium oxide on
the denitrification efficiency of aluminum dross roasting. The effects of additive ratio,
calcination temperature and calcination time on the denitrification effect of high nitrogen
content aluminum dross were studied, and the best process parameters were found to
provide a reference for the study of the harmless treatment process of aluminum dross.

2. Experiment

2.1. Raw Material, Reagent and Instrument

Raw material: Recycled aluminum dross with high nitrogen concentration comes from
Jiangsu Haiguang Metal Co., Ltd. (Suqian, China), which is the aluminum dross with high
nitrogen concentration obtained after recycling part of metal aluminum with aluminum
dross. The production flow chart is shown in Figure 1.

Figure 1. Production flow chart of aluminum dross.
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Reagent: sodium carbonate (analytical grade, Jiangsu Qiangsheng Functional Chem-
ical Co., Ltd., Suzhou, China), calcium oxide (analytical grade, Tianjin Damao Chemi-
cal Reagent Factory, Tianjin, China), sodium hydroxide (analytical grade, Xilong Chem-
ical Co., Ltd. Shantou, China), hydrochloric acid (analytical grade, Shanghai Lingfeng
Chemical Reagent Co., Ltd., Shanghai, China), methyl red (indicator, Shanghai Yuanye
Biotechnology Co., Ltd., Shanghai, China), methylene blue (indicator, COOLABER SCI-
ENCE&TECHNOLOGY) and boric acid (chemical pure, Shanghai Merrill Chemical Tech-
nology Co., Ltd., Shanghai, China).

Instrument: Program-controlled batch-type furnace (SXL-1230, Hangzhou Zhuochi
Instrument Co., Ltd., Hangzhou, China), universal electric furnace (DK-98-II, Jiangsu
Xinghua Chushui Electric Thermal Appliance Factory, Taizhou, China), ultrapure water
machine (EPED-10TH, Nanjing Yipu Yida Technology Development Co., Ltd., Nanjing,
China), X-ray fluorescence spectrometer (ZSX PRIMUS III+, Rigaku Electric Co., Ltd.,
Beijing, China), X-ray diffractometer (D8 Advance, Bruker Technology Co., Ltd., Beijing,
China) and field emission scanning electron microscope system (ZEISS sigma HD, Carl
Zeiss Management Co., Ltd., Shanghai, China).

XRD: the maximum output power is 3 kW, the voltage is 20–60 kV, the current is
2–60 mA, and the radius of the goniometer is 185 mm. MDI jade 9 was used for XRD
analysis. XRD database is PDF 2009.

SEM-EDS: the acceleration voltage is 10 kV, the magnification is 100–200 k, the sec-
ondary electron resolution is 1 nm.

2.2. Experimental Method

The experiment mainly studies the effects of mixture ratio, roasting temperature and
roasting time process parameters on the roasting denitrification effect of aluminum dross.
The specific experimental steps are as follows:

(1) The additive and fully dried aluminum dross are ground according to the mixture
ratio (madditive:maluminum dross). 50 g homogenized mixture is extracted and placed in
the corundum crucible.

(2) The crucible is placed in a batch-type furnace for firing at a certain temperature.
(3) The crucible is removed from the batch-type furnace after firing for a certain period of

time and then cooled to room temperature in air.
(4) The cooled aluminum dross is ground into small pieces to complete the calcined

sample. The samples are stored in a desiccator for subsequent detection of the den-
itrification rate, microscopic morphology and material composition of aluminum
dross.

2.3. Detection Method

The acid-base constant volume method is used to determine the denitrification rate of
aluminum dross. The specific operations are as follows [18]:

(1) First, 2 g aluminum dross is weighed out by balance and then poured into a conical
flask containing 150 mL 20% NaOH solution. The stopper needs to be capped tightly.

(2) The conical flask is placed on a universal electric stove and heated until the solution
boils. The solution is kept boiling for 2 h for distillation. The distilled ammonia gas is
absorbed with 200 mL 40 g/L boric acid solution.

(3) After distillation, 0.05 mol/L dilute hydrochloric acid solution is used for titration,
and standard methyl red-methylene blue is used as an indicator. During the titration,
the endpoint of the titration is that the solution changes from blue to purple.

The calculation of AlN content and denitrification rate in aluminum dross is as follows:

W1 =
2.05C(V2 − V1)

bM
× 100% (1)

Xb =
W2 − W1

W2
× 100% (2)
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where, W1 is the aluminum nitride content in the sample (100%); V1 is the volume of
dilute hydrochloric acid consumed by the test sample (mL); V2 is the volume of dilute hy-
drochloric acid consumed by the blank control group (mL); C is the concentration of dilute
hydrochloric acid (mol/L); M is the mass of the test sample taken during measurement (g);
b is the total mass of aluminum dross added to the test sample under the current mixture
ratio (g); Xb is the denitrification rate (100%); W2 is the aluminum nitride content (100%) in
the original aluminum dross.

3. Results and Discussion

3.1. Organization and Composition of Aluminum Dross

XRD, XRF and SEM-EDS were used to analyze aluminum dross. The XRF test results
are shown in Table 1, and the XRD test results are shown in Figure 2. It can be seen from
Table 1 and Figure 2 that the composition of aluminum dross is relatively complex, mainly
containing Al, Si, Cl and other elements, of which the content of Al element accounts for
61.69% at most, and the main phases are Al2O3, AlN and NaCl, while the single substance
AI phase is relatively small, indicating that the AI element in aluminum dross mostly exists
in aluminum-containing compounds, not in the form of an aluminum single substance,
so the regenerated aluminum dross is not suitable for remelting and recovering metal
aluminum. The SEM-EDS detection results are shown in Figure 3. Aluminum dross is
composed of relatively independent particles of different sizes and shapes. The spherical
particles in the red frame area in Figure 3a are mainly composed of elements Al, O and
N. SEM, micro-area element surface distribution and EDS energy spectrum analysis are
shown in Figure 3b,c, respectively.

Table 1. XRF analysis results of original aluminum dross (Unit: wt%).

Element Al Si Cl Na Mg Ca Fe K Ti Other

Content 61.69 8.58 7.70 4.30 3.32 3.13 2.77 2.47 1.26 4.78
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Figure 2. XRD pattern of original aluminum dross.
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(a) (b)

   
(c)

Al

O N

Figure 3. SEM-EDS image of original aluminum dross. (a) SEM of original aluminum dross; (b) SEM
and micro-area element surface distribution of the red frame area; (c) EDS spectrum analysis of the
red frame area.

SEM-EDS scanning results combined with XRD detection results show that Al, O
and n elements in aluminum dross are mixed and doped with each other. AlN and
Al2O3 in aluminum dross do not exist alone but are mixed with each other to form a
complex mixture. Due to the relatively stable performance of Al2O3, the direct roasting
and denitrification effect of aluminum dross is poor when Al2O3 wraps AlN. Therefore,
additives need to be added to break the shell wrapped in AIN to improve the roasting and
denitrification efficiency.

The acid-base constant volume method is used to determine the AlN content in the
original recycled aluminum dross. With alumina as the blank control group, the results are
shown in Table 2.

Table 2. Test results of AlN content in original recycled aluminum dross.

Raw Material Aluminum Dross Alumina

Hydrochloric acid consumption/mL
149.6 13.4
148.1 13.0
148.6 12.9

Average hydrochloric acid
consumption/mL 148.76 13.1

AlN content/% 13.9% /
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3.2. Effect of Sodium Carbonate and Calcium Oxide on Roasting Denitrification of Aluminum
Dross with High Nitrogen Concentration
3.2.1. Effect of Mixture Ratio on Denitrification of Aluminum Dross

The mixture ratio is the most important parameter used as an additive to speed up
the denitrification rate of aluminum dross. An excessive mixture ratio will cause the
additive to fail to react with the substances in the aluminum dross, resulting in a waste of
resources. Too small a mixture ratio will result in poor nitrogen removal. Under constant
roasting temperature and roasting time, the effect of the change of additive mass ratio
to aluminum dross on the denitrification rate of aluminum dross by the mixture ratio is
studied. Aluminum dross with a mixture ratio of 0.2, 0.4, 0.6, 0.8 or 1 is calcined at 900 ◦C
for 4 h. The variation of the denitrification rate of aluminum dross with different mixture
ratios is shown in Figure 4.
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Figure 4. Denitrification rate of aluminum dross varies with mixture ratio.

It can be seen from Figure 4 that the denitrification rate of aluminum dross
increases with the increase of the added amount of sodium carbonate. When
msodium carbonate:maluminum dross = 0.6, the denitrification rate of aluminum dross reaches 85.48%.

The denitrification rate of aluminum dross does not increase significantly when sodium
carbonate continues to increase. Under the same process conditions, the denitrification rate
of direct roasting aluminum dross is only 55.12%. Na2CO3 can chemically react with Al2O3
at a certain temperature, as shown in formula (3).

Al2O3 + Na2CO3 = 2NaAlO2 + CO2 (3)

Thermodynamic software HSC6.0 is used for the calculation of formula (3). Na2CO3
and Al2O3 can react spontaneously to form NaAlO2 at 800 ◦C. The generated NaAlO2 is
an important solid phase for dissolving Al2O3, the Al2O3 shell wrapped with AlN can be
broken open and more AlN can be directly exposed to the air, so the denitrification rate is
improved [19]. Therefore, msodium carbonate:maluminum dross = 0.6 is the optimal mixture ratio for
roasting denitrification with sodium carbonate added.

For the samples added with calcium oxide, the denitrification rate of aluminum dross
increases first and then decreases with the increase in the mixture ratio. At the same time,
through the experimental phenomenon, it is observed that the agglomeration hardening
degree of the treated sample is opposite to the change in denitrification rate, which first
decreases and then increases. When the proportioning ratio was 0.2, the denitrification rate
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was 74.03%. When the blending ratio was 0.4, the agglomeration and hardening degree of
the sample was the lowest, and the maximum denitrification rate was 81.08%. The ratio
of ingredients continued to increase, and the denitrification rate began to decrease. When
the proportioning ratio was 0.6 and 0.8, the denitrification rates were 80.5% and 79.14%
respectively. Considering that CaO cannot react directly with AlN, the above phenomena
show that the denitrification rate of aluminum dross is affected by the content of metal
aluminum and calcium oxide in the material.

The oxidation rate of AlN in aluminum dross can be affected by the environmental
atmosphere. The more fully AlN contacts with O2, the faster its oxidation rate. When the
mixture quality is constant, the greater the batching ratio, the lower the proportion of metal
aluminum in the mixture, and the smaller the adhesion and wrapping of metal aluminum
to the flowing aluminum dross particles after melting under this condition, so as to increase
the contact opportunity between AlN in aluminum dross and O2 in the air and improve
the denitrification rate. Continuing to increase the mixture ratio leads to an increase in the
proportion of CaO in the mixture. At this time, the particle size of calcium oxide powder
is significantly lower than that of aluminum dross. Small calcium oxide powder fills the
gaps in the aluminum dross, causing the material to become denser. The reduced AlN
contact with O2 reduces the denitrification rate [20]. Therefore, the optimal mixture ratio of
aluminum dross treated with calcium oxide is mcalcium oxide:maluminum dross = 0.4.

To sum up, both Na2CO3 and CaO can speed up the roasting denitrification rate of
aluminum dross. Among them, Na2CO3 reacts with Al2O3, so that more AlN is exposed
to the air, which improves the denitrification rate. And CaO is to reduce the degree of
encapsulation of aluminum dross particles after melting by changing the metal aluminum
content in the mixture, thereby improving the denitrification rate. In contrast, adding
Na2CO3 denitrification is more direct and the effect is better.

3.2.2. Effect of Roasting Temperature on Denitrification of Aluminum Dross

In the case of roasting time = 4 h and additive ratio = 0.6(sodium carbonate)/0.4(calcium
oxide), the temperature is set to 600, 700, 800, 900 and 1000 ◦C to study the denitrification
effect of aluminum dross by roasting temperature, as shown in Figure 5.
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Figure 5. Denitrification rate of aluminum dross varies with roasting temperature.

According to Figure 5, the denitrification rate of the calcined samples with added
sodium carbonate gradually increased with increasing temperature. According to the
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thermodynamic analysis, when the temperature is low, sodium carbonate and Al2O3
cannot spontaneously produce stress and do not damage the dense oxide film of Al2O3.
Therefore, the denitrification effect is similar to that of direct roasting denitrification without
substantial change. When the temperature exceeds 700 ◦C, sodium carbonate and Al2O3
react, the dense Al2O3 oxide film wrapped in AlN is broken, and the denitrification rate
increases sharply. At this time, the denitrification effect is better than that of direct roasting.
When the temperature rises to 1000 ◦C, the denitrification rate can reach 91.15%. In contrast,
the direct roasting denitrification rate at this time is only 79.28%. Therefore, the optimal
roasting temperature is 1000 ◦C.

For calcium oxide-added samples, the denitrification rate of aluminum dross increases
with temperature. At 300 ◦C, the denitrification rate of aluminum dross is only 0.98%,
which shows that AlN in aluminum dross oxidizes slowly under this condition. At 500 ◦C,
the denitrification rate of the sample is not much different from that of direct roasting, with
a denitrification rate of 1.59%. At 700 ◦C, the metal aluminum reaches the melting point and
begins to melt under this condition. After melting, the degree of adhesion and wrapping
of the aluminum dross particles decreases, thereby increasing the contact opportunity
between AlN in the aluminum dross and O2 in the air. At this time, the denitrification
rate begins to appear significantly. increased, reaching 40.14%. At 900 ◦C, the difference
between the denitrification rate (81.03%) of the roasted samples and that of direct roasting
with calcium oxide addition is 10.24% at most. When the temperature continues to increase,
the denitrification rate increases significantly slower [21]. Considering the effect of nitrogen
removal and processing cost, the optimal roasting temperature is 900 ◦C. To sum up,
the roasting temperature has a significant effect on the roasting denitrification rate of
aluminum dross. The effect of both additives in the low-temperature stage was not obvious.
As the temperature gradually increases the denitrification rate increases sharply. Through
the analysis of the test results, the denitrification effect of Na2CO3 is far better than the
denitrification effect of direct roasting and slightly better than that of CaO.

3.2.3. Effect of Roasting Time on Denitrification of Aluminum Dross

When the mixture ratio = 0.6 (sodium carbonate) and the roasting temperature = 1000 ◦C/
mixture ratio = 0.4 (calcium oxide) and the roasting temperature = 900 ◦C, the roasting time
is set as 1 h, 2 h, 3 h, 4 h or 5 h to study the effect of roasting time on the denitrification of
aluminum dross, as shown in Figure 6.
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Figure 6. Denitrification rate of aluminum dross as a function of roasting time.
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It can be seen from Figure 6 that at the roasting temperature of 1000 ◦C, sodium
carbonate can accelerate the roasting denitrification of aluminum dross. With increasing
temperature, the denitrification rate of both samples roasted with sodium carbonate and
direct roasting increases. When roasting for 1 h, the denitrification rate of the sample added
with sodium carbonate reaches more than 70%, while the sample of direct roasting is only
about 30%, with an obvious gap. After calcination for 2 h, the denitrification rate of the
sample added with sodium carbonate does not change significantly, which is stable at
around 90%. At this time, its denitrification effect is still better than that of direct roasting.
The treated samples are found to have increased whiteness with increasing roasting time.
Considering that aluminum dross is black, it can be concluded that the reason for this
phenomenon is the volatilization of certain impurities in aluminum dross. Therefore, the
optimal denitrification process parameters of sodium carbonate-added aluminum dross are:
msodium carbonate:maluminum dross = 0.6, roasting temperature = 1000 ◦C and roasting time = 3 h.

For calcium oxide-added samples, the denitrification rate of aluminum dross increases
with time, with a gradually slowing rate. When the roasting time is 1, 2 and 3 h, the
denitrification rates of aluminum dross are 37.12%, 53.53% and 71.29%, respectively. When
the roasting time is 5 h, the denitrification rate of aluminum dross reaches the highest
(85.25%). Therefore, the optimal denitrification process parameters of calcium oxide-added
aluminum dross are: mcalcium oxide:maluminum dross = 0.4, roasting temperature = 900 ◦C and
roasting time = 5 h.

3.3. Microstructure and Composition of Calcined Samples

Under msodium carbonate:maluminum dross = 0.6, roasting temperature = 1000 ◦C and roasting
time = 3 h, XRD detection of the roasted samples with sodium carbonate added is car-
ried out, as shown in Figure 7a. The roasted samples with calcium oxide added under
mcalcium oxide:maluminum dross = 0.4, roasting temperature = 900 ◦C, roasting time = 5 h are taken
for XRD detection, as shown in Figure 7b.
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Figure 7. XRD of roasted samples with sodium carbonate and calcium oxide. (a) Add sodium
carbonate; (b) Add calcium oxide.

No Al, AlN and NaCl phases were found in the samples, indicating that under this
condition, Al in the aluminum dross slag had all reacted with O2 and N2 to form AI2O3
and AIN, see reaction formulas (4) and (5). AlN is oxidized to Al2O3 and shows the
disappearance of the phase. The disappearance of the NaCl phase is the reduction of the
volatilization of the substance at high temperature, which corresponds to the observed
increase in the whiteness of the sample, indicating that the high-temperature waste gas
generated during the roasting process not only contains N2 and various nitrogen oxides
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but also contains a variety of aluminum dross slag. Due to the impurities volatilized
during roasting, the waste gas needs to be treated during the treatment process to prevent
environmental pollution.

4Al + 3O2 = 2Al2O3 (4)

2Al + N2 = 2AlN (5)

For the new phases NaAlO2, Na1.95Al1.95Si0.05O4, 12CaO·7Al2O3 and CaO·Al2O3·2SiO2,
the samples added with sodium carbonate and calcium oxide were further analyzed by
SEM-EDS.

SEM-EDS analysis of the sodium carbonate-added sample is shown in Figure 8. The
main elements contained in the scanning area are O, Al, Na and Si, of which O content is
the highest (52.26%), followed by Al and Na (13.62% and 13.41%) and Si (2.36%). According
to Figure 7a, NaAlO2 and Na1.95Al1.95Si0.05O4 are mixed together. Through the analysis
of EDS scanning results, the Si content is much lower than the Al content. Therefore, the
formation of NaAlO2 from sodium carbonate and alumina is the main reaction during
calcination. SiO2 react with sodium carbonate and alumina to generate Na1.95Al1.95Si0.05O4,
see reaction formula (6) [22].

1.95NaCO3 + 1.95Al2O3 + SiO2= 2Na1.95Al1.95Si0.05O4 + 1.95CO2 (6)

Figure 8. SEM-EDS image of the roasted sample with sodium carbonate added at
msodium carbonate:maluminum dross = 0.6, roasting temperature = 1000 ◦C, roasting time = 3 h.

SEM-EDS analysis of the calcium oxide-added sample is shown in Figure 9. The
aluminum dross particles appeared fine and aggregated after adding calcium oxide and
calcined. The red frame area in Figure 9 is further subjected to SEM and micro-area element
surface distribution, as well as EDS energy spectrum detection. According to the results, the
main elements contained in the red box area are Al, O and Ca. Combined with the analysis
of Figure 7b, it is believed that the addition of calcium oxide calcination can convert the
difficult leaching Al2O3 in the aluminum dross into easily leaching 12CaO·7Al2O3, and at

230



Coatings 2022, 12, 922

the same time can generate by-product CaO·Al2O3·2SiO2, as shown in the reaction formula
(7) and (8).

12CaO + 7Al2O3 = 12CaO·7Al2O3 (7)

CaO + Al2O3 + 2SiO2 = CaO·Al2O3·2SiO2 (8)

(a) (b)

(c)

Al

CaO

Figure 9. (a–c) SEM-EDS image of calcium oxide-added roasted sample under
mcalcium oxide:maluminum dross = 0.4, roasting temperature = 900 ◦C, roasting time = 5 h.

4. Conclusions

(1) The addition of sodium carbonate and calcium oxide can speed up the roasting deni-
trification rate of aluminum dross, which can be converted into valuable substances
such as NaAlO2 and 12CaO·7Al2O3 after roasting. In the process of treatment, both
methods will produce high-temperature exhaust gas containing a variety of nitrogen
oxides and impurities in aluminum dross. Therefore, it is necessary to collect and
treat the gas in the treatment process to prevent environmental pollution.

(2) Adding sodium carbonate can directly destroy the oxide film wrapped on the surface
of AlN, improve the contact area between ain and air, and improve the denitrification
rate of aluminum dross.

(3) Calcium oxide mainly depends on reducing the wrapping degree of molten aluminum
in the sample to make AlN more fully in contact with O2 in the air, thus increasing
the denitrification rate of aluminum dross. It further shows that the lower the content
of metal aluminum in aluminum dross, the better the denitrification effect of alu-
minum dross treated by the calcium oxide roasting method and the lower the roasting
temperature and less energy consumption.

(4) The optimal denitrification process parameters of the two additives are obtained by the
single factor optimization experiment method. Under msodium carbonate:maluminum dross = 0.6,
roasting temperature = 1000 ◦C and roasting time = 4 h, the denitrification rate can
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reach 91.32%. Under mcalcium oxide:maluminum dross = 0.4, roasting temperature = 900 ◦C and
roasting time = 5 h, the denitrification rate can reach 85.25%.

(5) The research results have certain guiding significance for aluminum dross harm-
less treatment and have reference value for the research and development of new
aluminum dross harmless treatment equipment and resource utilization equipment.
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Abstract: The contact interface friction between the specimen and the mold during the stretch-bend
is a complex interactive process. Friction causes the uneven distribution of tensile stress on the
specimen, which affects the plastic flow of the forming material and the spring-back after forming. In
this paper, the analytical model of frictional shear stress and tensile stress distribution in the contact
mold segment of the stretch and bend synchronous loading stage was established. The influence
law of friction coefficient and contact mold angle on the stress–strain distribution of the specimen
contact mold segment was discussed. The effect of key factors affecting the friction state of the
contact interface (mold surface roughness and contact mold angle) on the shrinkage deformation of
the cross-section and the tensile deformation gradient of the specimen was analyzed by equivalent
stretch-bend forming experiments. The results showed that the smaller the surface roughness of
the mold was, the better the friction state of the contact interface was, the plastic deformation of the
specimen was more uniform, and the difference between the section shrinkage and elongation of the
contact mold segment and the suspension segment was smaller. Reducing the contact mold angle of
the stretch-bend can bring down the tensile stress difference at both ends of the contact mold segment
of the specimen so that the section shrinkage and tensile elongation of the contact mold segment and
the suspension segment tend to be consistent.

Keywords: aluminum alloy profiles; stretch-bend forming; friction coefficient; plastic deformation;
deformation gradient

1. Introduction

With the speed of high-speed railroad operations constantly refreshing, the devel-
opment of the high-speed railway is entering the post high-speed railway era [1]. The
structural strength of the high-speed train body has become one of the bottlenecks re-
stricting the further development of high-speed railways [2]. The high-speed train body is
mainly welded with high-strength, complex, cross-sectional aluminum alloy profiles stretch-
bend-formed structural parts, which put forward higher requirements for the stretch-bend
forming accuracy of aluminum alloy profiles structural parts [3].

Stretch-bend forming applies tangential tension to the ends of the profile during
bending contact with the mold to reduce the stress difference between the inner and
outer layers, which changes the internal stress distribution state of the cross-section and
realizes the plastic forming processing for aluminum alloy profiles with large curvature and
complex cross-sections [4]. In the process of stretch-bend forming, the friction of the contact
interface between the stretch-bend mold and the profile is inevitable. With the increase
of the contact mold angle, the contact interface changes continuously, and the frictional
shear stress distribution is not uniform [5]. The tensile stress along the thickness and length
of the specimen is distributed in a gradient, resulting in uneven plastic deformation of
the stretch-bend specimen. Consequently, internal stress is also non-uniformly distributed
after unloading, which makes it difficult to control spring-back and, therefore, dramatically
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decreases the forming accuracy. The contact interface friction of stretch-bend forming is a
cumulative and superimposed dynamic process, which is closely related to some factors,
such as material properties, surface roughness, and friction conditions [6,7].

With the wide application of the profile stretch-bend forming process in the processing
of large-scale curved structural parts, a lot of research work has been carried out on this
process by researchers from different countries. Liang et al. [8] studied the influence of the
bending angle of multi-point stretch-bend on the section deformation of the parts by using
the ABAQUS finite element analysis method and predicted the forming quality control
curve by the support vector regression method. Chen et al. [9] analyzed the spring-back
of multi-point flexible stretch-bend forming of Y-section profiles under different process
parameters. The effects of process parameters such as horizontal bending radius, vertical
bending radius, transition length, rolling mold radius, and wall thickness of the profile
on spring-back deviation were discussed. Liu et al. [10] investigated the spring-back
characteristics of Z and T-sections aluminum lithium alloy stretch-bend forming using
plastic deformation theory, explicit and implicit finite element theory, and experimental
methods. The spring-back after unloading is caused by the high strength and modulus of
elasticity of the aluminum-based alloy. In addition, the bending radius is closely related
to the spring-back radius; the larger the bending radius, the larger the spring-back radius.
Liu et al. [11] conducted a finite element simulation analysis of the stretch-bend process of
aluminum alloy profiles, showing that increasing the complementary elongation reduces
contour error and spring-back amount of the profile, but increases the section distortion
and spatial distortion. A backtracking method was proposed to optimize the supplemental
stretch rate. Liu et al. [12] studied the hot stretch-bending process of U-shaped titanium
by applying numerical and experimental approaches. The electro–thermal–mechanical
multi-fields coupling finite element model for U-shaped titanium extrusion hot stretch-
bending was established by sequential numerical simulation between electro-thermal
coupling and thermal-mechanical coupling. The optimal process parameters for hot stretch-
bending of U-shaped extrusion were optimized and the spring-back after hot stretch-bend
was evaluated. Welo and Ma [7,13] proposed a new flexible 3D stretch-bending process.
Using experimental and numerical approaches, the capabilities of the forming method
and machine were verified, and the characteristics and mechanisms were thoroughly
explored. It was found that bending radius, friction, local deformation, and clamping have
an obvious influence on forming quality. Maati et al. [14], through numerical simulations,
demonstrated the influence of constitutive modeling on the prediction of the degree of
spring-back in the case of a stretch-bending test. The spring-back depends closely on
the material anisotropy. The final spring-back is greater in the direction of 0◦ for a low
value of clamping force. Uemori et al. [15] proposed an explicitly theoretical analysis
method based on the maximum load criterion that can easily and rapidly allow us to
predict the fracture and spring-back of high-tensile-strength steel sheets by using two
no-dimensional parameters (ultimate tensile ratio and ratio of plate thickness to bending
radius). Gu et al. [16] conducted a finite element simulation analysis of the stretch-bend
process of variable curvature L-section aluminum alloy profiles. The forming accuracy
of complex curvature stretch-bend forming structural parts is improved by spring-back
compensation for the mold surface curve.

The material properties, cross-sectional shape, and the amount of stretching all affect
the amount of spring-back in the stretch-bend forming process. However, the increase of
tensile stress will lead to uneven deformation of the specimen and increase the risk of speci-
men fracture since spring-back is caused by internal stress redistribution during unloading.
The uneven plastic deformation will produce local stress concentration, which will increase
the amount of spring-back and also intensify cross-sectional distortion. Han [17] obtained
the effect law of contact pressure on the friction coefficient through draw-bending experi-
ments of U-section specimens. When the contact pressure is small, the friction coefficient
of the contact interface does not change much, and when the contact pressure is large, the
friction coefficient of the contact interface increases with the increase of the contact pressure.
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The change of the friction coefficient caused by the contact pressure affects the contact stress
distribution of the specimen, which leads to the difference in the amount of spring-back.
Fox et al. [18] conducted a test on the friction coefficient of sheet drawing and forming and
established a mathematical model to describe the friction coefficient under different contact
conditions. Liu et al. [19–21] found an analytical model for rotational tensile bending section
deformation of thin-walled rectangular tubes and studied the effects of die constraint and
interfacial friction on section deformation. The best combination of friction coefficient and
minimum cross-sectional distortion was obtained by the rotary draw bending process tests.
Guan et al. [22] analyzed the drawing and bending stress state of the sheet and established
the relationship between friction coefficient and spring-back angle. The results showed that
the frictional force is beneficial for reducing spring-back, but it is difficult to transfer the
tensile force uniformly to all sections of the workpiece as the effect of friction force, which
makes the specimen deformation uneven. Yang et al. [23], using explicit finite element
simulation combined with physical experiments, explored the underlying effects of friction
on bending behaviors from multiple aspects such as wrinkling, wall thickness variation,
and cross-section deformation. Zhang et al. [24] studied the residual stress distribution of
a 2026-T3511 aluminum alloy asymmetric T-section beam under displacement-controlled
stretch-bend. A two-step numerical simulation was performed to predict the residual stress
superposition in the quenching and subsequent mechanical processes. The spatial variation
of the residual stresses in a stretch-bend beam can be mainly attributed to nonuniform
plastic deformation through the thickness and longitudinal direction, which is caused
by the combined load. Muranaka et al. [25] developed a new “rubber-assisted stretch
bending method” by which elastic rubber can be partially applied to the surface of a die
for the uniform bending with a constant curvature radius. The spring-back decreased by
21% in comparison with the crank motion simple bending by using ordinary metal dies.
Xiang et al. [5] stated that tangential friction occurred at the rubber/metal interface during
friction-assisted stretch-bend. Tangential friction assists in modifying stress distribution
in the loading process. Liang et al. [26] studied the deformation difference between the
contact zone and non-contact zone of profile and roller dies. The results showed that the
pre-stretching amount has no obvious effect on the profile web heights in the contact and
non-contact areas. However, the profile web thickness becomes thinner at each contact area
away from the fixture, while the non-contact area thickness does not change significantly.

The stretch-bend forming process is described and discussed in the above research,
including the influence of the contact interface friction between the stretch-bend specimen
and the mold on the overall spring-back of the forming specimen after unloading. However,
the influence of specific parameters of contact interface friction on the plastic flow of
materials in the forming process was not concerned. Since the variation of the contact
interface friction coefficient in stretch-bend forming is complex, it is necessary to explore
the law of the key parameters affecting the friction state of the contact interface on the
plastic flow of the formed specimen.

In this paper, the influence of the contact interface friction state (surface roughness
of the mold and the angle of the contact mold) on the plastic deformation of a forming
specimen was studied during the stretch-bend forming process. The stress state of the
contact interface of the stretch-bend forming specimen was analyzed, and the analytical
formula of the cross-section stress-strain distribution of the contact mold segment of the
stretch-bend forming specimen was established. An equivalent stretch-bend forming
experiment was designed based on the discrete step-by-step loading characteristics of the
stretch-bend forming trajectory. By measuring the cross-section width and strain grid of the
stretch-bend specimen, the influence law of the specimen plastic deformation with different
die surface roughness and die-attaching angle was obtained, which indirectly verifies the
stress–strain distribution of the specimen’s cross-section. It provides a necessary reference
for establishing variable increment (variable tensile increment and variable wrapping angle)
trajectory optimization method.
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2. Theoretical Analysis of Plastic Deformation in Stretch-Bend Forming

In the process of stretch-bend forming, the seemingly smooth surface of the stretch-
bend specimen and the mold is an uneven rough surface. The high contact pressure of the
contact interface between the profile and the mold is due to the tangential tension of the
stretch-bend. According to Coulomb’s law of friction, there will be friction between the
contact interface of the profile and the mold, which hinders the plastic deformation of the
profile. Since stretch-bend forming is the process of the specimen bending and sticking
mold, the specimen is continuously bent toward the mold to fit the mold. During this time,
the contact interface and contact pressure change complexly in real-time.

2.1. Force Analysis of Stretch-Bend Forming

The aluminum profile stretch-bend forming process can be divided into three stages:
pre-stretch, stretch-bend, and complemental stretch. In the stage of stretch and bend
synchronous loading, the specimen plastic deformation, and elongation under tensile
load take place. The plastic sliding friction occurs due to the relative sliding between the
specimen and the mold contact interface. With the increase of bend contact mold angle, the
contact surface between the specimen and the mold keeps increasing continuously. The
frictional shear stress on the surface of the specimen contact mold segment is opposite to
the direction of tangential tension, which impedes the plastic flow of the specimen surface
material and also changes the distribution of the shear stress along the thickness direction
of the specimen, affecting the uniformity of plastic deformation.

The following basic assumptions are made for force analysis during stretch and bend
synchronous loading.

(1) Section assumption: It is assumed that the sections before and after stretch-bend are
flat, the section before stretch-bend is perpendicular to the axis of the profile, and the
section after stretch-bend is perpendicular to the tangent of the neutral axis;

(2) Stress assumption: It is assumed that each element of the specimen is in a state of
uniaxial tension or uniaxial compression during the stretch-bend forming process;

(3) Material elastic-plasticity assumption: It is assumed that the material is a homoge-
neous, continuous, and isotropic elastic–plastic deformation body. The elastic–plastic
deformation conforms to the loading and unloading deformation law of classical
elastic–plastic theory.

The force in the stretch-bend forming process is shown in Figure 1. In the figure, F is
the axial tension force; R is the radius of the mold; ρ is the bending radius of the neutral
layer of the profile; M is the total bending moment; Fƒ is the frictional force on the contact
mold segment, and the direction is along the tangent direction of the mold arc; FN is the
positive pressure of the profile on the mold, and the direction is perpendicular to the
contact surface.

Figure 1 shows the bending and tensile deformation under the combined action of
bending moment and tensile force. The contact pressure between the specimen and the
mold causes a frictional shear force on the contact surface opposite to the sliding direction
of plastic deformation. Due to the continuity of the material, the frictional shear force
produces a shearing effect on the plastic deformation section of the specimen. The Coulomb
friction coefficient is used to characterize the shear friction force of the contact surface, as
shown in Equation (1) [27]. The shear friction coefficient is used to characterize the shear
action inside the workpiece, as shown in Equation (2) [28].

f =
Ff

FN
(1)

m =
τm

σn
(2)

where, the Ff is the friction of the contact surface; FN is the positive pressure of the contact
surface; τm is the frictional shear stress; σn is the shear strength of the material.
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Figure 1. Force analysis of the stretch and bend synchronous loading process.

Due to the axial symmetry of the contact mold segment, 1/2 was taken for analysis.
The contact mold segment was divided into innumerable micro-units. The force analysis of
the micro-unit at section A point shown in Figure 1 was taken as shown in Figure 2. The
arc angle corresponding to the micro-unit is Δθ. The tension on the left and right sides of
the micro-unit are Fi+1 and Fi, respectively. The positive pressure of the micro-unit on the
arc surface of the mold is FNi . According to the decomposition of forces and Coulomb’s
law of friction, the positive pressure FNi and the frictional force Ffi

on the surface of the
micro-unit are calculated as:

FNi = Fi sin
Δθ

2
+ Fi+1 sin

Δθ

2
(3)

Ffi
= μFNi = μ(Fi sin

Δθ

2
+ Fi+1 sin

Δθ

2
) (4)

Figure 2. Force analysis of micro-unit at point A.
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According to Newton’s first law, the equilibrium equation of the tangential force of
the i-th micro-unit in the direction of the length of the specimen contact mold segment is as:

Ffi
= Fi − Fi+1 (5)

Since Δθ is an infinitesimal quantity, there is sin Δθ
2 ≈ Δθ

2 . Take F1 = F, and divide θ
into n parts, n → ∞ . Equation (5) is brought into Equations (3) and (4), and the positive
pressure FNi , friction force Ffi

, and tension force Fi of the i-th micro-unit are obtained by
iterative collation, respectively.

FNi = 2ΔθF
(2 − μΔθ)i−1

(2 + μΔθ)i (6)

Ffi
= 2μΔθF

(2 − μΔθ)(i−1)

(2 + μΔθ)i (7)

Fi = F
(2 − μΔθ)(i−1)

(2 + μΔθ)(i−1)
(8)

As shown in Figure 2, the contact area between the micro-unit and the arc surface of
the mold is S = RθL. According to the formula of shear stress σ = F/S, the frictional shear
stress τfi

and tensile stress τi of the i-th micro-unit can be obtained as follows:

τfi
= 2μΔθF

(2 − μΔθ)(i−1)

(2 + μΔθ)iRΔθL
(9)

τi = F
(2 − μΔθ)(i−1)

(2 + μΔθ)(i−1)RΔθL
(10)

The parameters of the stretch-bend as shown in Table 1 are brought into Equations (9)
and (10). The variation curves of the frictional shear stress and the total tensile stress in
the cross-section for each micro-unit in the contact mold segment of the specimen were
obtained by numerical calculation, as shown in Figures 3 and 4.

Table 1. Stretch-bend parameters.

Tension F/kN Bend Angle θ/◦ Friction Coefficients μ Bending Radius R/mm Section Width L/mm

30 30 0.15, 0.2, 0.25 150 20
30 30, 45, 60 0.2 150 20

It can be seen from Figure 3 that the rightmost micro-unit is subjected to frictional
shear stresses of 0.599, 0.799, and 0.99 MPa, respectively, when the friction coefficients of
contact sections are 0.15, 0.2, and 0.25, respectively. The normal pressure of the micro-unit
from right to left gradually decreases, resulting in a lower frictional force on the micro-unit
at the same friction coefficient. As the friction coefficient increases, the frictional shear
stress on the micro-unit at the same position becomes larger. It is known that the magnitude
of the frictional shear stress of the micro-unit is related to the friction coefficient and the
position of the micro-unit. That is, the smaller the coefficient of friction, the farther the
location of the micro-unit from the point of tension is, and the smaller the frictional shear
stress on the micro-unit is.
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(a) (b) 

 
(c) 

Figure 3. The frictional tangential stress and total tensile stress of each micro-unit under different
friction coefficients. (a) μ = 0.15; (b) μ = 0.2; (c) μ = 0.2.

It can be seen from Figure 3 that the total tensile stress on the rightmost micro-unit
for all three friction coefficients was 305.577 MPa. From right to left along the direction of
the bending arc, the total tensile stress experienced by the micro-unit showed a significant
decrease. Since the order of frictional shear stress is much smaller than the tensile stress
in the micro-unit cross-section, it is known from Equation (5) that the tensile stress in the
micro-unit was Fi+1 = Fi − Ffi

. The superimposed accumulation of frictional shear stress
makes the tensile stress in the bending specimen unevenly distributed.

It can be seen from Figure 4 that under different bending angles, the varying trends of
the frictional shear stress and total tensile stress of the micro-unit were the same, decreasing
in turn along the arc direction of the specimen from right to left. The larger the bending
angle of the specimen, the smaller the frictional shear stress and the total tensile stress
of the micro-units farthest from the point of action of the tensile force are, and the more
obvious the uneven stress distribution on the left and right sides of the specimen.
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(a) (b) 

 
(c) 

Figure 4. The frictional tangential stress and total tensile stress of each element under different bend
angles. (a) 30◦ contact mold; (b) 45◦ contact mold; (c) 60◦ contact mold.

2.2. Strain Distribution of Stretch-Bend Forming

It is assumed that the material enters the plastic deformation stage completely during
the stretch-bend forming process. A bilinear hardening power exponential strengthening
model [29] was used to depict the stress–strain relationship during bending tensile loading.

σ = A + Bεp
n (11)

where, A is the initial yield strength of the material; B is the process-hardening modulus,
which is the slope of the stress–strain curve in the plastic deformation stage; εp is the
equivalent plastic strain; n is the strain-hardening index, which reflects the ability of the
metal material to resist uniform plastic deformation.

Substituting Equation (11) into Equation (10), the plastic strain at the contact surface
of the i-th micro-unit and the mold was obtained as follows.

εi =

(
F(2 − μΔθ)(i−1)

(2 + μΔθ)(i−1)RΔθLB
− A

B

) 1
n

(12)
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The inner material fibers are compressive elastic–plastic deformation, while the outer
material fibers are tensile elastic–plastic deformation under the action of the bending
moment. The friction produces a shearing effect on the contact surface of the inner layer of
the specimen, changing the stress–strain distribution of the cross-section. The stress–strain
distribution of the profile cross-section under the action of frictional shear is shown in
Figure 5. It can be seen from Figure 5 that the frictional shear stress on the surface of the
profile in contact with the mold was the largest, and the frictional shear stress decreased in
a gradient along the thickness direction of the profile on the section until the frictional shear
stress on the upper surface of the profile approached zero. The tensile stress and strain on
the upper surface of the profile were much greater than those on the lower surface.

Figure 5. Stress–strain distribution of the stretch-bend section. (a) Bilinear hardening power expo-
nential strengthening model; (b) cross-sectional stress distribution; where, wou is the neutral layer
coordinate system; σ and ε are the total stress and total strain of the section, respectively; σA and
εA are the total stress and total strain of the outermost layer of the section, respectively; σf B and
ε f B are the frictional shear stress and strain of the contact interface between the inner layer of the
section and the mold, respectively; σB and εB are the total stress and total strain of the innermost
fiber, respectively.

3. Aluminum Alloy Profile Simulated Stretch-Bend Experiment

The friction changes the stress and strain distribution within the stretch-bend forming
specimen, which affects the forming load as well as the plastic deformation. In order to
research the effect of friction of the contact interface on the plastic deformation of the
stretch-bend forming specimen, the stretch and bend synchronous loading experiment
was used to simulate the stretch-bend forming process of aluminum alloy profiles, and
the influence of friction coefficient and contact mold angle on the section deformation and
tensile deformation of the specimen was analyzed.

3.1. Experiment Specimen

The experimental material in this study is AL6005A-T6 aluminum alloy profile with
the chemical composition shown in Table 2.

Table 2. Chemical composition of Al6005A-T6 aluminum alloy profiles (%, mass fraction).

Si Mg Fe Cu Mn Cr Ti Zn

0.5–0.9 0.4–0.7 0.35 0.3 0.5 0.3 0.1 0.2

242



Coatings 2022, 12, 1043

According to the international standard ISO 6892-1-2019 [30], metal material tensile
experiment standard at room temperature, in the INSTRON 5982 electronic universal
material testing machine by INSTRON CORPORATION of located in Boston, MA, USA
for the uniaxial tensile experiment, the load measurement accuracy of the testing machine
is not less than ±0.4%, and the movement accuracy error is ±0.0001 mm. The loading
rate is 3 mm/ min, and the specimen specifications are 20 mm × 5 mm × 200 mm. We
repeated the uniaxial tensile experiment three times and took the average value. Finally,
the mechanical property parameters of the experiment aluminum alloy profile specimens
are shown in Table 3. The static tensile material engineering stress–strain curves of the
specimens are shown in Figure 6.

Table 3. Tensile mechanical properties of Al6005A-T6 aluminum alloy profiles.

Extension
Percentage/%

Yield
Strength/MPa

Tensile
Strength/MPa

Elastic
Modulus/GPa

Poisson Ratio
Tension

Rupture/kN

17 282.2 ± 1.1288 300.5 ± 1.202 66.77 ± 0.26708 0.3 29.53 ± 0.11812

 
Figure 6. Engineering stress–strain curve of AL6005A-T6 aluminum alloy profile.

To explore the plastic deformation during the simultaneous tensile-bending loading
phase, combined with the mechanical properties of the experiment specimen, we ensured
that the specimen entered the plastic deformation stage and was not pulled off. Three types
of stretch-bend specimens were made according to the different contact mold angles, as
shown in Table 4. To analyze the strain variation of the specimen in the length direction,
the specimen needs to be pre-treated as follows: (1) a flexible film is sprayed on the upper
surface of the specimen, and no flexible film is sprayed on the down surface; (2) the strain
measurement grid lines with 2 mm spacing were laser engraved in the deformation area of
the specimen to form a strained grid as shown in Figure 7. The laser-engraved strain grid
lines are of high accuracy and consistency while not damaging to the specimen itself. Since
the flexible film can plastically deform and elongate synchronously with the specimen, the
deformation amount of the specimen strain element can be obtained by measuring the grid
width of the flexible film after laser engraving.
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Table 4. Specimen sizes at different contact mold angles.

Contact Mold
Angle θ/◦

Specimen
Length L/mm

Contact Mold
Length L1/mm

Suspension
Length L2/mm

Clamping
Length L4/mm

Section
Width B/mm

Section
Thickness H/mm

30 280 ± 0.01 80 100 100 20 ± 0.01 5 ± 0.01
45 320 ± 0.01 120 100 100 20 ± 0.01 5 ± 0.01
60 360 ± 0.01 160 100 100 20 ± 0.01 5 ± 0.01

 

Figure 7. Structure size of the specimen. (a) Specimen size; (b) Upper surface of test sample; (c) Down
surface of test sample.

3.2. Equipment and Methods of the Equivalent Stretch-Bend Experiment

To further analyze the effects of contact friction and contact mold angle on plastic
deformation of stretch-bend specimens, the equivalent stretch-bend experiment was carried
out on the tensile testing machine by auxiliary tooling. The equipment of the equivalent
stretch-bend experiment is mainly composed of the main body of the stretch-bend mold,
replaceable upper clamp, bending limit roller, fixed block, and other parts, as shown in
Figure 8. The replaceable clamp and bending limit rollers can be used at the same time to
achieve three types of contact mold angle of bending experiments as shown in Figure 8.
The suspension section and the tensile axis of the specimen were ensured to be in the same
straight line.
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Figure 8. Equipment and methods of the equivalent stretch-bend experiment.

The specific method of the equivalent stretch-bend experiment is as follows: (1) The
upper end of the specimen is fixed to the main body of the stretch-bend mold by the fixing
block and limit pin. The bending moment M is applied to the specimen as shown in Figure 8
to make the specimen fit on the stretch-bend mold. (2) Lock the bending limit roller to
press the specimen onto the stretch-bend mold. (3) Adjust the upper and lower clamps
of the INSTRON 5982 electronic universal material test machine to intersect at 90◦. The
replaceable upper clamp of the stretch-bend experiment equipment and the lower end of
the tensile specimen are respectively installed in the upper and lower clamps of the tensile
experimental machine and locked. (4) Apply 2 kN pre-tension to the specimen, and then
open the bending limit roller. The specimen is kept on bending contact with the mold under
pre-tension. (5) The displacement control method is used for tensioning with a loading
speed of 3 mm/min and a strain rate of 0.115 s−1. Figure 9 shows the equivalent stretch-
bend experiment of 30◦ contact mold. Repeat steps (1)–(5) for 30◦, 45◦, and 60◦ equivalent
stretch-bending experiments, respectively. According to the mechanical properties of the
material, the tensile-bending specimens are ensured to enter the plastic deformation stage.
The tensile amounts of the specimens with different contact mold angles are determined by
the equal tensile proportion, and the tensile amount is rounded off. Finally, the tensile rates
of 30◦, 45◦, and 60◦ contact mold were 4.29%, 4.37%, and 4.44%, respectively. The specific
experiment plan is shown in Table 5. As Bhanudas Bachchhav et al. [31] carried out sliding
friction experiments with different surface roughness, the research results showed that the
rougher the surface, the greater the friction coefficient. Zhang et al. [32] pointed out that
when the surface roughness Ra of the mold was 1.6 um, the friction coefficient between
the test specimen and the mold was 0.21 in the study of the influence of low-frequency
vibration on the friction coefficient of the stretch-bend. Based on the abovementioned rela-
tionship between surface roughness and friction coefficient, in this experiment, equivalent
stretch-bend experiments were carried out with molds with roughness Ra of 6.3 and 12.5,
respectively, to simulate the equivalent stretch-bend forming under two different contact
interface friction coefficients.

The specimen after stretch-bend is shown in Figure 10. The micrometer was used
to measure the width of the upper and lower edges of the three equal cross-sections
AA′DD′, BB′EE′, and CC′FF′ of the specimen contact mold segment and the three equal
cross-sections GG′, HH′, and I I′ of the specimen suspension segment. The measurement
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accuracy of micrometer was ±0.001 mm. The strain grids of the contact mold segment and
the suspension segment of the specimen were measured one by one in the tensile direction
with a 40× light microscope, and the plastic deformation of the strain mesh was calculated.
The measurement accuracy of optical microscope was ±0.001 mm. The measurement
accuracy was less than an order of magnitude of plastic deformation, so the measurement
error did not affect the analysis of plastic deformation results, and had certain credibility.

Figure 9. Equivalent stretch-bend experiment.

Table 5. The equivalent of the stretch-bend experiment parameters.

Condition Mold Surface Roughness Ra/um Contact Angle θ/◦ Specimen Length L/mm Stretching Value ΔL/mm

1 6.3 30 280 ± 0.01 12 ± 0.0001
2 12.5 30 280 ± 0.01 12 ± 0.0001
3 6.3 45 320 ± 0.01 14 ± 0.0001
4 12.5 45 320 ± 0.01 14 ± 0.0001
5 6.3 60 360 ± 0.01 16 ± 0.0001
6 12.5 60 360 ± 0.01 16 ± 0.0001

Figure 10. The specimen after stretch-bending.
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4. Experiment Results and Analysis

4.1. Effect of Contact Interface Friction and Contact Mold Angle on Shrinkage Deformation of the
Cross-Section
4.1.1. Cross-Section Shrinkage Deformation Analysis

Figure 11 shows the width change curve of the upper and lower edges of the specimen
cross-section with a smooth mold stretch-bend. It can be seen from Figure 11 that with
the 30◦ contact mold stretch-bend, the upper surface deformed widths of the contact mold
segment AA′DD′, BB′EE′, and CC′FF′ cross-sections were 19.87, 19.64, and 19.62 mm,
respectively, while the lower surface deformed widths were 19.95, 19.90, and 19.66 mm,
respectively. In Figure 11, the deformed widths of the upper and lower surfaces of the
left AA′DD′ cross-section were between 19.87 and 19.98 mm, and the deformed widths of
the upper and lower surfaces of the rightmost CC′FF′ cross-section were between 19.58
and 19.2 mm. That is, the width of the upper surface of the specimen was smaller than the
width of the lower surface at the same cross-section position of the contact mold segment,
and the width of the section from left to right decreased gradually. It should be noted that
the deformation of the upper surface was much larger than that of the lower surface in the
stretch-bend forming process. The closer to the action point of the tensile force, the greater
the overall deformation of the section is. There was no width difference between the upper
and lower surfaces in the cross-section of the suspension segment. The width of the neutral
layer cross-section can be used for characterization. However, due to the inhomogeneity
of the material, there was a slight fluctuation in the width of each cross-section of the
suspension segment.

Figure 11. Variation curves of the upper and lower edges of the specimen cross-section with smooth
die stretch-bending.

247



Coatings 2022, 12, 1043

It can also be seen from Figure 11 that the cross-sectional width of the contact mold
segment was between 19.58 and 19.98 mm, while the cross-sectional width of the suspension
segment was between 19.39 and 19.66 mm. By taking the average of the three sampled
section widths of the contact mold segment and analyzing the six sets of laboratory data,
it can be seen that the cross-sectional deformation of the suspension segment was greater
than that of the contact mold segment by more than 44.1%. With the increase of the contact
mold angle, the plastic deformation of each cross-section of the contact mold segment
decreased, while the plastic deformation of each cross-section of the suspension segment
both had the opposite trend.

Figure 12 shows the average cross-sectional width of the contact mold segment and the
suspension segment under the 45◦ contact mold and stretch-bend. The cross-section of the
contact mold segment is a trapezoidal section with a width of 19.76 mm at the top bottom
and 19.90 mm at the bottom. The cross-section of the suspension is a rectangular section
with a width of 19.54 mm. It can be seen that the cross-sectional shapes of the contact mold
segment and the suspension segment of the specimen are the scaled-down trapezoidal
section and rectangular section, respectively, after stretch-bend plastic deformation with
the rectangular sectional specimen according to the stress–strain distribution of the cross-
section during the stretch-bend forming process shown in Figure 5. It is known that the
tensile stresses of the contact mold segment are reduced due to the frictional forces of the
contact interface and bending compressive stresses, which are distributed in a gradient
in the thickness direction. The final result is that the plastic deformation of the upper
surface is greater than the lower surface, and the cross-section of the contact mold segment
is trapezoidal.

Figure 12. Deformation diagram of 45◦ contact mold stretch-bend sections.

4.1.2. Effect of Contact Interface Friction on Cross-Sectional Shrinkage Rate

The cross-section shrinkage rate is the ratio of the area of the cross-section in a reduc-
tion in the original cross-section area of the specimen under tensile plastic deformation,
which is one of the plasticity indicators of the material. To further analyze the influence
of contact interface friction on cross-section deformation of the contact mold segment, we
calculated the shrinkage rate of each section according to the deformation shape of the
specimen cross-section, as shown in Figure 12. Figure 13 shows the variation curve of the
cross-section shrinkage rate of each section of the specimens with different roughness of
the mold. It can be seen from Figure 13 that in the same contact mold angle, the smoother
the contact surface, the smaller the friction coefficient is; then, the higher the section shrink-
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age of the contact mold segment, the the lower the section shrinkages of the suspension
segments are. In addition, the cross-section shrinkage of the contact mold segment was at
most 4.45% of that of the suspension segment. This is mainly due to the improvement of
the friction state and the reduction of the friction shear stress, which reduces the uneven
distribution of tensile stress in the contact mold segment of the specimen.

Figure 13. The variation curve of the cross-section shrinkage rate with different roughnesses of
the mold.

4.1.3. Effect of Contact Mold Angle on Cross-Sectional Shrinkage Rate

The cross-sectional shrinkage rates of each section of the specimen contact mold
segment and the suspension segment were averaged. The distribution of the cross-section
shrinkage changes of both the specimen contact mold segment and the suspension segment
under different contact mold angles is plotted as shown in Figure 14. It can be found
from Figure 14 that with the contact mold angle of the specimen increased from 30◦ to
60◦, the cross-section shrinkage rate in the contact mold segment of the smooth contact
surface and rough contact surface decreased by 32.8% and 49.2%, respectively, and the
cross-sectional shrinkage rate in the suspension segment increased by 60.7% and 35.3%,
respectively. It can also be seen from Figure 14 that at 30◦, 45◦, and 60◦ contact mold
angles, the smooth mold had an increase of 38.3%, 47.7%, and 53.4%, respectively, in the
cross-sectional shrinkage rate of the contact mold segment compared with the rough mold.
This is due to the increase of the contact mold angle of the specimen, making the total
amount of friction resistance superposition in the contact mold segment become larger.
As a result, the plastic deformation of the specimen contact mold segment was reduced,
and the corresponding deformation of the suspension segment increased. The angle of the
contact mold is inversely proportional to the shrinkage of the cross-section of the contact
mold segment and positively proportional to the shrinkage of the suspension segment.
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Figure 14. Cross-section shrinkage distribution of the contact mold segment and the suspension
segment with different contact mold angles.

4.2. Effect of Contact Interface Friction and Contact Mold Angle on Tensile Deformation of the
Cross-Section
4.2.1. Effect of Contact Interface Friction on Tensile Deformation of Contact Mold Segment

Figure 15 shows the strain grid length and deformation distributions of contact mold
segments for 30◦, 45◦, and 60◦ of contact mold angle specimens under two types of mold
surfaces. It can be seen from Figure 15b that the mesh deformation of the leftmost end
micro-unit of the 45◦ contact mold specimen with smooth and rough contact surfaces was
0.025 and 0.02 mm, respectively. The micro-unit mesh deformation amounts were 0.097 and
0.06 mm, respectively. It can also be seen from Figure 15a–c that the mesh deformations
of the micro-unit at both ends of the contact mold segment were not much different for
stretch-bend the under different contact surfaces. However, the mesh deformation of
the corresponding micro-unit in the middle of the contact mold segment for the smooth
mold stretch-bend was much larger than that for the rough mold stretch-bend. The mesh
deformation of the micro-unit in the contact mold segment increased in a gradient from left
to right.

From Equations (9) and (10) and Figure 3, it can be seen that the frictional shear stress
was gradually accumulated and superimposed along with the grid mesh from right to left,
resulting in a gradient distribution of tensile stress, and the tensile stress of the leftmost
element was the smallest. Therefore, the deformation elongation of the micro-unit at the
left end measured by the experiment was much smaller than that at the right end. It can
be seen from Figure 3 that the larger the friction coefficient of the contact interface, the
faster the tensile stress of the micro-unit decreases, which leads to the greater the tensile
deformation gradient of the micro-unit of the contact mold segment.
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(a) (b) 

 
(c) 

Figure 15. Strain grid length and deformation distribution of the contact mold segment. (a) 30◦

contact mold angle; (b) 45◦ contact mold angle; (c) 60◦ contact mold angle.

There is a certain degree of fluctuation in the deformation of the strain mesh due to
measurement errors and the non-uniformity of the material. The strain mesh length in
Figure 15 was fitted by the least squares method. It could be found that the deformation
gradient of the smooth mold stretch-bend micro-unit mesh was smaller than that of the
rough mold by the fitting curve. That is, the rougher the stretch-bend mold is, the greater
the gradient of deformation of the contact mold segment is, and the worse the uniformity
of the formed specimen is.

The deformation of the strain grid of the 30-degree contact mold segment with rough-
ness Ra = 12.5 um in Figure 15a was extracted. According to the strain calculation formula,
the linear strain εi = (li − l0)/li of each strain element was calculated, where, li is the
length of strain grid after stretching, and l0 is the length of strain grid before stretching. The
linear strain of each strain element of the contact mold segment was brought into the static
tensile stress–strain curve of the specimen material, and the tensile stress of each element
was obtained. The tensile stress of the micro-unit variation curve is plotted as shown in
Figure 16.
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Figure 16. Variation curve of tensile stress.

It can be seen from Figure 16 that the tensile stress of the micro-unit by the experiment
decreased from right to left along the specimen direction. When the mold surface roughness
Ra was 12.5 um in the experiment and the contact interface friction coefficient μ was 0.25
in the theoretical derivation, the slope of the tensile stress gradient on the micro-unit
was close to that. There were numerical fluctuations at individual measurement points,
and the maximum error was 6.95 MPa. It can be seen that the experiment verified the
gradient distribution law of the tensile stress on the micro-unit along the length of the
specimen in the theoretical analysis. At the same time, it also indirectly indicated that
the friction coefficient of the contact interface was close to 0.25 when the mold surface
roughness was 12.5 um. The above provides a new method to obtain the friction coefficient
of stretch-bend forming.

4.2.2. Effect of Contact Interface Friction on Tensile Deformation of the Suspension Segment

Figure 17 shows the strain grid length and deformation distribution of the suspension
segment for 30◦, 45◦, and 60◦ contact mold angle specimens under two types of mold
surfaces of the stretch-bend forming specimen. It can be seen from Figure 17a–c that there
was a very small fluctuation in the mesh deformation of the micro-unit in the suspension
segment of the specimen. Thereinto, the average deformation of the suspension segment
micro-unit mesh for the 30◦ contact mold stretch-bend-formed specimen under two types
of mold surfaces was 0.097 and 0.126 mm, respectively; the average deformation of the
suspension segment micro-unit mesh for the 45◦ contact mold specimen was 0.116 and
0.149 mm, respectively; the average deformation for the 60◦ contact mold specimen was
0.150 and 0.178 mm, respectively.
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Figure 17. Strain grid length and deformation distribution of suspension segment. (a) 30◦ contact
mold; (b) 45◦ contact mold; (c) 60◦ contact mold.

It can be found that the smoother the contact surface, the smaller the tensile deforma-
tion of the suspension segment is, which is opposite to the tensile deformation of the contact
mold segment in Figure 15. This is because the total amount of tensile displacement of the
specimen as a continuous deformed body remains constant during the stretch-bend form-
ing process. The friction force hinders the tensile plastic deformation of the contact mold
segment, and the deformation of the suspension segment must increase to compensate for
the reduced deformation of the contact mold segment.

4.2.3. Effect of Contact Mold Angle on Tensile Elongation

The elongation of the strain mesh of the micro-unit in the contact segment and the
suspension of the specimen were counted, respectively. The tensile elongation distribution
of the contact mold segment and the suspension segment with different contact mold angles
was plotted as shown in Figure 18. It can be seen from Figure 18 that with the contact
mold angle of the specimen increasing from 30◦ to 60◦, the elongation of the contact mold
segment of the smooth contact surface and rough contact surface decreased by 39.9% and
45.3%, respectively, and the elongation of the suspension segment increased by 55.2% and
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40.8%, respectively. It can also be seen from Figure 14 that at 30◦, 45◦, and 60◦ contact mold
angles, the smooth mold had an increase of 32.3%, 36.1%, and 38.3%, respectively in the
elongation of the contact mold segment compared with the rough mold.

Figure 18. The tensile elongation distribution of the contact mold segment and the suspension
segment with different contact mold angle.

According to the changes of frictional tangential stress and total tensile stress of each
element under different bend angles, shown in Figure 4, the change gradient of the tensile
stress of the micro-unit at the same position of the specimens with different contact mold
lengths is the same. Due to the increase of the contact mold segment angle, the contact
mold length between the specimen and the mold increased. The tensile stress of the
more micro-units continued to decrease, which would lead to a decrease in the overall
elongation of the die section. Therefore, with the increase of the contact mold angle, the
elongation of the specimen contact mold segment decreases, and the elongation rate of the
suspension segment increases. To improve the uniformity of the stretch-bend specimen, the
bending contact mold angle of each loading step can be reduced to control the cross-section
shrinkage and tensile elongation.

5. Conclusions

In this paper, the frictional plastic deformation behavior of the contact cross-section
in the stretch-bend forming process was investigated. The analytical model of stress–
strain distribution in the contact mold segment of stretch-bend forming was established by
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element discretization. The effects of contact section friction state and contact interface angle
on the cross-sectional shrinkage deformation, tensile deformation gradient of stretch-bend
specimens, and deformation distribution were discussed by an equivalent stretch-bend
forming experiment. Through theoretical derivation and equivalent experiments, some
conclusions can be summarized as follows:

(1) The frictional shear stress of the discrete units in the contact mold segment was
opposite to the tensile stress, and the cumulative superposition in the length direction
of the specimen caused the uneven distribution of tensile stress. Generally, the larger
the friction coefficient, the farther the micro-unit is away from the action point and
the smaller the tensile stress on the micro-unit.

(2) The tensile stress of the contact mold segment gradually decreased from top to bottom
along the thickness direction. The plastic deformation of the upper surface was greater
than that of the lower surface, and the cross-section shape of the contact mold segment
after stretch-bend forming was a trapezoid. The tensile stress and strain in the cross-
section of the contact mold segment of the stretch-bend specimen were distributed in
a trapezoid shape the cross-section, and the plastic deformation of the upper surface
of the section was larger than that on the lower surface. As a result, the cross-section
shape of the contact mold segment was trapezoidal after stretch-bend forming.

(3) In terms of the stretch-bend of the smooth mold compared with the rough mold, the
cross-section shrinkage of the contact mold segment increased by more than 38.2%,
and the elongation of the contact mold segment increased by more than 32.3%. The
greatest effective factor of the specimen plastic deformation is the friction state of
the contact interface. Generally, the better the friction state of the contact interface,
the higher the cross-sectional shrinkage and elongation of the contact mold segment,
and the smaller the tensile deformation gradient, and the smaller the cross-section
shrinkage and elongation of the suspension segment. In order to improve the plastic
deformation uniformity of the contact mold segment, the mold surface can be properly
treated to reduce the friction coefficient.

(4) When the contact mold angle increased from 30◦ to 60◦, the cross-section shrinkage
of the contact mold segment decreased by more than 32.8%, and the elongation of
the contact mold segment decreased by more than 39.9%. With the increase of the
contact mold angle, the total amount of frictional shear stress and the tensile stress
difference of both sides increased, the cross-section shrinkage and elongation of the
contact mold segment decreased, and the cross-section shrinkage and elongation of
the suspension segment increased. Therefore, reducing the angle of the contact mold
can effectively control the influence of friction shear stress on plastic deformation.
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Abstract: A niobium film on an AISI 5135 steel substrate was exposed to submillisecond pulsed
electron-beam irradiation with controlled energy modulation within a pulse to increase the film–
substrate adhesion. This modulated irradiation made it possible to dope the steel-surface layer with
Nb through film dissolution in the layer, for which optimum irradiation conditions were chosen
from experiments and a mathematical simulation. The irradiated system was tested for surface
hardness and wear, and its surface structure and elemental composition were analyzed. The results
demonstrate that the microhardness of the irradiated system is much higher and that its wear rate is
much lower compared to the initial state.

Keywords: surface modification; doping; grid plasma cathode; electron beam; Nb–steel system;
high-rate crystallization

1. Introduction

Currently, structural steels occupy one of the leading positions in industry due to
their strong mechanical characteristics, good technological efficiency, and comparatively
low cost [1–3]. In particular, they are widely used to manufacture products used in op-
erations with high loads, and because such loads can cause deformation and fracturing
(e.g., cracking, spallation [4]), mostly in their surface layers, the surface layers of structural
steels are hardened [5]. One of the ways of hardening the surfaces and improving the
functional properties of machine parts is to deposit a protective coating on their working
surfaces, which can greatly improve their physicomechanical characteristics (strength, wear
resistance, etc.) and service life [6]. However, such protectively hardened coatings often
suffer from weak adhesion to substrate materials. This problem can be solved by combining
several hardening methods so that each shows its advantages and not its disadvantages [7].
The formation of high-strength and thermally stable surface layers through refractory-
metal-coating deposition and intense pulsed electron-beam irradiation with amplitude
and width modulation makes it possible to greatly improve the service conditions and
applicability of structural steels [8–10]. Structural steels doped with Nb, compared to other
steels, are lighter and harder, and they have greater strength, higher corrosion resistance,
and longer lifetimes; additionally, they are ductile, i.e., they show no brittleness after
doping with Nb. The fields in which they are used include mechanical, radio, and nuclear
energy engineering, chemical industries, the automobile and building industries, and the
aerospace industry in particular [11–22]. Steel doping with V, Ti, Nb, and Zr yields carbides
that are poorly soluble in austenite. These elements are efficient (in decreasing the grain
size, cold-brittleness threshold, and sensitivity to stress concentration) only if their steel

Coatings 2023, 13, 1131. https://doi.org/10.3390/coatings13061131 https://www.mdpi.com/journal/coatings
258



Coatings 2023, 13, 1131

content is low (up to 0.15 wt.%). With higher contents, they decrease the hardenability and
brittle-fracture resistance of steel because a large amount of metal carbides precipitates at
the grain boundaries. The presence of Nb in proper amounts in steels provides primary
structural refinement due to ferrite formation and the filling of its interdendrite spacings
with eutectic liquid. With these positive effects, for example, low-alloy structural AISI
5135 steel doped with Nb can be used to manufacture tools for the efficient extrusion of
light metals (e.g., Al) and the hot working of bearings; thus, it can be a good alternative to
expensive, difficult-to-machine heat-resistant steels doped in their bulk with Mo, W, Ti, and
V. The surface modification considered below is a form of finishing and does not require
any further treatment [23–27].

2. Test Material and Treatment Methods

The test material was low-carbon AISI 5135 steel ((0.1–0.39) C, (0.17–0.37) Si, (0.5–0.8)
Mn, ≤0.3 Ni, ≤0.035 Cr, ≤0.035 P, 0.8–1.1 Cr, ≤0.3 Cu, and balance Fe, wt.%). Its specimens,
with dimensions 15 × 15 × 5 mm, were coated with an Nb film 3 μm thick via plasma-
assisted arc deposition on the QUINTA vacuum ion-plasma setup [28], which is part of the
UNIKUUM complex of unique electrophysical equipment of Russia (https://ckp-rf.ru/
catalog/usu/434216/ (accessed on 13 June 2023)). Figure 1 shows a schematic diagram
of Nb-film deposition. The deposition was realized using a PINK-P gas plasma generator
based on a non-self-sustained low-pressure arc discharge with a hollow and a hot cathode
(Figure 1, cathodes 4 and 5, respectively). The generator makes it possible to treat objects
up to 40 cm in length and up to 1 kg in weight. It is used for preliminary surface cleaning
and heating in argon plasma and for ion-plasma assistance in vacuum-arc deposition,
which increases the coating–substrate adhesion and the vacuum-arc stability. The arc
evaporator with a 98 wt.% Nb cathode (Figure 1, evaporator 2), compared to its previous
version, ensured better cooling of the cathode back’s surface and a smaller amount of
microdroplets in the coating. Before film deposition, the specimens were washed with
petrol in an ultrasonic bath (to remove mechanical and oil contaminants from their surfaces)
and, after they were fixed in the specimen holder, they were placed in the vacuum chamber
at a distance of 17 cm from the evaporated cathode. Subsequently, the vacuum chamber
was pumped to a limiting pressure of 1 × 10−2 Pa, and the specimens were coated with a
Nb film. The deposition comprised several stages. First, the specimens were exposed to
ion-plasma surface cleaning in argon. Subsequently, their surfaces were bombarded with
Nb ions at an argon pressure of 0.15 Pa, arc current of 80 A, substrate-bias voltage of −900 V,
and pulse duty factor of 85%, which ensured better film adhesion. Next, the specimens
were coated with Nb for 20 min at an argon pressure of 0.3 Pa, arc current of 80 A, and bias
voltage of 50 V. The Nb-coated specimens were cooled in the vacuum chamber to room
temperature and removed from it for further pulsed electron-beam treatment. The coating
thickness determined by the Calotest method was 3 μm.

The Nb film–AISI 5135 steel-substrate system was irradiated with an electron beam
on the SOLO setup (also a part of the UNIKUUM complex), whose electron source allows
the generation of electron beams with diameters of up to 5 cm, energy of up to 25 keV, and
energy density of up to 100 J/cm2 at a pulse duration of 20–1000 μs [29]. The unique feature
of this type of electron source is the possibility of controlling the beam current, which is
weakly dependent on the accelerating voltage [30]. Thus, it is possible to control the beam
power in the submillisecond range of pulse durations [31] and, hence, the rate of energy
delivery to the surface of a treated target within a beam current pulse [32]. The control of
energy delivery makes it possible to control the temperature field in the target surface layer
and, hence, its structure and phase state.
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Figure 1. Schematic diagram of Nb-film deposition: 1—specimen holder, 2—arc evaporator with Nb
cathode, 3—vacuum chamber (anode), 4—hollow cathode of PINK-P generator, 5—hot W cathode of
PINK-P generator.

Figure 2 shows a schematic diagram of electron-beam irradiation. Niobium-coated
steel specimen 8 was fixed on two-coordinate manipulator 6 with narrow stainless steel
plate 7 with thickness 0.2 mm and height 5–7 mm for thermal-loss reduction. Using
the manipulator table, the specimens were moved in vacuum chamber 3 under electron
beam 5. The temperature of the specimen surface was measured with high-speed infrared
pyrometer 15 (Kleiber KGA 740-LO), allowing temperature measurements in the range
of 300–2300 ◦C with a response time of 6 μs. The pyrometer used radiation at 2–2.2 μm,
which was collected by lens 11 with a surface-spot diameter of about 5 mm at the specimen
center. The output signal of the pyrometer was the voltage measuring 0–10 V, which
depended linearly on the temperature in the operating range of 2000◦. To determine the
specimen-surface emissivity, the specimen was heated to 500 ◦C for 3 min by an electron
beam for a duration of 200 μs and repetition frequency of 10 Hz, which did not change the
surface properties. After this heating, the heat was distributed over the specimen volume
via conduction, such that the specimen was cooled to 300 ◦C in about 2 min. During the
period of cooling, the specimen-surface temperature was measured with the pyrometer,
as was the temperature in the specimen bulk with K-type thermocouple 12 built in the
specimen on the back side. The results of temperature measurements were compared to
determine the surface emissivity.

The modes of irradiation were chosen so that the specimen’s surface layer would
be heated above the steel’s melting temperature (1450–1550 ◦C) but below the niobium’s
melting temperature (2500 ◦C), i.e., to ≈2000 ◦C. Thus, it was expected that the thin Nb
film would dissolve in the molten steel-surface layer kept at 2000 ◦C. According to the
pyrometer specifications, the measured temperature T [◦C] is determined by its output
signal Up [V] as follows: T = 300 + 200 Up. The behavior of Up with time for different
irradiation modes is presented in Figure 3.
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Figure 2. Schematic diagram of electron-beam irradiation: 1—electron source, 2—magnetic coils, 3—
vacuum chamber, 4—observation window, 5—pulsed electron beam, 6—two-coordinate manipulator
table, 7—fastening plates, 8—irradiated specimen, 9—copper mirror, 10—collimator, 11—lens, 12—
thermocouple, 13—vacuum joint, 14—fiber-optic cable, 15—high-speed infrared pyrometer (Kleiber
KGA 740-LO), 16—oscilloscope, 17—normalizing converter, 18—power-supply units and automation
system.

  

(a) (b) 

  
(c) (d) 

Figure 3. The behavior of Up with time for different irradiation modes: (a,b)—rectangular current
pulses of duration 50 μs and 100 μs; (c,d)—pulses with varied beam currents at which the surface
temperature reached 2000 ◦C and remained at this level for 150 μs for a total pulse duration of 300 μs
and for 350 μs at 500 μs.
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To maintain the specimen surface at the same temperature level, the following param-
eters were chosen for single beam current pulses:

• rectangular current pulses of duration 50 μs (Figure 3a) and 100 μs (Figure 3b);
• pulses with varied beam currents at which the surface temperature reached 2000 ◦C

and remained at this level for 150 μs for a total pulse duration of 300 μs (Figure 3c)
and for 350 μs at 500 μs (Figure 3d).

The following color symbols were used on the waveforms (Figure 3): waveforms of
discharge current Id (1, blue, 40 A/div for figure “a”and 20 A/div for others), acceleration-
gap current I0 (2, magenta, 40 A/div for figure “a” and 20 A/div for others), accelerating
voltage U0 (3, brown, 5 kV/div, zero is the same as signal 4), and pyrometer signal Up (4,
green, 2 V/div) for different irradiation modes. The beam was transported to the sample in
the plasma that it created. Therefore, current I0 contained not only the beam current, but
also the ion current, which moved from the plasma to the high-voltage electrode.

Figure 4 shows experimental beam-power profiles for the beam-current pulses in
Figure 3. It is shown that the beam-current modulation within a submillisecond pulse due
to proportional arc-current modulation made it possible to control the beam power and
the energy to the target surface within the pulse and, hence, the temperature field in the
specimen-surface layer.

 
 

(a) (b) 

  
(c) (d) 

Figure 4. Experimental beam-power profiles within pulses lasting 50 (a), 100 (b), 300 (c), and 500 μs (d).
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The temperature field formed in the Nb film–AISI 5135 steel-substrate system under
intense pulsed electron-beam irradiation (beam energy density 10–50 J/cm2, current pulse
duration 50–500 μs) was estimated using a mathematical simulation.

With an average energy of the beam electrons on the target of ~10 keV, the energy
source in the mathematical model can be assumed to act on the surface, and the thermal
processes for pulse durations of 50–500 μs can be considered in the one-dimensional
approximation because the transverse size of energy exposure is much larger than the
depth of thermal-field propagation. With these assumptions, the estimation of the heating
is reduced to solving the heat-conduction equation:

ρc
∂T
∂t

=
∂

∂x

(
λ

∂T
∂x

)
(1)

with a boundary and initial conditions of

−λ
∂T(t, 0)

∂x
= q(t),

∂T(t, l)
∂x

= 0, T(t = 0, x) = T0 (2)

where c is the specific heat capacity, ρ is the density, and λ is the heat conductivity, which is
dependent on the temperature and coordinates and corresponds to the coating or substrate,
q(t) = U(t)j(t) is the power density of an external heat source, U(t) and j(t) are the accelerating
voltage and the beam-current density, respectively, l is the computational domain length,
T0 = 23 ◦C.

Formula (2) is a boundary condition of the second kind (Neumann’s condition): a
solid is heated from the outside by a stream of high-temperature thermal radiation q(t) and
the initial value.

The mathematical model assumes the presence of a two-phase region. In a solid–liquid
system, this region is characterized by the average liquid volume fraction, θ. The phase
transition falls in the temperature interval, ΔT, at which pint the material state is modeled
by a smoothed function of θ, varying from 1 to 0 [33]. The effective heat conductivity of the
solid–liquid system λ is related to the solid conductivity λs and liquid conductivity λl, as

λ = (1 − θ)λs + θλl (3)

The density of the two-phase region and its heat capacity were calculated in the same
way. The latent heat of fusion L is introduced as an additional term in the heat capacity
in the phase transition: ci = cs + L/ΔT. The value of the phase-transition interval ΔT is
determined from the correspondence between the calculated and experimental surface
temperatures.

The problem was solved numerically for table values of thermophysical parame-
ters [34]. For AISI 5135 steel, the melting temperature is Tl = 1420 ◦C, ΔT = 8 ◦C, and
the heat conductivity and the heat capacity at T < Tl measure λs = 45.62 − 0.003T −
4.6 × 10−5T2 + 3 × 10−8T3 W/(m·◦C) and cs = 430.75 + 0.3802T − 0.00014T2 J/(kg·◦C),
λl = 35 W/(m·◦C), ρ = 7820 kg/m3, L = 84 kJ/kg, respectively. For the coating of thick-
ness 3 μm, the Nb’s melting temperature is 2741 ◦C, ρs = 8000 kg/m3, cs = 268 + 0.048T
J/(kg·◦C), λs = 53 + 0.013T W/(m·◦C). The coating melting temperature is higher than
the maximum surface temperature of 2000 ◦C considered in this study. The coating fails
under electron-beam irradiation, changing its properties due to the molten substrate. This
is allowed for in the simulation by estimating the thermophysical coefficients as averages
for the coating and substrate.

For model pulses close to the experimental pulses (Figure 4), we numerically ana-
lyzed the temperature-field dynamics in the Nb film–AISI 5135 steel-substrate system on
approaching the surface temperature of 2000 ◦C. For two rectangular pulses with durations
of 50 μs and 100 μs and energy densities of 17 J/cm2 and 24 J/cm2, respectively, the surface
temperature of 2000 ◦C was reached at the end of the pulses. The melt depths in these
modes were 8 μs and 12 μs, respectively. To increase the thickness of the molten-steel layer,
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calculations were performed in which the specimens surface was preliminarily heated to
≈200 ◦C for 200 μs and kept at this temperature for 100 μs and 300 μs (pulses with durations
of 300 μs and 500 μs). Figure 5a shows the beam power and the surface temperature for
the pulse of duration, 500 μs. The temperature distribution in depth from the surface at
different points in time is presented in Figure 5b.

  
(a) (b) 

Figure 5. Surface temperature and beam power vs. time (a), and temperature distribution in depth at
different time points (b) for model pulse of duration 500 μs (for mode in Figure 4d).

In a real electron beam, as numerical calculations show, the following physical pro-
cesses take place:

(1) energy dissipation (up to 20%) of electrons transported to the target in an extended
plasma channel;

(2) a potential drop in the accelerating gap (up to 50%) due to the growth of the spatial
charge with an increase in the beam current.

The maximum loss in the target is at a distance of one-third of the depth of the run, so
the surface source in the mathematical model is quite correct at Re � 3

√
at, and deducted

thermal conductivity.
The molten-layer depth depends both on the pulse duration and on the beam power

density. Figure 6 shows the melt depths, and the surface melt times for the pulses con-
sidered. The melt depth at pulse durations of 50–100 μs was 8–12 μm, and at 500 μs, it
increased to 30 μm (Figure 6a), with the surface remaining molten for 480 μs (Figure 6b).

 
(a) (b) 

Figure 6. Melt depths (a) and surface melt times (b) for model pulses with durations of 50, 100, 300,
and 500 μs.
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Using the data from numerical calculations, we chose the irradiation modes (Figure 4)
that provided surface modifications, with Nb kept in its near-melting state and AISI 5135
steel in its surface-melting state.

Figure 7 shows the surface temperature T(t) according to the calculation and experi-
mental data for different beam powers and durations (Figure 4). The pulsed character of
T(t) with the surface temperature remaining constant was due to beam-current fluctuations
(Figure 4c,d).

  
(a) (b) 

  
(c) (d) 

Figure 7. Surface temperatures for current pulse durations of 50 (a), 100 (b), 300 (c), and 500 μs (d),
according to calculation and experiment.

The phase state of the steel and film–substrate system was examined on an XRD 6000
diffractometer (Shimadzu, Kyoto, Japan) in the Bragg–Brentano geometry with CuKα radi-
ation (λ = 1.5418 nm); the range of diffraction angles was 2θ = 30–80 deg and the scan rate
was 2 deg/min. The structure of the irradiated surface was analyzed on a Philips SEM-515
scanning-electron microscope (Amsterdam, The Netherlands). The elemental composi-
tion of the surface layer was determined on an EDAX ECON IV micro-analyzer (Philips,
Amsterdam, Netherlands, attached to Philips SEM-515). The defect substructure and the
phase state of the material were analyzed on a JEOL JEM 2100F transmission-electron
microscope (Akishima, Tokyo, Japan). The surface hardness of the steel and film–substrate
system at different stages of electron-ion-plasma treatment was determined on a PMT-3
hardness tester at a normal indenter load of 500 mN (LOMO, Saint Petersburg, Russia).
The friction and wear coefficients of the surface layer were measured on a Tribotechnic
tribometer (Tribotechnic, Clichy, France) in the pin-on-disk geometry at room temperature.
The counter body was a SiC ball with a diameter of 6 mm, the track diameter was 4 mm, the
rotation rate was 2.5 cm/s, the load was 5 N, and the travel distance was 1000 m. The wear
volume of the surface layer was determined after track profilometry. The wear coefficient
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was estimated by the formula k = S·R
Fn ·n mm3/Nm, where S is the track cross-sectional area,

n is the number of circles, R is the circle radius, Fn is the indenter load.

3. Analysis of Strength, Tribological Properties, and Structure

The irradiated specimens of the Nb film–AISI 5135 steel-substrate system (Nb–steel
system) were tested for their surface strength (microhardness) and tribological properties
(wear resistance and friction coefficient). Figure 8 shows the friction coefficient vs. time
and the wear-track cross-section.

 

 

 

 

 

   

0.4 0.6 0.8
Parameters Value Unit
Maximum depth 4.45 μm
Area of the hole 731 μm²
Maximum height 0.587 μm
Area of the peak 2.86 μm²

0.3 0.4 0.5
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Maximum depth 2.14 μm
Area of the hole 173 μm²
Maximum height 0.352 μm
Area of the peak 2.63 μm²

0.4 0.5 0.6 0.7
Parameters Value Unit
Maximum depth 6.84 μm
Area of the hole 804 μm²

0.4 0.5
Parameters Value Unit
Maximum depth 2.07 μm
Area of the hole 216 μm²

0.4 0.5 0.6
Parameters Value Unit
Maximum depth 3.85 μm
Area of the hole 399 μm²

(a) (c) (b) 

(d) (f) (e) 

Figure 8. Friction coefficient vs. time (a) and characteristic wear-track cross-section: ((b) initial,
(c) 100 μs, (d) 50 μs, (e) 500 μs, (f) 300 μs).

After irradiation in all four modes, the microhardness of the Nb–steel system mea-
sured 8–9 GPa, which was higher than the initial value of 3.6 GPa by a factor of 2.2–2.5
(Figure 9). Its wear rate decreased five times when the pulse duration measured 50 μs and
100 μs and three times when the temperature was maintained at about 2000 ◦C. For the
initial sample (without coating), the microhardness was 3.6 GPa and the wear rate was
2.7·10−6 mm3/(N·m).

The surface structure and the elemental composition of the Nb–steel system before
and after irradiation were examined by using scanning-electron microscopy. It can be seen
in Figure 10 that microcraters formed on the surface of the system during the irradiation
at pulse durations of 50–300 μs. At a pulse duration of 500 μs, no craters were detected
(Figure 10e), which was probably due to the evaporation of volatile impurities from the
hot specimen’s surface [35]. Our X-ray spectral analysis showed that increasing the surface
heating time to 300 μs decreased the Nb content in the surface layer from 97.55 at.% to
1.06 at.% (Figure 10a,d), which can be associated both with the film’s immersion in the steel
substrate and with the Nb’s dissolution in the molten steel-surface layer.
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Figure 9. Correlation field for surface microhardness and wear rate of Nb–steel system after electron-
beam irradiation.

Figure 10. Surface structure of Nb–steel system before (a) and after electron-beam irradiation at pulse
durations of 50 (b), 100 (c), 300 (d), and 500 μs (e).

During the electron-beam irradiation, a cellular structure of high-rate crystallization
formed in the surface layer of the Nb–steel system (Figure 11), which was indicative
of surface-layer melting. The average cell size increased from 0.2 μm to 0.37 μm when
the pulse duration was increased (Figure 12), suggesting that the cooling rate decreased
as the pulse became longer, which was confirmed by both the calculations and the real
temperature measurements (Figure 7).

 

Figure 11. Surface structure of Nb–steel system after electron-beam irradiation for 50 (a), 100 (b), and
500 μs (c).
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Figure 12. Average size of surface-crystallization cells in Nb–steel system vs. current-pulse duration.

The surface layer formed in the Nb–steel system via high-rate crystallization had a
columnar structure (Figure 13). The surface-layer thickness with this columnar structure
(high-rate crystallization region) agreed with the calculation data in Figure 5b, measuring
about 20–25 μm at t = 300 μs. Our X-ray diffraction analysis showed that the Nb-surface
concentration increased from 3.2 mass % (300 μs) to 4.2 mass % (500 μs) (Table 1), probably
because the melt filled the surface craters and decreased the surface cooling rate. As a
result, some Nb atoms migrated from the crater walls to the surface.

 
10 μm 

Figure 13. Fracture surface of Nb–steel system irradiated for 300 μs.

Table 1. X-ray diffraction data.

t, μs Fe, mass % a(Fe), Å D, nm Δd/d, 10−3 Nb, wt.% a(Nb), Å D, nm Δd/d, 10−3

0 5.6 2.8763 16.7 0.002 94.4 3.3731 17.4 8.045

50 79.7 2.8475 15.6 1.626 20.3 3.2700 17.9 6.485

100 94.3 2.8491 15.4 1.403 5.7 3.2799 97.2 5.436

300 96.8 2.8527 15.2 1.508 3.2 3.2799 23.4 1.742

500 95.8 2.8668 16.0 1.14 4.2 3.2932 23.6 6.048

The data from the X-ray diffraction analysis showed that the surface layer of the
Nb–steel system comprised two main phases: an α-Fe bcc solid solution and niobium
(Figure 14, Table 1). During irradiation at t = 300 μs, the relative Nb content in its surface
layer decreased from 94.4 to 3.2 wt.%. Simultaneously, the lattice parameters of Nb and
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Fe changed, which was probably because the two phases diffused into each other. The
formation of solid solutions was also evidenced by changes in the Nb- and Fe-lattice
microdistortion (Δd/d).
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Figure 14. Fragments of X-ray diffraction patterns of Nb–steel system irradiated in different modes.

The data from the transmission-electron microscopy also showed that the initial
structure of the AISI 5135 steel was formed by ferrite grains and perlite grains with lamellar
morphologies (Figure 15).

 

Figure 15. Structure of AISI 5135 steel before modification, with “P” for perlite and “F” for ferrite.
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After the electron-beam irradiation of the Nb–steel system, the surface structure of the
steel was substantially modified. In a surface layer of 20–30 μm, the structure was typical of
high-rate quenching, containing packet martensite (Figure 16a,e) and, more rarely, lamellar
martensite (Figure 16b,d). In the volume and at the boundaries of the martensite crystals,
there were complex carbide M23C6-like nanosized particles (Cr, Fe, Nb)23C6 (Figure 16f).

Figure 16. Surface structure of Nb–steel system after electron-beam irradiation at E = 24 J/cm2

for 100 μs: bright fields (a,b), diffraction pattern (c), and dark fields in reflections [110]α-Fe (d),
[002]α-Fe (e), [135]M23C6 (f), shown by arrows 1, 2, 3, respectively, in (c).

At a depth of 30–40 μm, the structure corresponded to the high-rate thermal transfor-
mation of pearlite (Figure 17). It comprised pearlite grains with two types of cementite
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particle: extended lamellae (Figure 17a), which is characteristic of lamellar pearlite formed
under quasi-equilibrium conditions; and round particles in the form of ferrite lamellae
(Figure 17b), which is characteristic of the high-rate thermal transformation of cementite
lamellae (dissolution and repeated precipitation).

Figure 17. Structure of Nb–steel system 36 μm beneath its surface after irradiation at E = 24 J/cm2 for
100 μm, extended lamellae (a), and round particles in the form of ferrite lamellae (b).

From the transformation of the structure and phase state of the surface layer, it was
observed that the increase in the microhardness and wear resistance of the modified steel
was mainly due to the formation of a hardening (martensite) structure, the precipitation
of nanosized M23C6 particles at the martensite crystal boundaries, and pearlite structural
transformation via nanosized iron-carbon precipitation in the pearlite lamellae.

At depths of 50–70 μm, the structure was close in phase state and morphology to the
initial AISI 5135 steel structure. It contained ferrite and perlite grains (Figure 18).

Figure 18. Structure of Nb–steel system 57 μm beneath its surface after irradiation at E = 24 J/cm2

for 100 μs: (a)—bright field, (b)—electron-diffraction pattern, (c)—dark field in reflection [211]Fe3C
(reflection 1 in (b) yellow arrow 1), (d)—dark field in reflection [110]α-Fe (reflection 2 in (b) yellow
arrow 2).
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4. Conclusions

Structural AISI 5135 steel was exposed to surface treatment through Nb-film deposi-
tion, the surface melting of the steel, the doping of its melt with Nb via the submillisecond
modulated electron-beam irradiation of the Nb film–AISI 5135 steel-substrate system (Nb–
steel system), and high-rate cooling.

The advantages of steel doping with small amounts of Nb are its simplicity, highly
efficient strength enhancement at a Nb content of 0.01–0.04 wt.%, high level of mechanical
properties at elevated temperatures, thermal stability up to 1150 ◦C, and good worka-
bility and weldability, which makes it possible to decrease the weight of machines and
constructions and increase their reliability and lifetime.

The irradiation was performed at pulse durations of up to 500 μs using the SOLO
electron source with a grid-plasma cathode, which made it possible to vary and control the
rate of energy delivery to the Nb–steel system’s surface within a pulse. The temperature
field formed in the Nb–steel system under intense pulsed irradiation was estimated by
mathematical simulation methods, and irradiation modes were chosen to provide the near-
melting conditions for the niobium and surface-melting conditions for AISI 5135 steel. The
results of our study demonstrate that after irradiation in all the modes chosen, the surface
microhardness of the Nb–steel system measured 8–9 GPa, which was higher than its initial
value of 3.6 GPa by a factor of 2.2–2.5. The wear rate of the Nb–steel system decreased
five times when the pulse duration measured 50 μs and 100 μs and three times when the
temperature was maintained at about 2000 ◦C (t = 300 and 500 μs) due to beam-current
modulation. The data from the X-ray diffraction analysis using transmission-electron
microscopy showed that the increase in the microhardness and wear resistance of the
modified steel was mainly due to the transformations of its surface structure and phase state:
the formation of a hardening (martensite) structure, the precipitation of nanosized M23C6
particles at the martensite crystal boundaries, and the pearlite’s structural transformation
via iron-carbide precipitation in the pearlite lamellae.

Thus, our study demonstrates that such combined surface treatments of structural
steels hold promise for use in industry.
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Abstract: For the corrosion risk of steel structures in the marine environment, the topography
characteristics of corroded steel surfaces were paid little attention to, which has a significant effect on
the mechanical properties of the interface between steel foundation and soil medium. An effective
mathematical model for reconstructing the topography of corroded steel surface is very helpful for
numerically or experimentally studying the soil-corroded steel interaction properties. In this study,
an electrolytic accelerated corrosion experiment is conducted first to obtain corroded steel samples,
which are exposed to submarine soil and suffer different corrosion degrees. Then, the surface height
data of these corroded steel samples are scanned and analyzed. It is found that the height of surface
two-dimensional contour curves under different corrosion degrees obeys the Gaussian distribution.
Based on the spectral representation method, a mathematical model is developed for the profile
height of the corroded steel surface. By comparing the standard deviation, arithmetic mean height
and maximum height of reconstructed samples with those of experimental samples, the reliability of
the developed mathematical model is proved. The proposed mathematical model can be adapted to
reconstruct the surface topography of steel with different corrosion degrees for the following research
on the shearing behavior of soil-corroded steel interface.

Keywords: corrosion; surface topography; mathematical model; corroded steel surface; marine soil

1. Introduction

It is a common phenomenon during the service life of steel structures in the marine
environment. With the rapid development of exploitations of marine energy, the salt
corrosion research of steel structures has been focused on widely [1]. In design, the protective
layer and surplus design are often considered to reduce the effect of corrosion [2,3]. However,
as time goes on, the protection system may fail. Corrosion will happen and affect the
property of the steel structure. Therefore, it is important to study the corrosion characteristics
of steel structures in a marine environment.

At present, a large number of studies has been conducted on the corrosion characteris-
tics of steel material in a corrosive environment, with the aid of experiment methods and
modern analytical techniques. The relevant research can be found in the work of Kovend-
han et al. [4], James and Hattingh [5], Lv et al. [6], Wei et al. [7] and so on. The above
studies mainly focus on explaining the occurrence of metal corrosion in terms of lattice and
electrochemical mechanisms. However, civil engineers care more about the mechanical
properties and residual bearing capacity of steel members or structures after corrosion.
There are different methods to consider the effect of corrosion on steel structures. Some
researchers simulated the effect of corrosion on the mechanical behavior of steel structures
by decreasing the section thickness of steel members. Karagah et al. [8] investigated the
effect of corrosion on the axial capacity of short steel columns by reducing the localized
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thickness in a monotonic axial load experiment. Liu et al. [9] notched in the center zone of
steel columns to simulate the loss of section due to corrosion in axial loading tests. Wang
et al. [10,11] analyzed the ultimate strength of steel pipe piles in corrosion conditions by
converting corrosion effects into thickness loss in numerical simulations. Other similar
studies can be found in the literature by Yamamoto and Ikegami [12], Akpan et al. [13], Guo
et al. [14] and so on. The above research studies only consider the effect of section thickness
loss due to corrosion but ignore the effect of variation of the surface topography of steel
structures. To consider the effect of surface topography, Jiang and Soares [15] assumed
corrosion pits to be cylindrically shaped with various distributions and intensity or depth
in numerical analysis. Ahmmad and Sumi [16] considered the corrosion pit as conical pits
with different depth-to-diameter ratios. Nakai et al. [17,18] studied the effect of corrosion
on steel plate strength by artificially creating conical corrosion pits in experiments and
numerical simulations. Though some researchers have already begun to study the effect
of corroded surface topography on the mechanical properties of steel members or struc-
tures, the corroded surface topography is always considered simply by setting pits with
regular shape and distribution, which is difficult to describe the real surface topography
of corroded steel structure. Little research has been devoted to the shearing property of
soil-corroded steel surface, which has a significant influence on the bearing capacity of the
steel foundation of ocean structures. The main reason can be attributed to the lack of an
effective mathematical model of the surface topography of corroded steel.

In this paper, the corrosion characteristics of Q235 steel in a submarine clay soil envi-
ronment are studied by electrolytic accelerated corrosion experiments. The electrochemical
process of corrosion and the law of mass loss are analyzed. To further characterize the
corroded steel surface, the surface topography is investigated. After the analysis of two-
dimensional profile height on a corroded surface, a mathematical model is constructed by
the spectral representation method. The reliability of the mathematical model is verified.
The developed model can be employed to generate the surface profile of corroded steel
structures as close as possible to the reality in the follow-up research. It is very helpful
for studying the corrosion characteristic of the steel surface and the soil-corroded steel
interaction properties.

2. Electrolytic Accelerated Corrosion Experiment

Electrolytic accelerated corrosion experiment is a common method for the investiga-
tion of the corrosion of metals [19–21]. The acceleration mechanism is to accelerate the
electrochemical reaction of the corroded metal by means of an applied current [22]. Com-
pared with natural exposure experiments, the electrolytic accelerated corrosion experiment
is more convenient and can save a lot of time. In this study, the electrolytic accelerated cor-
rosion experiment is conducted to investigate the corrosion characteristic of steel structure
foundation in submarine soil.

2.1. Experimental Principle

The electrolytic accelerated corrosion is a result of an artificial electrolytic cell reaction.
Figure 1a shows the electrochemical reaction process on the surface of the corroded speci-
men. The corroded electrode loses electrons and undergoes an oxidation reaction, while
the electrolyte solution gains electrons for a reduction reaction [19,21,23].

The anodic reaction can be represented as

Fe → Fe2+ + 2e− (1)

Fe → Fe3+ + 3e− (2)

The cathode reaction can be represented as

O2 + 2H2O + 4e− → 4OH− (3)

276



Coatings 2022, 12, 1078

The corrosion current is controlled by the applied current during experiments. Ac-
cording to Faraday law [19,21], the theoretical mass loss of electrochemical corrosion can
be calculated as

Δm =
MIT
zF

(4)

where M represents the molar mass of Fe (56 g·mol−1); I is the experimental current (A); t is
the experimental time (s); z is the number of electrons transferred by corrosion of Fe (z = 2
or 3); F is Faraday constant which has a value of 96,500 A·s−1.
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Q235 sample

10 cm

25.5 cm

15
.5

 c
m

Corrosion 
electrode 

Auxiliary 
electrode 

Saturated 
clay soil

(a) (b) 

Steel
Saturated 
clay soil

Corrosion 
pitting
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Figure 1. Electrolytic accelerated corrosion experiment: (a) electrochemical process; (b) experimen-
tal system.

2.2. Experimental Process

The experiment is mainly composed of a direct current (DC) power, a glass container,
clay soil, an electrolyte solution and a Q235 steel sample. The experiment system is shown
in Figure 1b. The Q235 steel is machined to circular samples with a diameter of 61.5 mm
and a thickness of 10 mm. In the experimental process, one sample is used as the corrosion
electrode connected to the positive pole of DC power; the other is connected to the negative
terminal of the power supply as an auxiliary electrode. Throughout the experiment, the
two electrodes are fixed in position by a wooden rod and kept 10 cm apart. Waterproof
tape is used to wrap the corrosion electrode, leaving only one side. By maintaining a
constant current of 3 A throughout the experiment, the corrosion process of the steel
sample connected to the positive pole is accelerated. Saturated clay soil is used to simulate
the submarine soil environment, which is derived from the coastal region. A 5% mass
concentration NaCl solution is added to the clay soil as an electrolyte solution.

After the experiment, the corroded steel sample is removed from the experimental
apparatus and cleaned. The whole experiments are set up with ten groups of working
conditions with a minimum experimental time of 1 h and a maximum experimental time
of 10 h. The duration of each group of experiments differs by one hour. In addition, the
uncorroded steel sample is used for a control group.

2.3. Mass Loss per Unit Area

After experiments, the corroded samples are removed from the soil and tore off the
waterproof tapes. Then the corrosion products are cleaned. The fragile corrosion products
stuck to the surface can be easily removed by flowing water. The rest of the corrosion
products are cleaned with ethyl alcohol and distilled water. After drying, the samples are
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weighed. The mass loss per unit area ma is employed to describe the corrosion degree of
the samples, which is calculated as

ma =
m0 − m1

A
=

m0 − m1

πr2 (5)

where ma is the mass loss per unit area (g/dm2); m0 is the original weight of the sample (g);
m1 is the weight of the corroded sample (g); A is the area of the corroded surface (dm2),
which can be given by the radius r of the circular surface as πr2.

Based on Equation (4), the theoretical values of mass loss per unit area under different
corrosion times are calculated by taking z to be 2 and 3, respectively, wherein z represents
the number of electrons transferred by corrosion of Fe. When z equals 2, the corrosion
product is divalent iron, and when z equals 3, the corrosion product is trivalent iron.
The comparison between the experimental value and the theoretical value is shown in
Figure 2. One finds from Figure 2 that the mass loss per unit area measured by experimental
samples is between the theoretical values calculated with z being 2 and 3. It means the
experimental corrosion products included both trivalent iron and divalent iron. Another
phenomenon can be found in Figure 2 that the mass loss per unit area ma increases linearly
with the corrosion time t. It indicates that the rate of corrosion is uniform in the electrolytic
accelerated corrosion experiments. The variation of the mass loss per unit area ma (g/dm2)
with corrosion time t (h) is fitted with a linear function. The fitting formula is given as

ma = 6.6195 × t (6)

m

t

m
m z
m z

 
Figure 2. Mass loss per unit area.

By dividing the corrosion process into two electrochemical reaction processes, during
which the corrosion product is divalent iron and trivalent iron, respectively, the corrosion
mass loss rates of the two electrochemical reaction processes are calculated. The comparison
result is shown in Figure 3. In Figure 3, the orange color means the mass loss rate of the
electrochemical reaction process during which the corrosion product is divalent iron. The
purple color means the mass loss rate of the electrochemical reaction process during which
the corrosion product is trivalent iron. It can be found when the corrosion time is less
than 3 h, the mass loss rates of the two electrochemical reaction processes are similar.
With the increasing corrosion time, the corrosion products are mainly trivalent iron. This
phenomenon keeps step with the result of previous studies [10].
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Figure 3. Corrosion mass loss ratio.

3. Mathematical Model of Corroded Steel Surface

3.1. Surface Topography

To investigate the surface characteristic of corroded samples, a binocular laser scanner
is employed to measure the height data of the surface topography. In order to reduce the
measurement error at the edge of the circular samples, the square area with a 40 mm side
length at the center of the specimen is chosen to investigate the surface characteristic of
corroded steel. As the scanning interval is set as 0.1 mm, there are 401 contour curves in
each sample area. Each scanning curve has 401 data points. The data are stored on the
computer. The height coordinate of the data is the distance of the corroded sample surface
relative to the laser scanner. For the convenience of analysis, by subtracting the mean value
of the scanning height, a series of surface height data h(x,y) is obtained, which fluctuates
around 0. The schematic diagram of the surface height data is illustrated in Figure 4.

y

x

h Mean plane

h=0

Figure 4. Schematic diagram of surface topography.

The surface curve maps of the corroded surface are drawn in Figure 5. In Figure 5, the
corroded surface is composed of a series of uneven two-dimensional contour curves. When
the corrosion degree is light, the fluctuation of two-dimensional contour curves is small.
With the increasing corrosion degree, the corroded surface has obvious areas of corrosion
pits. The number and size of corrosion pits are increasing. Additionally, the fluctuation of
the two-dimensional contour curves also increases gradually.
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(a) ma = 0 g/dm2 (b) ma = 8.3 g/dm2 (c) ma = 13.5 g/dm2 

   
(d) ma = 22.0 g/dm2 (e) ma = 27.4 g/dm2 (f) ma = 35.1 g/dm2 

  
(g) ma = 41.0 g/dm2 (h) ma = 46.5 g/dm2 (i) ma = 49.9 g/dm2 

  
(j) ma = 58.9 g/dm2 (k) ma = 66.1 g/dm2 

Figure 5. Surface curve maps of corroded steel surface with different corrosion degrees.

3.2. Surface Height Distribution

In order to analyze the distribution of surface height, the surface height probability
density of the two-dimensional contour curve is calculated and plotted in Figure 6. Consid-
ering that each sample has 401 contour curves, only one representative two-dimensional
contour curve is selected for each sample to draw the histogram of surface height, as
shown in Figure 6. It can be found from Figure 6 that the probability density of the two-
dimensional contour curve of each sample is almost symmetric on both sides of the surface
height of 0 mm. The closer the surface height equals 0, the larger the probability density is.
The shape of the histogram of surface height probability density is similar to the probability
density curve of the Gaussian distribution.
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Figure 6. Probability density of surface height of two-dimensional contour curve.

To prove the surface height of the contour curve follows the Gaussian distribution,
based on the probability density function of the Gauss distribution, the mean value and
standard deviation of the surface height of contour curve are calculated. The probability
density curves following the Gaussian distribution are drawn in Figure 6 with calculated
mean value and standard deviation to compare with the histogram of probability density.
The probability density function of Gauss distribution can be written as

f (x; μ, σ) =
1

σ
√

2π

∫ x

−∞
exp

(
− (x − μ)2

2σ2

)
dx (7)
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where μ is the mean value of the surface height of a two-dimensional contour curve, and σ
is the standard deviation of the surface height of a two-dimensional contour curve.

The comparison results are shown in Figure 6. It is evident that the height distribution
of the two-dimensional contour curve is in accord with the Gaussian distribution form.

The height standard deviation of each two-dimensional contour curve is calculated.
The results that corrosion degree ma equals 0 (i.e., no corrosion), 35.1 and 66.1 g/dm2 are
plotted in Figure 7. It is obvious that the discreteness of the standard deviation is small.
Therefore, the mean value of the standard deviation of every two-dimensional contour
curve can be adopted as the standard deviation of the surface height of one sample. The
variation curve of the standard deviation of surface height of steel samples with different
corrosion degrees is drawn in Figure 8. It can be found from this figure that the standard
deviation increases with the corrosion degree. It means that the corroded steel surface
becomes rougher.

0.0

0.2

0.4

0.6
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Figure 7. Standard deviation of surface height of two-dimensional contour curves.
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Figure 8. Variation of standard deviation σ with corrosion degree ma.

3.3. Development of Mathematical Model

The corroded surface is composed of a series of uneven two-dimensional contour
curves. These contour curves can be regarded as experimental results of the sample
function of a one-dimensional stochastic process. In previous studies, the Monte Carlo
method is the universal method to describe stochastic processes. However, it is usually
time-consuming [24]. Shinozuka and Deodatis [25] proposed a spectral representation
method to generate one-dimensional, uni-variate, stationary, Gaussian stochastic processes.
Considering this method is more efficient than the Monte Carlo method in calculation, the
spectral representation method is used to develop the mathematical model of corroded
surface in the following.

3.3.1. Verification of Stationarity

The corroded surface can be understood as consisting of a series of experimental
results of the sample function of the one-dimensional stochastic process. The concept of the
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stochastic process can be explained in Figure 9. In Figure 9, hk(x) denotes k-th sample of
a one-dimensional stochastic process, where k = 1, 2, . . . , N. xi means the i-th data point
of any sample of one-dimensional stochastic process along x-axis direction, where I = 1, 2,
. . . , n. Theoretically, when the numbers of samples (N) and data points (n) both tends to be
infinity, the precise corroded surface topography can be obtained.

x

x

x

h2(x)

x

h1(x)

hk(x)

hN(x)

x1      x2    ......   xi    ......      xn  

Figure 9. Schematic diagram of stochastic process on corroded surface.

The arbitrary sample of one-dimensional stochastic process consists of a series of
stochastic data points along the length x direction, which can be expressed as

{h(x)} = {h(x1), h(x2), · · · , h(xi), · · · , h(xn)} (8)

where x is the coordinate along the length direction; h(xi) is the surface height of i-th data
point of the one-dimensional stochastic process.

In order to develop the mathematical model of the stochastic process with the spectral
representation method, the stationary of the one-dimensional stochastic process needs to
be verified. According to the above analysis in Section 3.2, the stochastic process {h(x)} is a
Gaussian stochastic process, which is also a secondary moment process. For a secondary
moment process {h(x)}, if the following conditions are satisfied, the process is a stationary
stochastic process.

(1) ∀x ∈ X, mh(x) = constant;

(2) ∀τ ∈ R, x, x + τ ∈ X, Rh(x, x + τ) = Rh(τ).

where mh(x) is the mean value of the stochastic process when the position coordinates equal
x; τ is the sampling interval along the length direction; Rh(x,x+τ) is the correlation function
when the sampling interval is τ.

The above conditions mean that if the mean value of the stochastic process is a constant
independent of position coordinates and the correlation function is a function of sampling
interval τ independent of position coordinates, the secondary moment process can be seen
as a stationary stochastic process.

Since the two-dimensional contour curves of corroded surface are regarded as a series
of samples of a one-dimensional stochastic process, the mean values of surface height of 401
contour curves with different position coordinates are calculated. The variation of mean
value with x-coordinate for three corrosion degrees is drawn in Figure 10 as examples. It
is obvious that the mean value of the surface height of contour curves is almost equal to
zero when the sampling length is greater than 30. When the sampling interval is a unit
interval, the correlation function of surface height of 401 contour curves with different
position coordinates is calculated. The variation of correlation function with x-coordinate
for three corrosion degree are plotted in Figure 11 as an example, too. It can be found that
the correlation function tends to be a constant when the sampling length is greater than 30.
Figures 10 and 11 show that the mean value and correlation function of surface height of
contour curves is independent of position coordinates when the sampling length is greater
than 30. Therefore, the contour curves can be regarded as the samples of a one-dimensional
stationary Gaussian stochastic process [26,27].
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Figure 10. Mean value of surface height of two-dimensional contour curves.
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Figure 11. Correlation function of surface height of two-dimensional contour curves.

3.3.2. Mathematical Model

After verification of stationarity, the mathematical model of the corroded surface is
developed with the spectral representation method in this subsection. According to the
study of Shinozuka and Hu [25,28], a one-dimensional stationary stochastic process {h(x)}
can be simulated by the following series as N → ∞:

h(x) =
√

2
N−1

∑
n=0

Ancos(wnx + φn) (9)

where
An = (2Sh(wn)Δw)1/2, n = 0, 1, 2, . . . , N − 1 (10)

wn = n ×�w, n = 0, 1, 2, . . . , N − 1 (11)

Δw =
wn

N
(12)

and
A0 = 0 or Sh(w0 = 0) = 0 (13)

In Equation (9), wn represents an upper cut-off frequency beyond which the power
spectral density function Sh(wn) can be assumed to be zero. Φn is an independent random
phase angle uniformly distributed in the range [0,2π]. The stochastic process {h(x)} is
periodic with period T0:

T0 = 2π/Δw (14)
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For a one-dimensional stationary stochastic process, the power spectrum function
Sh(w) and the autocorrelation function R(τ) are a pair of Fourier transform pairs. They have
the form as {

Sh(w) =
∫ +∞
−∞ R(τ)e−iwτdτ

R(τ) = 1
2π

∫ +∞
−∞ Sh(w)eiwτdw

(15)

Equation (15) is called the Wiener–Khintchine formula, which reveals the connection
between the statistical law describing the stationary process from the time perspective and
the statistical law describing the stationary process from the frequency perspective.

Since Sh(w) and R(τ) are even functions, Equation (15) could be rewritten in the form
of Equation (16) using Euler’s formula as{

Sh(w) = 2
∫ +∞

0 R(τ)eiwτdτ

R(τ) = 1
π

∫ +∞
0 Sh(w)eiwτdw

(16)

The autocorrelation function of surface height is an important parameter to character-
ize the variation of the parameter space points. The cosine exponential model is always
used to fit the autocorrelation function [29,30]. The fitting formula has the form as

R(τ) = exp(−k|τ|)(cos(wτ)) (17)

where τ is the sampling interval; k and w are the parameters of the fitting formula.
If the unit sampling interval is τ0, the sampling interval can be expressed as j·τ0.

Therefore, the different values of j are selected, and the length of the sampling interval
is different. For two-dimensional contour curves, the maximum sampling interval is the
length of the contour curve along the length direction.

According to the definition of autocorrelation function [31], the autocorrelation func-
tion of surface height of two-dimensional contour curves could be calculated as

R(τ) = R(i · τ0) = E[h(x)h(x + τ)]

=
∫ +∞
−∞ x1x2 f2(x1, x2; τ)dx1dx2 = 1

n−i

n−i
∑

k=0
h(xk)h(xk+i)

(18)

Based on Equations (17) and (18), the autocorrelation function of surface height of
two-dimensional contour curves is calculated and fitted. The fitting diagrams for three
corrosion degrees are shown in Figure 12. In Figure 12, the black points are the calculated
values of the autocorrelation function of contour curves. The red curves are the fitting
curves fitted with Equation (17).

   
(a) ma = 0 g/dm2 (b) ma = 35.1 g/dm2 (c) ma = 66.1 g/dm2 

Figure 12. Sample autocorrelation function fitting diagram.

It can be found from Figure 12 that the autocorrelation function varies with the increase
in corrosion degree. For the statistical analysis of the parameters k and w of the fitting
curves, it is found that the mean values of parameters k and w of all fitting curves for
every sample have an S-logistic function form and exponential function form, respectively,
with the increasing of corrosion degree. Therefore, the S-logistic function and exponential
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function are used to fit the variations of parameters k and w, respectively. The fitting
formulas are given as

k = 0.05665 +
1.57188

1 + (ma/27.5374)8.14368 (19)

w = 0.00402 × 0.3864(ma/6.6195) (20)

The fitting diagrams of parameters k and w are plotted in Figure 13. It can be found
that the parameter k decreases slowly when corrosion degree ma is smaller than 20 g/dm2.
The rate of reduction increases when corrosion degree ma increases from 20 to 40 g/dm2.
The parameter k tends to be stable when corrosion degree ma is larger than 40 g/dm2. The
variation of parameter w differs from that of parameter k. Parameter w decreases when
corrosion degree ma is smaller than 20 g/dm2. Then with the increasing of corrosion degree
ma, parameter w tends to be stable.

 k
 Fitting curve

k

m  

 w
 Fitting curve

w

m
 

(a) (b) 

Figure 13. Variation curve of parameters k and w with corrosion degree: (a) parameter k; (b) parame-
ter w.

Combining Equations (17), (19) and (20), the function for the variation of the autocor-
relation function with the corrosion degree ma can be obtained. According to Equation (16),
the Fourier transform of the autocorrelation function is the power spectrum function.
Therefore, the function for the variation of the power spectrum function with the corrosion
degree ma can be expressed as

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Sh(w)= 2
∫ +∞

0 R(τ)eiwτdτ
R(τ) = exp(−k|τ|)(cos(wτ))
k = 0.05665 + 1.57188

1+(ma/27.5374)8.14368

w = 0.00402 × 0.3864(ma/6.6195)

(21)

Based on Equations (9)–(10), the stochastic function of one-dimensional stationary
stochastic process {h(x)} can be written as

h(x) =
√

2
N−1

∑
n=0

√
2Sh(wn)Δw cos(wnx + φn) (22)

Substituting Equation (21) into Equation (22), the stochastic process {h(x)} with different
corrosion degrees can be simulated.

3.4. Stochastic Result Validation

Based on the above mathematical model of one-dimension stochastic process, the
two-dimensional contour curves of corroded surfaces with different corrosion degrees can
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be generated, as shown in Figure 14. These sample curves fluctuate around 0. With the
increase in corrosion degree, the fluctuation amplitude of the sample curve increases. It
represents the corroded surface becoming rougher.

h

x

 ma = 0g/dm2       ma = 8.3g/dm2    ma = 13.5g/dm2  ma = 22.0g/dm2  ma = 27.4g/dm2

 ma = 35.1g/dm2  ma = 41.0g/dm2  ma = 46.5g/dm2  ma = 49.9g/dm2  ma = 58.9g/dm2 

 ma = 66.1 g/dm2

 

Figure 14. Randomly generated two-dimensional contour curves under different corrosion degree.

In order to prove the reliability of the mathematical model, the standard deviation σ,
arithmetic mean height Sa and maximum height Sz of randomly generated two-dimensional
contour curves and experimental samples are compared [32,33]. Standard deviation σ
represents the dispersion degree of surface height of the two-dimensional contour curve. It
can be calculated as

σ =

√√√√√ n
∑

i=1
h(xi)

2

n
(23)

where n is the number of points of the two-dimensional contour curve; h(xi) is the surface
height when the coordinate is xi.

The arithmetic mean height Sa is the arithmetic mean of the surface offset within the
sampling area, which reflects the fluctuation of surface height. The calculation formula is
expressed as

The maximum height Sz is the distance between the maximum surface peak height
Sp and the maximum surface valley depth Sv within the sampling range. The calculation
formula is written as

Sz = Sp − Sv (24)

where Sp is the maximum surface peak height; Sv is the maximum surface valley depth.
The comparison results are shown in Figure 15. It can be found that the standard

deviation, arithmetic mean height and maximum height of randomly generated two-
dimensional contour curves are similar to those of the experiment samples. It proves
that the mathematical model of corroded surface topography is reliable. The randomly
generated two-dimensional contour curves can be used to represent the corroded surfaces.

   
(a) (b) (c) 
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Figure 15. Comparison diagrams: (a) standard deviation σ; (b) arithmetic mean height Sa; (c) maxi-
mum height Sz.
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4. Discussion

For any point on the corroded surface, it is crossed by a lot of two-dimensional contour
curves. For the convenience of computation, any point on the corroded surface is regarded
as the mean value of the height of randomly generated two-dimensional contour curves
through that point in x-direction and y-direction. Therefore, the surface height of any point
of the corroded surface h(x,y) can be expressed as

h(x, y) =
h(x) + h(y)

2
(25)

h(x) =
√

2
N−1

∑
n=0

√
2Sh(wn)Δw cos(wnx + φnx) (26)

h(y) =
√

2
N−1

∑
n=0

√
2Sh(wn)Δw cos

(
wny + φny

)
(27)

According to the sum to product formula of trigonometric functions, Equation (25)
can be written as Equation (29).

cos α + cos β = 2 cos
α + β

2
cos

α − β

2
(28)

h(x, y) = h(x)+h(y)
2

=
√

2

⎡
⎢⎢⎣

N−1
∑

n=0

√
2Sh(wn)Δw cos

(
(wnx+wny)+(φnx+φny)

2

)

cos
(

(wnx−wny)+(φnx−φny)
2

)
⎤
⎥⎥⎦ (29)

Based on the mathematical model of a three-dimensional surface, the stochastic surface
topography of different corrosion degrees is generated, as shown in Figure 16. It is evident
that the corroded surface is rough, and corrosion pits appear randomly on the surface.
In fact, the three-dimensional surface can be regarded as a two-dimensional stochastic
field based on the position coordinates. Generating a three-dimensional surface with
the mathematical model of a one-dimensional stochastic process is a simplified method.
Compared with the simplified method in past works that assumes the corrosion pit is cylin-
drical shaped pits or conical pits, the reconstructed surface topography is more effective in
describing the property of corroded steel surface [15,16].

   
(a) ma = 0 g/dm2 (b) ma = 35.1 g/dm2 (c) ma = 66.1 g/dm2 

Figure 16. Randomly generated corroded surface with different corrosion degrees.

5. Conclusions

In this paper, the corrosion characteristics in the submarine soil environment of steel
structure are studied by electrochemical accelerated corrosion experiments. The corrosion
characteristics are summarized through the analysis of electrochemical reactions and mass
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loss. The variation rules of surface topography of corroded steel samples are investigated
by scanning tests. The following conclusion can be drawn:

(1) The mass loss per unit area increases linearly with the corrosion time. Based on
Faraday’s law, the experimental value and theoretical value of mass loss are compared.
The result indicates that when the corrosion time is less than 3 h, the mass loss rates of
two electrochemical reaction processes during which the corrosion product is divalent
iron and trivalent iron, respectively, are similar. With the increasing corrosion time,
the corrosion products of experiments are mainly trivalent iron.

(2) With the increasing corrosion degree, the corroded steel surface becomes rougher, and
the number and size of corrosion pits increase. The height of surface two-dimensional
contour curves under different corrosion degrees obeys the Gaussian distribution.

Based on the spectral representation method, a mathematical model is developed for
a one-dimensional profile of a corroded steel surface. The reliability of the mathematical
model is proved by comparing the standard deviation, arithmetic mean height and maxi-
mum height of reconstructed samples with those of experimental samples. By assuming
that the height of any point on the corroded surface equals the mean value of heights of
randomly generated two-dimensional contour curves through that point along x-direction
and y-direction, the three-dimensional surface can be reconstructed. The mathematical
model can be adapted to reconstruct the surface topography of steel with different corrosion
degrees in the following research on the shearing behavior of soil-corroded steel interface.
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Abstract: This study used a vacuum diffusion welding process to weld magnesium (Mg1) and
aluminum (Al1060). The diffusion layers, with different phase compositions, were separated and
extracted by grinding. The diffusion layers’ microstructures and phase compositions were analyzed
using scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). Further-
more, the corrosion resistance of each diffusion layer and the substrates were investigated and
compared by performing corrosion immersion tests and linear polarization measurements in a
3.5 wt.% NaCl solution. The results showed that diffusion layers consisting of Mg2Al3, Mg17Al12,
and Mg17Al12/Mg-based solid solutions were formed at the interface of the Mg1/Al1060 vacuum
diffusion joint. Furthermore, each diffusion layer’s structure and morphology were of good quality,
and the surfaces were free from defects. This result was obtained for a welding temperature of 440 ◦C
and a holding time of 180 min. The corrosion current density of Mg1 was 2.199 × 10−3 A/cm2,
while that of the Al1060, Mg2Al3, Mg17Al12, and Mg17Al12/Mg-based solid solutions increased by
order of magnitude, reaching 1.483 × 10−4 A/cm2, 1.419 × 10−4 A/cm2, 1.346 × 10−4 A/cm2, and
3.320 × 10−4 A/cm2, respectively. The order of corrosion rate was Mg1 > Mg17Al12 and Mg-based
solid solution > Mg2Al3 > Mg17Al12 > Al1060. Moreover, all diffusion layers exhibited an improved
corrosion resistance compared to Mg1. This was especially the situation for the Mg2Al3 layer and
Mg17Al12 layer, whose corrosion resistances were comparable to that of Al1060.
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1. Introduction

With the continuous and rapid development of modern industrial technology, the
sustainable development of lightweight materials for environmental protection and energy
savings has attracted more and more attention in today’s society [1]. Magnesium and
aluminum are two lightweight nonferrous metals of low density and high specific strength
compared to common structural materials such as steel. Their alloys have been widely
used in global transportation, especially in the automotive and aerospace industries [2–4].
At present, rolling, bonding, and welding are commonly used processes by which it is
possible to achieve an effective combination of Mg and Al heterogeneous metals. These
processes not only result in an optimization of the structural qualities but also take full
advantage of the respective metals’ properties [5,6]. The welding methods that are used
at present in realizing the combination of Mg/Al heterogeneous metals mainly include
laser welding [7], TIG welding [8], stir friction welding [9,10], diffusion welding [11,12],
and ultrasonic welding [13]. The chemical reactivities of magnesium and aluminum are
relatively high, and defects such as oxidation, cracks, and pores can easily appear in the
process of traditional fusion welding. Vacuum diffusion welding is a solid-state welding
method that uses a low heat input during the welding process. As a result, the metal base
material does not melt; it only undergoes a microscopic plastic deformation at the surface.
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The quality of the welded joint is, therefore, relatively stable. This method is suitable
for welding metal materials with different physical properties, such as the coefficient of
thermal expansion. It is, thus, applicable to magnesium and aluminum.

Corrosion is the physical and chemical reaction between materials and their surround-
ings, which changes the properties of a material. Corrosion is harmful to the production
and development of today’s industry. Metal corrosion significantly reduces its service life
and easily causes potential safety hazards using precision fields [14,15]. It is well known
that magnesium and magnesium alloys experience poor corrosion resistance and are sus-
ceptible to corrosion in neutral solutions containing chloride ions. Poor corrosion resistance
is a crucial bottleneck that limits their wide application in areas with high safety require-
ments [16]. However, aluminum and aluminum alloys exhibit an improved corrosion
resistance relative to magnesium and magnesium alloys in chlorine-containing environ-
ments [17]. Intermetallic compounds (Mg2Al3, Mg17Al12) are formed in the joint during
vacuum diffusion welding of the Mg/Al pair, thereby forming a continuous diffusion layer.
Numerous studies have shown that Mg/Al intermetallic compounds are hard and brittle,
and their wide distribution at the common interface leads to further deterioration of the
mechanical properties of the joint [18–20]. Therefore, in the vacuum diffusion welding of
dissimilar metals (e.g., the Mg/Al pair), the primary research has focused on effectively
suppressing the formation of brittle intermetallic compounds. Many researchers have
extensively investigated the optimization of welding process parameters and the possibil-
ity of an implantation of a suitable interlayer to suppress the formation of intermetallic
compounds [21–23]. No matter what method is used, the generation of an intermetallic
compound cannot be avoided entirely. It is only possible to control its formation, or change
its distribution, to a certain extent in the strives to improve the performance of the joint.
The generation of intermetallic compounds in joints is inevitable [24–26]. Therefore, under
the conditions of the overall controlled corrosion resistance of Mg and Al, it is essential
to study the corrosion behavior of the Mg/Al vacuum diffusion composite plates and
the intermetallic compounds at the joint. Related workers had made some reports on the
corrosion resistance of magnesium-aluminum intermetallic compounds. The research of
Zhang et al. [27] showed that the magnesium aluminum intermetallic compound coating
could significantly improve the wear resistance and corrosion resistance of magnesium
substrate and protect magnesium substrate from wear and corrosion. Bu et al. [28] suc-
cessfully deposited intermetallic compound Mg17Al12 particle reinforced pure Al coatings
onto AZ91D magnesium substrate, their measured potentiodynamic polarization curves in
3.5 wt.% NaCl solution showed that the corrosion current density of the magnesium sub-
strate decreased by more than one order of magnitude after the deposition of the coating.

However, to our knowledge, no reports deal with the corrosion resistance evaluation of
the Mg/Al vacuum diffusion composite plates, nor with diffusion layers, when immersed
in an aggressive NaCl environment. In the present study, the Mg/Al pair welding has been
the first one using a vacuum diffusion welding technique. The microstructure and phase
composition of the diffusion layers were observed and analyzed by Scanning Electron
Microscopy (SEM) and energy dispersive spectroscopy (EDS). Each diffusion layer was
separated and extracted. Furthermore, the corrosion mechanism was analyzed using the
optical microscope (OM), SEM, and EDS. This was also the situation for the Mg/Al vacuum
diffusion composite plates and the different diffusion layers. This paper separated diffusion
layers of Mg/Al and their corrosion behavior in a 3.5 wt.% NaCl solution was studied,
which was nearly the first try. The purpose of the present study was not only to explore
the corrosion resistances of the diffusion layers and the Mg/Al matrix, but also to lay the
theoretical foundation for an improvement of the corrosion resistance of magnesium by
using alloying aluminum material.
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2. Experimental Materials and Methods

2.1. Materials

The base metals selected for the experiments were aluminum (Al1060) and magnesium
(Mg1), and the chemical composition of these metals is listed in Tables 1 and 2, respectively. The
specimens used for the vacuum diffusion welding test were of size 80 mm × 20 mm × 3 mm.

Table 1. Chemical composition of Mg1 (mass fraction, %).

Mg Al Mn Cu Si Fe Ca Ni

Bal. 0.2 0.22 0.0008 0.012 0.0021 0.0015 0.0009

Table 2. Chemical composition of Al1060 (mass fraction, %).

Al Mg Mn Cu Si Fe Zn Ni

Bal. 0.05 0.10 0.007 0.012 0.20 0.25 0.0016

2.2. Preparation of Mg1/Al1060 Vacuum Diffusion Layers

Before welding, the metal surfaces were ground with 400#, 800#, 1200#, 1500#, and
2000# abrasive papers to remove oxide films from these surfaces. After that, it was polished
using a polishing cloth and a diamond abrasive paste. Ultrasonic cleaning was performed
after the polishing, and absolute ethanol was used to remove any impurities or oil stains
from the surface. As the next step, the treated base material was put into a unique mold
with a “magnesium on top of aluminum” stacking and placed in a vacuum heating fur-
nace for welding. Based on the phase diagram of the Mg/Al binary alloy, the welding
temperature was chosen to be 440 ◦C. Considering that the Mg/Al vacuum diffusion layers
will gradually grow with an extension of the welding time, the holding time during the
welding process was selected as 180 min. This time ensures that the diffusion reactions
were entirely carried out and that a diffusion layer with sufficient thickness was obtained.
This thickness should facilitate the subsequent extraction of diffusion layers with different
phase compositions and be sufficiently large for the following corrosion experiments. In
order to avoid a thermal shock that would affect the quality of the welded joint, the sample
was slowly cooled to room temperature within the furnace after completion of the welding.
The heating rate during the welding process was 10 ◦C/min, and the vacuum pressure was
less than 1 × 10−2 Pa. The welding process flow is demonstrated in Figure 1.

Figure 1. Flow chart of the vacuum diffusion welding process.

2.3. Assessment of Corrosion Resistance

The interface of a Mg1/Al1060 welded joint was sampled by using a wire-cutting
technique. The corrosion resistance of these samples (of size 20 mm in length and 8 mm
in width) was characterized by corrosion immersion and linear polarization techniques.
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The tests were repeated three times under each condition to ensure accuracy and avoid
accidental errors. Before these analyses, all samples were polished to 2000 grit and cleaned
with anhydrous ethanol. All corrosion resistance tests were carried out in 3.5 wt.% NaCl
solution under atmospheric conditions.

2.3.1. Corrosion Immersion Tests

The polished Mg1/Al1060 composite plates were immersed in a 3.5 wt.% NaCl solution
and removed every 90 min. During these interruptions, the corrosion products on the surface
were removed using ultrasonic cleaning with absolute ethanol, and the plates were then dried
with a hair dryer. The evolution of the surface morphologies could, in this way, be followed
by using an optical microscope (Thermo Fisher Scientific, Waltham, MA, America).

2.3.2. Linear Polarization

The wire-cut specimens used for linear polarization tests were encapsulated with tooth-
powder. The purpose was to expose the diffusion layers both uniformly and continuously.
They were, after that, ground from the magnesium substrate side with a metallographic
polishing machine. When the grinding was close to the exposure of diffusion layers, they
were carefully polished with the polishing cloth and abrasive paste instead of abrasive
papers to prevent the removal of abrasive papers being too large to get a single-component
diffusion reaction layer; the EDS (Thermo Fisher Scientific, Waltham, MA, America) was
used to verify this.

Linear polarization measurements were used for a more quantitative assessment of
the corrosion resistance of the diffusion layers. These measurements were carried out
for both Mg1 and Al1060 using a CS Instruments Electrochemical Work Station (CS350,
Wuhan, China). A comparison between Mg1 and Al1060 was then easily achieved. A
conventional three-electrode electrochemical cell setup was employed, which consisted of
the test sample as the working electrode (with an exposure area of 1.6 cm2), a silver chloride
electrode as the reference electrode, and a platinum electrode as the counter electrode. The
linear polarization measurements were then made by applying a potential in the range of
−300 mV to +300 mV, with a scan rate of 1 mV/s. Linear polarization curves were obtained,
and the electrochemical measurements were completed. Polarization data, including
the corrosion potential (Ecorr), corrosion current density (Icorr), polarization resistance
(Rp), and corrosion rate (Vcor), could be deduced from the linear polarization curves
(i.e., log I vs. E plot). Furthermore, the Icorr values were obtained from the intersection of
the Tafel slope. Moreover, the Rp and Vcor values were calculated using the Corrview 3.10
software, which was provided by the electrochemical workstation (CS350). Furthermore,
the samples’ surface morphology was studied using SEM and EDS.

3. Results

3.1. Microstructure and Phase Composition of the Mg1/Al1060 Layers

Figure 2 shows the microstructure of the Mg1/Al1060 joint, which was formed at a
welding temperature of 440 ◦C and for a holding time of 180 min. It is clear that the joint
is well combined, and there are no defects such as holes, burning, or incomplete fusion.
Furthermore, the initial interface between the Mg1 and Al1060 substrates disappeared,
and a diffusion layer was formed at the joint position. An enlarged view of the diffusion
layer morphology can be seen in Figure 2b, which clearly shows that the diffusion layer
is composed of three layers. The organizational structure of layer 1 is relatively uniform,
while layer 2 has an irregular columnar structure towards the Mg1 substrate. Moreover,
layer 3 consists of a relatively homogeneous eutectic structure and is much thicker than
layers 1 and 2. The elemental compositions of these diffusion layers were analyzed using
an EDS point scan. The results are shown in Figure 3. The elemental composition of point A
in layer 1 was composed of approximately 40% Mg and 60% Al. According to the analysis
in Ref. [1] and the Mg/Al alloy phase diagram, the composition of point A was the Mg2Al3
phase. Furthermore, point B of layer 2 consisted of nearly 40% Al and 60% Mg, which
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suggests that layer 2 was composed of the Mg17Al12 phase. Figure 3c shows the EDS result
from the light point C of layer 3. This point consists of nearly 40% Al and 60% Mg, which
was determined to be the Mg17Al12 phase. Additionally, Figure 3d shows the EDS result
from the dark point D of layer 3, where Mg has increased to nearly 90%, while Al has
decreased to nearly 10%. Thus, this point did mainly consist of a Mg-based solid solution.
Hence, it was demonstrated that the eutectic structure in layer 3 consisted of both Mg17Al12
and a Mg-based solid solution. Based on these results, it can be understood that the order
of diffusion layers from the Al side to the Mg side was: Mg2Al3 layer, Mg17Al12 layer,
Mg17Al12/Mg-based solid solution layer.

  
(a) (b) 

Figure 2. SEM images of the Mg1/Al1060 diffusion layers: (a) SEM image at low magnification, (b)
SEM image at high magnification.

 
(a) (b) 

Figure 3. Cont.
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(c) (d) 

Figure 3. Elemental composition in different regions of the diffusion layer: (a) point A, (b) point B,
(c) point C, and (d) point D.

3.2. Corrosion Immersion Test Results

Figure 4 shows a significant surface morphology evolution with time for a Mg1/Al1060
composite plate immersed in a 3.5 wt.% NaCl solution. It can be seen that the surface
morphology of the diffusion layers and the two substrates was of high quality before any
soaking had taken place. Thus, there were no apparent defects. On the contrary, the Mg1
substrate became severely degraded after 90 min of immersion in a 3.5 wt.% NaCl solution.
A large piece of the Mg1 metal was corroded away from the composite plate, and the surface
of the remaining part turned black (from a metallic luster). However, the surfaces of the
diffusion layers and the Al1060 substrate showed no obvious corrosion defects. They had,
thus, stronger corrosion resistance than Mg1. Furthermore, the surface of the Mg1 substrate
became coarser and darker upon further immersion in the NaCl solution. In addition, typical
pitting corrosion occurred on the surface of the Al1060 substrate, and these pits were evenly
distributed on the surface. However, there were no noticeable changes on the surfaces of
the diffusion layers (see Figure 4c). For even longer immersion times, Mg1 became entirely
corroded, and the corrosion of Al1060 worsened. In addition, the pits on the Al1060 surface
were gradually enlarged. Interestingly, there were still no evident corrosion-related defects
on the surfaces of the diffusion layers (see Figure 4d). When the immersion time reached
360 min, the pitting corrosion on the Al1060 surface became more significant. The pits
increased in quantity and gradually appeared as a honeycomb distribution. Some parts of
the diffusion layers were also corroded off; traces of pits were left on its surface, with a more
pronounced concentration on the Mg17Al12 and Mg-based solid solution layer. When the
immersion time reached 450 min, the original metal surface of Al1060 was almost completely
destroyed. One can also find that the corrosion pits had grown even further and connected
in a continuous wave-like pattern. At the same time, the corrosion pits on the diffusion
layers had increased in number and significantly enlarged. This result proves that the degree
of corrosion became severe with an increase in immersion time.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4. Surface morphology of the substrates and diffusion layers for different immersion times:
(a) 0 min, (b) 90 min, (c) 180 min, (d) 270 min, (e) 360 min, and (f) 450 min.
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By soaking in a 3.5 wt.% NaCl solution, it could initially be seen that the Mg1 substrate
was most easily corroded in the Mg1/Al1060 composite plates. Many studies have con-
firmed that the oxide films formed on the surfaces of magnesium and magnesium alloys
in the air cannot effectively protect the surfaces in a solution containing Cl ions. Rapid
corrosion occurs, which is due to the low electrode potential of magnesium. Thus, magne-
sium will act as an anode when it is in contact with other alloys, causing electrochemical
corrosion. This explains the present study’s rapid corrosion and degradation of the Mg1
substrate. On the other hand, Al1060 showed a stronger corrosion resistance than Mg1,
with typical pitting corrosion occurring after immersion. The continuous pitting corrosion
was found to penetrate deep into the metal, causing severe damage to the Al1060 substrate.
However, the diffusion layers showed the most negligible corrosion. The explanation is
their direct contact with the Mg1 substrate, where Mg1 acts as an anode. Thus, the Mg1 sub-
strate underwent rapid galvanic corrosion, which indirectly protected the diffusion layer.
As more and more magnesium substrate was corroded, the protective effect weakened,
and the reaction layers gradually corroded. Therefore, the diffusion layers were the least
corroded, with corrosion defects gradually appearing on the surface after an immersion
time of 360. It was observed that the corrosion defects were mainly concentrated on the
Mg17Al12 and Mg-based solid solution diffusion layer.

3.3. Cross-Sectional Structure and Energy Spectrum Analysis

Figure 5 shows the cross-sectional structure of each diffusion layer (Mg2Al3 layer,
Mg17Al12 layer, and Mg17Al12 and Mg-based solid solution layer) after grinding. It can
be seen that the structure and morphology of each diffusion layer are intact, and the
surface is free from defects. In order to verify the composition of each diffusion layer, its
composition was examined by using EDS. Figure 6 shows the elemental detection results of
the EDS surface scan, where red represents the Mg element and green represents the Al
element. It can be seen that the Mg and Al elements were uniformly distributed in these
samples, which reflects the presence of only one single and homogeneous phase in each of
these diffusion layers. The Al element, as represented by green in the Mg2Al3 diffusion
layer, is dominating in the samples. In comparison, the presence of the Mg element, as
represented by red, has significantly increased in the Mg17Al12 diffusion layer. While the
most apparent Mg element can be observed in Mg17Al12 and Mg-based solid solution
diffusion reaction layer. These experimental findings are consistent with the theoretical
composition of phases in each diffusion layer. The chemical composition of position A in
the Mg2Al3 layer, position B in the Mg17Al12 layer, and position C in the Mg17Al12 and
Mg-based solid solution layer has been analyzed by performing an EDS area scan. The
results are presented in Table 3, where it can be seen that the content of aluminum has
gradually decreased, while the content of magnesium has gradually increased when going
from box A to box C. This result further verifies the phase composition of the extracted
diffusion layers in combination with the Mg/Al alloy phase diagram.
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(a) 

 
(b) 

Figure 5. Cont.
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(c) 

Figure 5. Cross-sectional structure of different diffusion layers: (a) Mg2Al3 layer, (b) Mg17Al12 layer,
and (c) Mg17Al12 and Mg-based solid solution layer.

   
(a) (b) (c) 

Figure 6. EDS surface scanning analysis of different diffusion layers: (a) Mg2Al3 layer, (b) Mg17Al12

layer, and (c) Mg17Al12 and Mg-based solid solution layer.

Table 3. EDS results of the distinct regions presented in Figure 5.

Position
Mole Fraction/%

Al Mg

A 61.60 38.40
B 39.72 60.28
C 26.14 73.86

3.4. Linear Polarization
3.4.1. Analyses of Polarization Curves

After the immersion in a 3.5 wt.% NaCl solution, Figure 7 shows the polarization
curves for the Mg1 and Al1060 substrates. It also shows the polarization curves for the
Mg2Al3, Mg17Al12, Mg17Al12, and Mg-based solid solution layers. It is clear that the
cathodic reaction is most prominent for the Mg1 substrate, while Al1060, Mg2Al3, and
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Mg17Al12 show a passive and similar electrochemical behavior over a wide potential range.
This result suggests that the corrosion resistance of Al1060 and each of the diffusion layers
are better than the corrosion resistance of Mg1. Based on the polarization curves, polariza-
tion data (including corrosion potential (Ecorr), corrosion current density (Icorr), polarization
resistance (Rp), and corrosion rate (Vcor)) have been calculated and are listed in Table 4.

Figure 7. Electrochemical polarization curves of the substrates and different diffusion layers in a
3.5 wt.% NaCl solution.

Table 4. Polarization data of Al1060, Mg1, and diffusion layers in 3.5 wt.% NaCl solution.

Samples Ecorr (V) Icorr (A/cm2) Rp (Ω cm2) Vcor (mm/year)

Al1060 −0.84 1.483 × 10−4 175.96 5.0377
Mg2Al3 −0.98 1.419 × 10−4 183.9 7.2302

Mg17Al12 −1.03 1.346 × 10−4 209.3 6.3529
Mg17Al12 + Mg −1.14 3.320 × 10−4 81.007 16.414

Mg1 −1.55 2.199 × 10−3 11.861 115.97

It can be seen that the corrosion potentials of the Al1060 substrate and the Mg2Al3
and Mg17Al12 layers are very similar, and their absolute values are relatively small. On the
contrary, the corrosion potential of the Mg1 substrate is much smaller than those of Al1060
and each diffusion layer. Its absolute value is also the largest, which implies a poor corrosion
resistance of Mg1. The order of corrosion current densities for the five tested samples
were: Mg1 > Mg17Al12 and Mg-based solid solution > Al1060 > Mg2Al3 > Mg17Al12. The
corrosion current density was determined by the dissolution degree of the material. The
higher the corrosion current density, the smaller the charge transfer resistance, which means
that the material’s corrosion resistance is weaker [29]. Furthermore, the Al1060 substrate,
and each diffusion layer, showed a reduction of one order for the Icorr value as compared
with Mg1 (2.199 × 10−3 A/cm2). This is a reflection of the much slower degradation
of the Al1060 substrate and each diffusion layer as compared with Mg1. Additionally,
the polarization resistance (Rp) of the Mg1 substrate was 11.861 Ω cm2, while Mg17Al12
and the Mg-based solid solution layer showed a significant increase (81.007 Ω cm2). This
indicates a marginal improvement in corrosion resistance for Mg17Al12 and the Mg-based
solid solution layer, while the improvements for the Al1060 substrate and the Mg2Al3 and
Mg17Al12 layers were more obvious. The Rp values increased to 175.96 Ω cm2, 183.9 Ω cm2,
and 209.3 Ω cm2, respectively, demonstrating that the corrosion resistance of these three
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samples increased significantly compared to Mg1.It could also be seen that the corrosion
rate of Mg1 had the highest value of 115.97 mm/year. Thus, the quality of the sample
would be greatly affected if exposed to a corrosive environment for too long.

The above results show that the Mg1 substrate had the worst corrosion resistance in
an aggressive NaCl environment, followed by the Mg17Al12 and Mg-based solid solution
layer. Furthermore, the Mg2Al3 and Mg17Al12 layers showed a similar corrosion resistance
as the Al1060 substrate, which was significantly better than the corrosion resistance of the
Mg1 substrate. In the study of Song et al. [30,31], it was found that the Mg17Al12 phase can
act as an anode barrier to restrain the overall corrosion of magnesium alloy; the Mg17Al12
phase was inert to corrosion in the solution containing cl−, and a passive regions table over
a similar potential range was observed in the polarization curve of Mg17Al12 measured
by them. Many researchers have used the idea of alloying in the preparation of Mg/Al
intermetallic compound coatings on the surface of magnesium alloys. The purpose is to
improve the corrosion resistance of magnesium alloys [32–34]. Ji et al. [32] modified the
pure aluminum coating deposited on the AZ91D substrate by friction stir-spot-processing.
They observed that the Mg2Al3 and Mg17Al12 phases were irregularly distributed in the
coating after modification, and the corrosion current density of the cold-sprayed Al coating
was remarkably reduced. Irregularly distributed intermetallic compounds in the coating
lead to the significantly enhanced corrosion resistance of the AZ91D substrate. Moreover,
the results in the present study strongly agree with the results from the potentiodynamic
polarization experiment proposed by Spencer K et al. [34]. This study aimed at Mg/Al
vacuum diffusion layers. Each diffusion layer was extracted separately, and the difference
in corrosion resistance between different types of Mg/Al intermetallic compounds and the
base was investigated in more detail. The results of the corrosion resistance polarization
curves also show consistency with the above corrosion immersion tests.

3.4.2. Analysis of Corrosion Morphology

Figure 8 shows the surface morphologies of the Al1060 and Mg1 substrates and of the
Mg2Al3, Mg17Al12, and Mg17Al12 and Mg-based solid solution layers after potentiostatic
electrochemical measurements. The overall surface compositions were measured by using
EDS, and the results are shown in Figure 9. It can be seen that noticeable corrosion pits
were formed on the surface of the Al1060 substrate. Some of these corrosion pits appeared
to sparkle, indicating that there were corrosion products in the vicinity of the pits (see
Figure 8a). However, the original surface of the Mg1 substrate has been severely destroyed
(see Figure 8b). The corrosion on this surface was much more severe, with corrosion cracks
and pits continuously distributed all over the surface. Moreover, the corrosion products
formed on the surface were more compact than those formed on the Al1060 substrate and
on each of the diffusion layers. Pitting corrosion occurs in the Mg2Al3 layer and Mg17Al12
layer likewise (Figure 8c,d). A few pits and cracks could be observed on the surfaces of
the Mg2Al3 and Mg17Al12 layers, even though the whole surfaces were relatively smooth.
Corrosion products were distributed over the surface in the form of needles and blocks.
While the corrosion was more severe for the Mg17Al12 and Mg-based solid solution layer,
as compared with Mg2Al3 and Mg17Al12, the surfaces suffered from corrosion damage with
typical pitting and localized corrosion characteristics. Obvious cracks and giant corrosion
pits were thus formed on its surfaces (see Figure 8f).
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 8. Surface morphologies of the substrates and different diffusion layers after potentiodynamic
electrochemical measurements: (a) Al1060, (b) Mg1, (c) Mg2Al3 layer, (d) Mg17Al12 layer, and (e)
Mg17Al12 and Mg-based solid solution layer.
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(a) 

 

 
(b) 

Figure 9. Cont.
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(c) 

 

 
(d) 

Figure 9. Cont.
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(e) 

Figure 9. EDS spectrum and the composition and distribution of elements in the (a) Al1060, (b) Mg1,
(c) Mg2Al3 layer, (d) Mg17Al12 layer, and (e) Mg17Al12 and Mg-based solid solution layer.

EDS determination results provided a more conclusive figure (Figure 9) on which the
overall surface composition of the samples was measured. The elemental composition
of the sample surface after electrochemical corrosion can be analyzed more intuitively
through surface scanning energy spectrum detection [35]. The EDS spectrum and surface
composition indicated the presence of aluminum and oxygen only, along with small
amounts of carbon and magnesium on the tested Al1060 surface (see Figure 9a). Most areas
of its surface have retained their original integrity. The oxygen was mainly distributed in
the vicinity of the corrosion pits. Moreover, the presence of magnesium could be attributed
to the fact that it is part of the main composition of Al1060, and the presence of carbon could
be attributed to the adsorption of CO2 from the atmosphere. For each sample in Figure 8,
Table 5 shows the elemental composition of a surface spot very close to the corrosion
products. For example, the EDS analysis of point A shows an Al content of 45.04 wt.%
along with an oxygen content of 50.04 wt.%. The corrosion product is, thus, most likely
Al2O3. In the study by Chakradhar et al. [36], the EDAX studies also confirmed that the
hazy white areas on the Al block after electrochemical corrosion relate to aluminum oxide,
and its formation can be described by Equations (1)–(3):

Al3+ + 3Cl− = AlCl3 (1)

AlCl3 + 6H2O = 2Al(OH)3 + 3HCl (2)

2Al(OH)3 = Al2O3 + 3H2O (3)

The EDS spectrum and the surface composition of Mg1 indicated a very complex
composition of the surface (see Figure 9b), in which the magnesium content was relatively
small, and the oxygen content was quite large. This indicates that the surface was almost
completely covered with a thick layer of compounds. Moreover, the EDS analysis showed
that box E was mainly composed of 30.25 wt.% magnesium and 56.42 wt.% oxygen (see
Table 5), suggesting that the corrosion product is mainly Mg(OH)2. Since the chemical
activity of magnesium is lower than that of sodium, it is impossible for the Mg2+ ions to be

306



Coatings 2022, 12, 1439

replaced by Na+ ions in the solution. Thus, it was mainly magnesium that reacted with the
aqueous solution, which has taken place as described by Equation (4).

Mg + 2H2O = Mg(OH)2 + H2 (4)

Figure 9c,d shows the EDS determination results of the Mg2Al3 layer and Mg17Al12
layers, respectively; it can be observed that aluminum and magnesium play a dominant
role in their surface composition, oxygen is not widely and evenly distributed on their
surface, and oxygen was dominating in the vicinity of the corrosion defects (including
pits and cracks) as well as in block- and needle-like corrosion products. However, in the
surface composition of the tested Mg17Al12 and Mg-based solid solution layer, magnesium,
aluminum, and oxygen predominate (see Figure 9f), and oxygen content reaches 26 wt.%,
reflecting the existence of many corrosion products on its surface. Moreover, the elemental
composition of the corrosion products of these three diffusion layers was mainly magne-
sium, aluminum, and oxygen (see Table 5). In conclusion, each diffusion layer’s corrosion
products were not only single component products. There was probably an occurrence of
various oxides and hydroxides of Mg and Al, irregularly attached to the surface.

Table 5. EDS results of the distinct regions are presented in Figure 8.

Position
Mole Fraction/%

Mg Al O Cl C

A 0.31 45.04 50.04 0.93 3.68
B 30.25 0.40 58.42 3.91 7.02
C 21.96 23.48 45.62 2.68 6.26
D 20.47 16.29 48.95 5.62 8.67
E 22.19 12.81 58.57 1.19 4.31

After the potentiodynamic electrochemical measurements, by analyzing the surface
morphologies, it was possible to conclude that the corrosion damage of the Mg17Al12 and
Mg-based solid solution layers and of the Mg1 substrate was much more severe than those
of the Al1060, Mg2Al3, and Mg17Al12 layers. As a result, the Mg1 substrate was corroded
entirely and destroyed, and a thick layer of corrosion products adhered to its surface.
Therefore, these corrosion morphology results have verified the results from the corrosion
resistance analysis of the polarization curves presented above.

4. Conclusions

The present study uses a vacuum diffusion welding process to weld Mg1 and Al1060.
In addition, several corrosion resistance experiments were conducted on the resulting
Al/Mg intermetallic plates, and a series of microstructural observations could also be made.
According to the experimental results, the following conclusions could be drawn:

(1) Vacuum diffusion welding could realize the joining of Mg1/Al1060. The microstruc-
ture of the joint was excellent, and uniform diffusion layers were formed at the
interface after sufficient diffusion of elements in the material structures. The diffusion
layers from the Al side to the Mg side were: Mg2Al3, Mg17Al12, and Mg17Al12, and a
Mg-based solid solution layer.

(2) The results of the corrosion immersion tests have demonstrated that the Mg1 substrate
was the first to be corroded in a 3.5 wt.% NaCl solution. Severe corrosion damage
occurred on this surface after a short period in the solution. The corrosion rates of
the Al1060 substrate and the diffusion layers were, thus, slower. The Mg1 substrate,
in direct contact with the diffusion layers, acted as an anode in a galvanic cell. It
indirectly protected the diffusion layers, which were the latest to be corroded. Among
the diffusion layers, corrosion mainly occurred in the combined Mg17Al12 and Mg-
based solid solution layer.
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(3) Linear polarization curves and corrosion morphology analyses also showed that the
corrosion resistance of Mg1 was the worst in an aggressive NaCl environment, as
compared with the Al1060 substrate and the diffusion layers. It was followed by the
combined Mg17Al12 and Mg-based solid solution layer. As measured by potential
electrochemistry, severe corrosion occurred on the surfaces of these compounds. On
the contrary, the Mg2Al3 and Mg17Al12 layers showed excellent corrosion resistance
comparable to that of Al1060. The order of corrosion rate of tested samples was
Mg1 > Mg17Al12 and Mg-based solid solution > Mg2Al3 > Mg17Al12 > Al1060.

In this study, the Mg/Al vacuum diffusion layers were extracted separately for the
first try, and the corrosion behavior of each diffusion layer and substrate was studied in
depth. However, this research is subject to several limitations. The first is the experimental
instruments, the electromagnetic interference generated by alternating current in the elec-
trochemical workstation will have a particular impact on the measurement results. Another
limitation concerns the characterization method, more research on electrochemical tests
(e.g., electrochemical impedance spectroscopy, cyclic polarization, etc.) can be carried out
in the future, and the corrosion resistance of samples can be further discussed based on
these tests. However, these limitations will not cause significant prejudice to the current
research results and will not affect the research.
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Abstract: The need for a more sustainable and accessible source of energy is increasing as human
society advances. The use of different metallic materials and their challenges in current and future
energy sectors are the primary focus of the first part of this review. Cryogenic treatment (CT), one of
the possible solutions for an environmentally friendly, sustainable, and cost-effective technology for
tailoring the properties of these materials, is the focus of second part of the review. CT was found to
have great potential for the improvement of the properties of metallic materials and the extension of
their service life. The focus of the review is on selected surface properties and corrosion resistance,
which are under-researched and have great potential for future research and application of CT in
the energy sector. Most research reports that CT improves corrosion resistance by up to 90%. This
is based on the unique oxide formation that can provide corrosion protection and extend the life of
metallic materials by up to three times. However, more research should be conducted on the surface
resistance and corrosion resistance of metallic materials in future studies to provide standards for the
application of CT in the energy sector.

Keywords: energy sector; renewable energy; fusion; metallic materials; cryogenic treatment; surface;
interface; corrosion

1. Introduction

With the growth of the human population, there is an increasing need for a more
sustainable and more easily accessible source of energy [1], bringing prosperity, economic
development, security, better health care, welfare, and the overall better social and envi-
ronmental development of mankind [2]. In recent years, many challenges, such as the
distribution of natural resources, growth of the population and its needs, economic instabil-
ity, new war zones, etc. [3,4] have emerged in energy sources based on oil, gas, and coal.
These challenges combined with geo-political challenges and environmental challenges
such as greenhouse gases, environmental impact, sustainable development, etc. [2,5], are
leading to increased efforts in research and the development of new solutions and options
for new and more sustainable energy sources. The energy sources can be classified into
natural fossil-based (oil, gas, and coal) and renewable types [6]. It is important to note that
nuclear energy can be grouped on its own or as part of one of the previously mentioned
groups. This is a highly controversial topic, mainly based on whether conventional or
advanced nuclear power is discussed [6–9]. In this review, nuclear energy will be grouped
on its own.

The current prediction of energy sources for the next 20 years (2030–2040) in the
European Union (EU), predicted in the year 2020 [10,11], is shown in Figure 1. Currently,
the production of energy is still dominated by fossil-fuel-based sources (70%). The nuclear-
based sources have consistently maintained a similar ratio, while the renewable sources
are constantly gaining an increasing share. For the next two decades, an increasing use
of renewable sources for energy production is predicted to increase by 300% in the EU
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alone by 2030 and by up to 450% by 2040 compared to the current state [10,11]. The
nuclear energy source is predicted to remain a stable energy source throughout this period,
especially if fusion is included [6–8]. Figure 1 and Table 1 also show the development of
renewable energy sources in the EU over the next 20 years and the expected changes in the
redistribution of energy sources within different sectors.

Figure 1. The square graph presents the prediction of gross energy-generating capacities within the
EU from current state of 2020 up to the next 20 years (2030–2040) by each sector. The orange color
stands for fossil fuels (oil, gas, and coal), red for renewables, and purple for nuclear. The lower pie
charts represent the current (year 2020) and predicted (years 2030 and 2040) fractions of the different
categories of renewable energy sources.

Production of Electricity per Year for Different Energy Sector

The production of electricity varies within the different categories of the energy sector,
and also, the production costs can vary significantly depending on the energy source
(Figure 2 and Table 2). Pricing is highly dependent on a variety of external factors, such
as subsidies, various taxes, etc., which also vary depending on geopolitical locations and
natural resources.
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Table 1. Renewable source preconditions for next 20 years for the EU.

Current State 2020 2030 2040

Hydroelectric energy

• Land hydroelectric energy (rivers and lakes)
• Marine hydroelectric energy (ocean currents,

tidal stream, and waves)

13% 10% 9%

Geothermal energy 7% 8% 8%
Biomass 67% 58% 51%
Solar energy

• Solar thermal
• Photovoltaic

3% 11% 21%

Wind energy 10% 13% 11%
Combined contribution of the renewable energy and
the total energy production ~25% ~35% ~48%

Figure 2. The highest electricity production in kWh/year is possible with solar energy [12,13] and
nuclear energy [14]. This is followed by wind energy [15] and geothermal energy [16]. The lowest
electricity production comes from the biomass sector [17,18].

In addition to the price of electricity, another important factor in energy production is
also the so-called capacity factor (also known as CF). The CF is the unitless ratio of the actual
electrical energy output over a given period to the theoretical maximum electrical energy
output over the same period. The CF can also be thought of as production efficiency. CF is
usually calculated over a year in order to average out temporal variations and to represent
the realistic values of energy/electricity produced per maximum capacity of an energy
source (Table 2). From Table 2, the cost of electricity for renewable energy sources varies
due to different economic perspectives and also the source of production and maintenance
and repair costs that need to be considered. The next capacity factors show that the
most promising renewable energy sources are geothermal [16], hydroelectric [19–21], and
wind [15,22], based on the lowest possible electricity cost and the highest capacity factor.

To cope with the increasing energy demand and consumption, new energy produc-
tion pathways are expected to evolve and develop to provide greater energy security,
reduce global carbon emissions, and lower the financial cost of energy production. The
advancement of production processes in the energy sector will require the development
and utilization of new materials. This is where metallic materials (metals and alloys) come
into play, many of which have been scarcely used or even unused in energy production
and will become the most important players in sustainable energy production (see Figure 1
and Table 1).
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Table 2. Energy sectors presented in this manuscript and their cost of production and capacity factor [23].

Type of Energy Sector
Cost
(EUR/MWh)

Capacity
Factor (%)

Hydroelectric energy
• Land hydroelectric energy
• Ocean hydroelectric energy

53–326 31–66
130–280 39–45

Geothermal energy 49–353 80–90
Biomass 128 64
Solar energy 27–130 12–30
Wind energy
• Onshore wind energy
• Offshore wind energy

24–67 29–52
60–130 12–48

Advanced nuclear energy 73 94

The successful implementation of such materials will be particularly crucial in appli-
cations where high strength and dimensional flexibility combined with high temperature
resistance are required. Today, more than 60 different metallic materials are used in one way
or another in energy production (as base materials for reactors, storage and accumulation
systems, and supporting infrastructure) [24]. Future energy security (Figure 3) requires a
critical awareness of the availability, functionality, substitutability, recyclability, and pro-
duction of metals and alloys [25–27]. Metallic materials are the type of materials that can
be newly produced or reused and recycled. Additionally, their properties can be tailored
through postprocessing, increasing their flexibility and versatility for various applications.
Therefore, the adaptation and development of heat treatment and further processing steps
of metallic materials for future applications must be under constant research [25–27]. The
factors that influence the value of metallic materials are market availability, substitutability,
recyclability, and socio-cultural and environmental impacts [26]. In addition, the devel-
opment and consideration of new materials such as high-entropy alloys and materials
for catalysis, energy generation, and storage applications will bring new challenges and
benefits to the energy sector [28,29].

Figure 3. The future sustainable energy sector powered by low-impact metallic materials.
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This review aims to provide a comprehensive overview of the metallic materials
used in the advanced nuclear and renewable energy sectors of the future, including the
challenges (environments) to which these materials are and planned to be exposed on a
daily basis. Particularly, this review aims to present a possible novel way of processing
metallic materials in a more environmentally friendly way, opening the possibility of
improving material properties, extending the life cycle of components, and generating
lower CO2 emissions compared to conventional pathways.

The paper is structured in the following order: in Section 2, the future energy sec-
tor is presented, where the renewable energy and advanced nuclear energy sources are
introduced and discussed. In the same chapter, the challenges and requirements of the
metallic materials used in the given environments of the different energy sources are also
presented. Section 3 introduces the emerging green technology of cryogenic heat treatment,
which has a great potential to reduce the impact of the energy sector on the environment
by improving material properties and extending the life cycle of components. Section 4
discusses the outlook for future technology and the energy sector and provides individual
guidelines for future materials implementation in the energy sector.

2. Future Energy Sector

The future energy sector is divided into renewable energy sources and advanced
nuclear energy based on fusion. The renewable energy sector is divided into hydroelectric
energy, geothermal energy, and biomass, solar, and wind energy, with some subdivisions
(see Figure 3 and Table 1).

2.1. Energy Sector and Selection of the Right Material
2.1.1. Advanced Nuclear Energy

For future advanced nuclear reactors, three major subtypes are considered: non-water-
cooled reactors, advanced water-cooled reactors, and fusion reactors. The latter’s design
will be based on the current fission reactors; therefore, the use of similar metallic materials
is expected. However, the research into the development of new, more resistant metallic
materials and their protection is ongoing [30,31].

The non-water-cooled reactor subtype includes reactors and systems that are still
based on fission reaction, but the coolants are either molten salts and are designated as
Th-based reactors or high-temperature gases (or cooled with helium, using graphite as a
moderator) [30,31]. This category also includes small modular reactors (SMRs), which are
fast-cooled reactors based on Na, Pb, and gas cooling [32].

The next category is advanced water-cooled reactors, also based on the fission reaction
and using water as a coolant and moderator, i.e., SMRs [30,31]. These reactors are cleaner,
fundamentally safer, more fuel efficient, more reliable, and more sustainable than the
current generation of reactors [33,34].

The last category is fusion reactors. Fusion reactors are based on fusion plasmas,
which are still in the early stages of research and development. The working conditions
of these reactors are much more intense compared to those of the fission reactors, reach-
ing temperatures of several thousand degrees during the plasma generation. Therefore,
complex testing and development of metallic materials is required for the construction and
operation of such reactors. In fact, there are two types of fusion plasmas being considered
for the development of future fusion reactors. The first type is based on strong magnetic
fields and is known as magnetic confinement fusion (MFC). The second type is based
on compressing the deuterium (DT) fuel and heating it rapidly that fusion occurs before
the fuel expands; this method is also known as inertial confinement fusion (ICF). Due to
the different primary principle compared to fission, the material for fusion application
must have a specific non-equilibrium thermodynamic state, two or more main phases,
complex grain boundaries; and dislocation systems. Compared to the traditional fission
system/environment, the new challenges for metallic materials used in fusion will mainly
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focus on adaptation to the higher resistance to neutron irradiation, cladding, and higher
temperatures and stresses [30,31].

The benefits of a new, advanced generation of nuclear reactors can bring society lower
energy costs, increased production, decarbonization of industry, increased efficiency, and
significantly reduced environmental and waste hazards. The development and safety of
future nuclear power systems depends not only on the type of fuel but also on the material
design. In current and future advanced nuclear power, materials are exposed to high-
energy particles, high temperatures, pressure changes, and highly corrosive environments.
However, the degradation of metallic materials in this environment is complex due to
the different materials used for the plant, the complex and highly variable environmental
conditions, and the different loading conditions of the material in various applications [30].

The first factor to consider is the thermal ageing and fatigue of metallic materials that
occurs in metals exposed to elevated temperatures. This is a critical aspect for metallic
materials used in nuclear energy, as it can lead to a short life cycle of the metallic component.
The reason for this is the altered microstructure, resulting from the diffusion activated
process, which causes changes in mechanical properties and fatigue (including creep
fatigue) [30,31].

The next factor (second) is irradiation, which causes changes in the dimensional stabil-
ity of metallic materials and thus influences the final properties of the metallic component.
This is caused by the following five radiation processes: (i) phase (microstructural) in-
stability induced by neutron irradiation, forming increased precipitation and segregation
of alloying elements; (ii) radiation-induced hardening and embrittlement; (iii) volume
swelling due to void formation; (iv) high-temperature helium embrittlement caused by
helium movement towards grain boundaries; and (v) irradiation creep caused by changes
in the crystal lattice due to migration of interstitial atoms and dislocations [30,31].

The third factor is the water environment, where water is the primary reactor coolant.
Exposure of metallic materials to water, especially with elevated temperatures, can lead
to corrosion of metallic materials, which can cause degradation of properties and lead
to component failures. The extent of the corrosion is a product of several factors, such
as water pH, water purity, material composition, temperature, gas concentrations, etc.).
The type of corrosion mechanisms can be divided into general and localized corrosion.
General corrosion mechanisms include uniform corrosion, boric acid corrosion, erosion
corrosion, and flow-accelerated corrosion. Localized corrosion mechanisms include crevice
corrosion, galvanic corrosion, pitting, environmental assisted cracking, and biological
corrosion. In addition, stress corrosion cracking (intergranular and transgranular stress
corrosion cracking and low-temperature cracking) can also be present under high-loading
conditions. In addition to water, molten salts and liquid metals can also cause corrosion
and electrochemical reactions that affect the degradation of the metallic material (see
Table 3) [30,31].

2.1.2. Hydroelectric Renewable Energy

Hydroelectric renewable energy currently represents 13% of all renewable energy
sources in the EU [21]. Hydropower is based on the movement of water through a turbine,
which in turn drives a generator to produce electricity. Hydroelectric power plants can be
installed in oceans or on rivers and lakes, which are sources of continental hydroelectric
power. Ocean electricity sources can be divided into wave energy, tidal current energy,
tidal barrage, ocean thermal air conditioning, and ocean thermal energy conversion (also
known as OTEC), where the last two options additionally produce heat.

OTEC relies on the steam from the warm surface water to interact with the turbines.
However, OTEC is still at an early stage of development, and the application relies on the
cold, deep ocean water, which condenses the steam back into water for reuse. For this
application to be viable, there must be a temperature difference of at least 20 K between the
two layers of the ocean water (surface/deep layer), which is mostly limited to the tropical
regions. OTEC can also be combined with ocean thermal air conditioning [35].
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Ocean thermal air conditioning can be used to control the air conditioning of buildings
by using cold, deep water to cool the fresh water circulating through a building. The
cold water must be between 277 K and 284 K. The same technique can also be used in
lakes [36,37].

The next option for harvesting electricity from the ocean is tidal barrages. Tidal
barrages are based on the normal hydroelectric concept, where instead of the typical river
flow, the tide drives the turbines in the barrage and then generates electricity. However,
the tidal difference between high and low tide must be at least 3 m for this technique to be
viable [38,39].

The next option for generating electricity is tidal stream (current) energy, which
uses similar technology as tidal barrages but relies on tidal currents [40]. In this type of
installation, the turbines are anchored to the seabed or can be suspended from a buoy
to generate electricity. The challenge of this technique is the preservation of the marine
environment when deploying this type of energy solution [41–43].

The next type of the energy source is produced by wave power. This type of energy
harvesting is based on the prediction of constant wave direction. It is estimated that wave
power of solely 2100 TWh per year could be generated by harvesting the naturally occurring
waves. To harvest wave energy, cells based on the pressure and then movement of hydraulic
pumps are built, which then drive the generator into motion. However, the application of
this technology is limited to the areas with constant waves [44–47]. In development are also
hybrid wave and wind energy farms [44,48] that use a combination of the aforementioned
techniques. The last type of the ocean-based hydroelectric renewable energy is related to the
use of osmotic power, which is based on the salt concentration difference between seawater
and fresh river water [49–51]. There are two known methods: one is reverse electrodialysis
(known as RED) [50,52], and the other is pressure-retarded osmosis (PRO) [53,54].

The continental type of hydroelectric renewable energy can be divided into three parts.
The best known and that with the longest tradition is hydroelectric power generation with
dams on large rivers or lakes [55]. However, due to its environmental impact, the future
of small hydro (also known as SHP) is a promising source of renewable and clean energy
that provides significantly lower changes to the environment and disruption of the local
ecosystem [49,55–57].

The next option for generating electricity from rivers is run-of-the-river (ROR) hy-
dropower, where the natural flow of the river generates electricity, and the flow of the river
determines the amount of electricity generated [58–60]. This type of source is ideal for
streams and rivers that can sustain a minimum flow compared to other types. This type
delivers cleaner power and generates less greenhouse gas for equivalent energy production
compared to other types. Additionally, because these types do not require a reservoir, there
is a reduced influence on the environment and flooding [61].

The last option is a special type of hydroelectric power generation using turbines
that are completely submerged and, in some cases, anchored to the river bed [62,63].
The advantages of this type are its high efficiency, low maintenance, and high reliability
compared to other hydroelectric types [64]. However, the environmental impact can be
controversial, especially on the flora and fauna of the marine/lake/river environments [65].

The metallic materials used in the hydroelectric sector must be able to withstand the
different environments (low temperature, high pressure, and highly corrosive environment
(including chemical agents)) and also have low density, high strength, high toughness and
high resistance to wear (especially abrasion), high resistance to corrosion, and high fatigue
resistance [66]. The metallic materials used for the turbines are austenitic stainless steel
(over 12% Cr content as an alloy), but the turbine blades can also be made of martensitic
stainless steel due to the higher strength of the steel [66,67]. Low-head machine parts
are made of weathering steel (Corten steel) and various types of stainless steel [68,69],
high-strength steel [56,70], ACSR steel [71], cast steel [68], carbon steel [72–74], and ferritic
steel [69] (see Section 2.2 for detailed description of metallic materials). Resistance to
erosion and cavitation are also important factors to consider for metallic materials used in
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the hydroelectric sector [66,75,76]. In addition, due to the biologically active environment
of hydroelectric plants, biofouling occurs where invasive species grow and accumulate
various bacteria [66]. As a result, the metallic materials need to either have self-cleaning
capabilities or can be treated with surface specific process to provide resistance to biofouling.
Alterative metallic materials that can also be used for turbines and components are also
different Al alloys (including Al-Si alloys) [66,71,77], Ti alloys [66,78], Cu alloys [76,79,80],
and Ni alloys [81] (see Table 3).

2.1.3. Biomass Renewable Energy

Biomass is a type of energy based on organic sources (animals and plants), the most
common sources being plants, waste, and wood. Biomass energy can be used for electricity,
heating or even biofuel [82–84].

One type of energy production is thermal conversion, where raw materials (paper or
waste) are burned (pyrolysis, gasification, anaerobic decomposition, torrefaction, and co-
firing) [83–87]. Most of the research and its emphasis has been on the pyrolysis technique,
where the combustion of organic material is carried out in the absence of oxygen under
temperatures up to 1173 K [85,88]. Different types of catalysts are used for the pyrolysis of
different types of source based biomasses (waste, plants, etc.) [89,90].

Biomass also has great potential to be used in the production of steel for reducing the
CO2 impact of the steel industry, but this is still being researched [84].

The main challenges that are facing metallic materials in the biomass sector are cor-
rosion (pitting corrosion, intergranular corrosion, etc.) [89], high-temperature corrosion,
and microbial-assisted corrosion [89,91]. The factors that strongly influence all types of
the corrosion are fluid dynamics (including different solutions), gas composition (N2, CO2,
H2O, Cl2, H2, etc. [90]), deposit composition, and temperature (573–1173 K) [89,90].

Other challenges that metallic materials face in biomass energy are abrasive wear [92],
material degradation due to small dusty particles [93], and thermomechanical fatigue
(high-temperature fatigue) [94–96].

The most common metals used in the biomass energy sector are carbon low-alloyed
steels [97,98], austenitic and martensitic stainless steels [97], Al and Ni alloys [97], and
some specialized non-ferrous alloys, such as nickel-cobalt-aluminum alloys (NCA). All
these metallic materials are used for the main structure and various components in the
biomass sector [82–84] (see Table 3).

2.1.4. Onshore and Off-Shore Renewable Energy

The highest demand and largest source of renewable energy in the global market
is currently onshore and offshore wind [99]. Wind energy is based on the conversion of
kinetic energy into rotational energy, which is then converted into electrical energy by
means of a shaft [100]. It is important to note that some turbine designs can produce more
energy compared to others (height, size, etc.). The other way to produce more energy is
the so-called yawing technique, where the wind turbine is shifted to face directly into the
wind, which can be freely manipulated on demand [101].

Wind energy can be produced both onshore and offshore. Onshore wind energy
encompasses the energy produced by the wind on land that comes from the natural
movement of air [102]. The advantages of onshore wind energy are cost-effective energy,
faster installation and easier maintenance, and a reduced environmental impact compared
to offshore energy [102]. However, there are disadvantages to onshore wind energy, such
as lower power generation, inconsistent wind, varying wind speeds, and a greater impact
on nature [102].

Offshore wind energy, i.e., offshore wind farms, are located out at sea where the
wind (sea breeze) has higher speeds and greater consistency [102]. The advantages of
this type or, more accurately, placement of wind farms include more space for placement,
reduced environmental impact (although this is debatable due to the more complicated
and invasive supporting infrastructure), and their greater efficiency compared to onshore
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turbines. The disadvantages are their higher maintenance and repair costs and higher
construction costs [101]. Offshore wind turbines can be anchored to the seabed, known
as fixed-bottom turbines, or they can be placed on floating platforms, known as floating
turbines [101,102].

Metallic materials are used in wind energy for the main foundation of the structure,
tower, gearbox, turbines, bearings, bolts, controllers, casings, and many other components
that require high corrosion and wear resistance, resistance to higher loads and dynamic
forces (including fatigue), and higher contact pressures [103–105]. The material must also
be highly resistant to solid particle erosion caused by dust particles [106].

For these reasons, the most common metallic materials used in the wind renewable
energy sector (see Section 2.2) are structural steels, stainless steels (austenitic, duplex, and
martensitic steels), electrical steels, cast iron, bearing steels, high Cr steels, low C nitrogen
steels, and high Si nodular cast iron [103–105]. The most common non-ferrous alloys used
in this sector are Cu-based alloys and Al-based alloys [103–105] (see Table 3).

2.1.5. Solar Renewable Energy

The next renewable energy sector is solar energy, which is based on the system of
harvesting solar radiation (photovoltaic) for electricity or collecting solar thermal energy
for heating [107]. The photovoltaic (PV) system for harvesting solar radiation is primarily
based on solar panels, where solar radiation is absorbed by PV cells in the solar panel. This
then creates electrical charges that move and respond to an internal electrical field in the PV
cell, causing electricity to flow [108,109]. In addition, photocatalysis can provide additional
support for solar energy production and storage by inhibiting the conversion of collected
light after exposure when there is insufficient light incoming to the solar panel (night time,
low radiance angle, or weather-related obstruction) [110,111].

Solar energy can also be harnessed using concentrating solar thermal power (also
known as CSP), which uses a system of mirrors to reflect, concentrate, and convert solar
energy into heat or even electricity [108,109].

The advantage of solar energy is that it is the most abundant natural energy source in
the world, and solar energy can provide a solid and increasing output efficiency compared
to other sources. It has minimal harmful effects on the environment, although this can also
be highly controversial [108].

The future of solar energy is also being explored in the context of hydrogen production,
which can later be used as a clean energy carrier [112]. H2 production from sustainable
solar energy is a possible environmentally friendly solution for the increasing demand
for energy and fuel as well as energy storage and transportation. The production of H2
from solar energy would be achieved by solar thermolysis and then by electrolysis from
solar–thermally produced H2 and photovoltaic-based hydrogen production [112]. Such
systems will also require new adaptations of metallic materials to adapt to new challenges
in terms of maintenance and repair in correlation to the high temperatures, hydrogen
presence that can cause hydrogen embrittlement, and corrosive environments [112].

The challenges that metallic materials face in the solar energy sector include the
corrosion effect between molten salts and thermal storage materials [113], high-temperature
corrosion [114], mechanically assisted corrosion [114], localized corrosion (stress corrosion
cracking and flow-accelerated corrosion) [114], creep fatigue [115,116], erosion [117,118],
oxidation [117], and mechanical properties [119,120].

The most commonly used ferrous alloys in the solar energy sector are austenitic and
martensitic stainless steels, carbon steels, Cr-Mo steels, duplex steels, FeCrAl steel, and
ferritic-martensitic steels (see Section 2.2). The most-used non-ferrous alloys are Ni alloys,
which represent more than 60% of all non-ferrous alloys used in this sector. The other non-
ferrous alloys are Al-based alloys, high-entropy alloys (HEA), and Mg-based alloys [121]
(see Section 2.2) (see Table 3).
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2.1.6. Geothermal Renewable Energy

Geothermal renewable energy is the last renewable energy herein presented. Geother-
mal energy is a type of thermal energy that originates from the formation of the planet
and from radioactive decay of elements [122–124]. The Earth’s internal thermal energy
flows to the surface by conduction at the rate of 44.2 TW [125] and by radioactive decay
at the rate of 30 TW [123]. The output of geothermal energy can currently meet twice the
current energy demand from all energy sources (including non-renewable sources), but
the challenge lies in the non-renewable energy flow and its extraction [123]. Harvested
geothermal energy can be used for electricity or for heating/cooling.

There are several ways to produce electricity directly from geothermal energy. The
first and the oldest type is the dry-steam power plant, which is based on the underground
steam source [124,126]. The next type is the flash-steam power plant, where the source
is underground water (>180 ◦C) and steam. This is the most common type of electricity
source based on geothermal energy [127,128]. The next type is an enhanced geothermal
system, which uses fracturing, drilling, and injection to extract fluid from the subsurface,
which is then used for heating and electricity generation [129,130]. The next type is the
binary cycle power plant, where water is heated underground (100–180 ◦C), and then,
the hot water circulates above ground and heats a liquid organic compound that has a
lower boiling point than water. This compound then produces steam, which flows into the
turbine and powers the generator to produce electricity [122,124,131].

In addition to electricity, geothermal energy can be used for heating and cooling.
Thermal energy can be extracted from low-temperature geothermal plants, co-produced
geothermal energy, or by geothermal heat pump [124]. The first type, low-temperature
geothermal energy, is based on the extracting energy from the low-temperature pockets
(around 150 ◦C) located a few meters below the surface [132]. The next type is the so-
called co-produced geothermal energy, where heat is produced by water that has been
heated [133,134]. The last type is the geothermal heat pump, which is installed at a depth
of 3 to 90 m. In this system, the temperature difference between both ends of the system is
used to transfer energy by either heating or cooling the upper part of the system [135,136].

One of the advantages of geothermal energy compared to other sources is that it
can be harvested almost anywhere in the world. Additionally, the power plants can
last for decades with proper maintenance, and because there is no seasonal variation in
workload, the system can be adapted to different conditions depending on the application
and environment [122,124].

The challenges facing metallic materials used for geothermal energy are corrosion
(uniform corrosion, pitting corrosion, crack corrosion, stress corrosion cracking, sulfur-
assisted corrosion cracking, and galvanic corrosion) [137,138], hydrogen bubbling [139,140],
corrosion fatigue [141,142], fatigue [137,138], erosion [140,142–144], wear [145], high pres-
sure [144], high temperature [144], and cavitation and decomposition of alloy structure [138].
The most common metallic materials used in the geothermal energy sector are duplex steels,
austenitic and superaustenitic stainless steels, martensitic stainless steels, low-alloyed steels,
carbon steels, superferritic steels, Cu-based alloys, Ni-based alloys, and Ti-based alloys (see
references in Section 2.2) (see Table 3).

2.2. Cost of Maintenance and Repairs in Future Energy Sector and Search of the Solutions for
Lowering the Costs
Cost of Maintenance and Repairs of Future Energy Sector

Maintenance costs vary for each of the described energy sectors due to the different
technologies used to produce electricity or heat (see Figure 4a). For advanced nuclear
power, projections are based on current nuclear power sources and can be up to 20% of the
initial investment [146,147]. For biomass energy, maintenance costs are estimated to be up
to 35% due to the unique environment. However, different technologies require different
levels of maintenance and servicing of the components, so maintenance costs can also be as
low as 15% of the investment over time [148,149].
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Figure 4. (a) Maintenance costs for each energy source type over time. Note that the figures are the
maximum value that maintenance can cost in terms of investment over time, but this can vary due to
different techniques. (b) Maintenance costs for each energy sector normalized by their corresponding
maximum and minimum CF. The range of CF was taken from Table 2.

Maintenance costs for hydropower can vary from 1.5 to 20% depending on the type
of technology used and the environment in which the plant is located [150,151]. The next
sector is geothermal sector, where the maintenance costs can reach up to 15% of investment
over the course of the life span of a typical power plant [152,153]. In the wind energy sector,
the onshore or offshore location of the wind farms plays an important role in maintenance
and repair costs, which can vary the costs somewhere between 20% and 30% of the total
investment [103,154]. The last sector is solar energy, which has the one of the lowest
maintenance costs (up to 10%) compared to all sectors. However, it is important to note
that this does not reflect how much energy is actually produced by it (see Table 2) [155].

In order to put the maintenance cost in relation to the actual output of the individual
energy source, the maintenance costs are normalized by the CF of the individual energy
source, which is presented in Figure 4b. As can be seen, the wind energy has a very wide
range due to the high maintenance costs that can be associated with specific maintenance
issues of a wind farm. The solar, hydroelectric, and biomass sources show an intermediate
influence of the maintenance costs, while geothermal and advanced nuclear energy have
the lowest influence of maintenance costs in relation to their effective production capacity.
This Figure 4 clearly shows that the improvement of materials will play an important role
in the development and improved cost reduction of renewable energy power plants.

2.3. Metallic Mateirals Used in the Energy Sector

Table 3 summarizes the various metallic materials used in the advanced nuclear and
renewable energy sectors.
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2.4. Solutions for Lowering the Costs of Maintenance and Prolonging the Component Durability

As mentioned before, the major maintenance costs are the repair and replacement of
materials used in the power plants. It is important to extend the service life of materials
and to design materials and components that can be easily and cost-effectively replaced
or repaired. A common solution to address these challenges for metallic materials used
in different energy sectors is mostly by cathodic corrosion protection in combination with
coatings [271,272]. Cathodic protection of the metallic materials is an electrochemical
technique to protect and control corrosion of the material [273,274].

Coatings, especially organic coatings, can also be applied without the combina-
tion of cathodic protection, which is mainly used for materials that are immersed in
water [275–277]; often, a combined use is chosen. Cathodic protection can be also achieved
by some metallic coatings, such as zinc alloy coatings or by a combination of metallic and
organic coatings (see, for example, [278,279]). However, coatings and linings can also be
applied alone as a passive corrosion protection or in a so-called duplex system, where both
coatings and linings are used simultaneously as a multilayer system [218,280].

Other options for surface treatment to improve resistance to environmental factors and
prolong component life include surface treatments such as laser treatment, electron beam,
induction heating, plasma nitriding, and selection of the appropriate heat treatment to
achieve the desired microstructure [281–284]. While coatings and surface treatments can be
a good technique to overcome many challenges, certain applications that require specialized
metallic materials can make this technique very limited. This is particularly an issue when
the application is under harsh conditions such as simultaneous high temperatures and
high loads, which require either metallic materials that are difficult to coat or specialized
coatings and surface treatments that can be very expensive and have limited-service life
due to combined wear, erosion, and corrosion effects [285,286].

This requires a holistic approach to material treatment that is not limited to the surface
of the material. A common approach for metallic materials is to use conventional heat
treatments to tailor individual properties. However, conventional heat treatments typically
involve a trade-off where certain properties are improved at the expense of others, typically
resulting in metallic materials with high strength but low fatigue and corrosion properties
and vice versa [287,288].

As a result, more sophisticated and complex processing and treatment of metallic
materials are being explored to overcome such trade-offs. One of the new options, which
has also been tested in the steel industry, is the use of cryogenic treatment, which can
improve various properties of metallic materials, including corrosion performance, without
adding a coating to the surface [289–292]. A more detailed presentation and explanation of
cryogenic treatment and its application to surface and corrosion properties is described
in Section 3.

3. Cryogenic Treatments in Energy Sector

The technology of cryogenic treatment (CT) has made tremendous progress in the last
10 years in its application on metallic materials in various sectors ranging from medicine,
aerospace, robotics, materials science (including the steel industry), nanotechnology, and
mining to even more specialized disciplines [289,293]. The technique has evolved from
the first attempts to treat materials at cryogenic temperatures in the 19th century by James
Dewar and Karol Olszewski using liquefied gases (nitrogen and hydrogen). Later, the
first real scientific observation and documentation of CT was made by NASA (National
Aeronautics and Space Administration) in the mid-20th century, when they observed
changes in the properties of materials used in space shuttles returning from space [289,293].
The selected aluminum components were harder and more wear-resistant after returning
to Earth than they were before the space mission [289,293]. Since then, CT has been slowly
adapted with different techniques and applications to metallic materials in order to improve
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macroscopic and microscopic properties. In the literature, CT can also be called sub-zero
treatment, ultra-low temperature processing, or cryo-processing [289,293–296].

The application of CT in the energy sector can be of particular interest due to the
variety of metallic materials that are used in extreme conditions (high-temperature and
high-pressure environments, highly corrosive environments, highly abrasive environments,
etc.), as discussed in Section 2. However, the application of CT in the energy sector is still in
its infancy, mainly due to the slow introduction and development of this treatment scheme
and the limited research focus on applications in the energy sector.

3.1. Mechanisms of Cryogenic Treatments

The mechanisms of CTs are based on the type, which is defined by the selected
temperature regime for the CT (Figure 5). CT is usually applied after the material has been
hardened and quenched and before being tempered, usually for 24 h at a predetermined
temperature [289–293,297,298]. The most common and the one with the longest tradition
is the conventional cryogenic treatment (CCT), where temperatures as low as 193 K are
used [299].

Figure 5. The heat treatment route(s) for both ferrous and non-ferrous alloys when CT is applied.

The reason for CCT being the most-used type in the past was the easy availability of
media to which the material is exposed, namely dry ice (solid CO2) [293,299]. In the past,
it was also believed that temperatures as low as 193 K were sufficient to transform all the
retained austenite (RA) in ferrous alloys to martensite, thereby increasing wear resistance
and fatigue strength [293,299]. The transformation of RA to martensite, particularly in
steels, was one of the key properties for which CTs were commonly applied, which also
propagated the initial research on CT [293,299]. Unfortunately, the negative results of the
first experiments with CCT led many companies to abandon the application and develop-
ment of this treatment (1940s–1950s) [293,299]. This was mainly due to a misunderstanding
of the martensitic transformation and its temperatures as well as simplistic and inconsistent
treatment procedures [293,299]. It was not until years later, after NASA observations and
detailed documentation of the changes at lower temperatures, that the next two types of
CT were developed and tested for materials science applications: shallow (SCT) and deep
cryogenic treatment (DCT) [293,299].

Shallow cryogenic treatment is defined between 193 K and 113 K. During SCT, more
than 50% of the RA is converted to martensite for generally any ferrous alloy that has
instable austenite formation during quenching, causing a change in mechanical prop-
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erties (increased hardness), size reduction of carbides, and increased precipitation of
carbides [300,301]. With the positive results of SCT, the research on CT blossomed and
led to further research at even lower temperatures, resulting in the development of deep
cryogenic treatment.

Temperatures for deep cryogenic treatment are below 113 K and typically go as low
as 4 K, which is the temperature of liquid helium. However, the most-used temperature
is 77 K, the temperature of liquid nitrogen, which is the most-used medium in DCT due
to abundancy of the media and economic reasons. With DCT, for ferrous alloys, most of
the RA is converted to martensite (>90%), the precipitation of carbides is increased, grain
refinement and precipitation of nanocarbides occurs, and changes to residual stresses are
formed [302]. Special mention should be made to a specific type of DCT, the multi-stage
deep cryogenic treatment (MCT), where the DCT treatment of the material consists of
rapid changes between SCT and DCT temperatures for a predefined time and number
of cycles to manipulate predefined properties [303]. DCT performance is influenced by
the selected cooling temperature, cooling–warming rate, time the material is exposed
to DCT, type of metallic material (ferrous/non-ferrous alloy or type of steel), chemical
composition of the metallic material, hardening process, tempering temperature, and also
the microstructural phenomena present within the microstructure (such as transformation-
induced plasticity (TRIP), austenite reversion transformation (ART), and twinning-induced
plasticity (TWIP)) [304–310].

All types of CT alter the bulk and surface properties of metallic materials. The bulk
properties affected by CT are mechanical properties ((micro)hardness [311–314], tough-
ness [311,315–317], strength [318–320], and fatigue [307,321,322]) and magnetism [304,323].
The surface properties affected by CT are corrosion resistance [324–332], wear
resistance [321,333–335], roughness [336], and oxide formation [324–326,336].

Bulk properties and, to some extent, selected surface properties have been studied
in more detail than others. There are still many unknowns and great potential in surface
properties and corrosion resistance, which is also the focus of the following section of
this review.

3.2. Energy Sector and Position of Cryogenic Treatments

Cryogenic processing has a great potential in the energy sector due to the use of
different materials, from metallic to non-metallic. The application of CT, especially for
metallic materials, has a great potential because it improves the properties of metallic
materials needed in different energy sectors, from corrosion and wear resistance to mechan-
ical properties and surface modifications [337,338]. At the same time, it does not require
the additional application of any other coating treatment to improve the properties (see
Section 3.3.1).

However, the application of CT in this sector has not been widespread due to the
lack of known test methods and quantification and qualification methods. Only a few
attempts have been made to provide systematic guidelines for standards and application
of CT for metallic materials [293,306,309,339–341]. An additional obstacle was that in
the past, there were no large capacity tanks, and no providers of these services or sys-
tems were available on an industrial scale, but this is now changing and, in some cases,
improving with the establishment of CT-specialized companies, communities, and even
patents [294–296,332,342–347]. CT was also not well transferred to other disciplines, as CT
was mainly reserved and developed for improving tools. The research was (and still is)
mainly focused on tool steels, such as high-speed steels, hot work tool steels, and cold work
tool steels, where the emphasis is on mechanical and wear properties [334,348–351].

As a result, the majority of other types of steels and alloys have been left out of the fo-
cus. There is some limited research on non-ferrous alloys, but even these are mostly related
to aluminum alloys used or related to the tooling industry. The study of non-ferrous alloys
(Al-, Ni-, and Ti-based alloys) showed the improvement of mechanical properties [352–358]
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such as microhardness [352,354,359–361], fatigue [352], fracture toughness [362,363], impact
toughness [352], and tensile strength [352,354].

The following sections present metallic materials that have been tested by cryogenic
treatment, the results of which have the potential to be used in the energy sector.

3.3. Effect of Cryogenic Treatments on Surface, Interface, and Corrosion Properties of Metallic
Mateirals Used in the Energy Sector
3.3.1. Metallic Materials Being Tested for the Use in the Energy Sector

There are many metallic materials (ferrous and non-ferrous alloys) that are suitable for
use in the energy sector that have already been tested through various cryogenic treatments,
and studies have resulted in changes in the microstructure of metallic materials, resulting
in changes in the properties of the material. The following ferrous and non-ferrous alloys
are used in the following sectors (Table 4).

Table 4. The list of ferrous alloys that were cryogenically treated and have the potential for use in the
energy sector.

Ferrous Alloys Grades of Steel Tested Properties
Possibilities of Application
in Selected Energy Sector

Austenitic
stainless steel

AISI 304 [364–370], AISI 304L [308,319,371–374],
AISI 304LN [374], AISI 316 [374–380], AISI 316L
[192,341,348,381–384], AISI 316LN [374,385],
AISI 321 [386,387], AISI 347 [388,389]

Hardness, microhardness, wear (abrasive
wear), fracture toughness, impact
toughness, compressive strength, tensile
strength, yield strength, elongation,
friction, erosion, strain-hardening
exponent, surface roughness, machining
of steel, fatigue, residual stress, surface
chemistry, and oxidation

In all energy sectors

Martensitic
stainless steel

AISI 410 [390], AISI 420 [349,390–392], AISI 420
MOD [392], AISI 430 [393,394], AISI 431
[304,309,395], AISI 440C [366], AISI P91 [396],
10Cr13Co13Mo5NiW1VE [397],
13Cr4NiMo [315], 10Cr [398].

Yield strength, elongation, tensile strength,
wear, hardness, impact toughness, fracture
toughness, magnetism tribocorrosion,
electrochemistry, and corrosion resistance
(also stress corrosion cracking)

In all energy sectors.

Duplex steels AISI 2205 [399,400], AISI 2507 [401–404] Hardness, wear, machinability, residual
stress, and corrosion resistance

Mostly in wind and solar
energy

Carbon steels IS 2062 [405], AISI 1045 [406–412], AISI
1018 [413]

Hardness, wear, surface roughness, tensile
strength, yield strength, ultimate tensile
strength, elongation, and residual stress

Steels can be used in
hydroelectrical, biomass,

solar, and geothermal energy

Other steels

Nitronic steels 40 [414], 50 [415]
High-strength steels ASTM A36 [416]
Cast steels ASTM A743 [417], SAE J431 G10 [418]
ACSR [419]
Bearing steel AISI 52100 [326,328,420–422]
Low-alloyed steels SAE 1008 [423], AISI
4340 [424], AISI 4140 [424]
Structural steel S235 [425], S355 [426,427],
S460 [428]

Residual tress, hardness, friction, wear,
fatigue, impact toughness, corrosion
resistance, and machinability

In all energy sectors

Table 5 presents the non-ferrous alloys that have been CT-treated and have potential
in the current and future energy sectors.

3.4. Effect of Cryogenic Treatments on Metallic Materials Potenitally Used in the Energy Sector

The surface properties that are the focus of this review and that also need more
attention in order to carry out more research on them are corrosion resistance and oxide
formation, while wear resistance and roughness have been observed and researched by
many studies in the cryogenic community (see Section 3).
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Table 5. The list of non-ferrous alloys that were cryogenically treated and have potential for use in
the energy sector.

Non-Ferrous
Alloys

Grades of Alloys Tested Properties
Possibilities of Application
in Selected Energy Sector

Al-based alloy

2xxx series: 2024 [354,429]
3xxx series: A356 [430,431], A390 [432]
6xxx series: 6026 [352,433–435],
6061 [353,436,437], 6063 [362]
7xxx series: 7075 [330,331,361,438–442]

Hardness, wear (abrasion), corrosion
resistance, tensile strength, machinability,
fatigue, strain-hardening coefficient,
residual stress, fracture toughness, and
corrosion resistance

Mostly in hydroelectrical,
biomass, wind, and solar
energy

Ni-based alloy

Inconel: 200 [443], 600 [444,445], 617 [446],
625 [447–449], 690 [450], 800 [451],
800H [452–454]
Hastelloy C276 [455], C22 [456,457], X [458]

Fatigue, surface roughness, machinability,
durability, impact toughness,
microhardness, and tensile strength

In all energy sectors

Other alloys

HEA [459]
W-based alloys [460]
Cu-based alloys [461]
Ti-based alloys Ti6Al4V [451,462]

Microhardness, compressive strength,
and plasticity

Mostly in advanced nuclear
power (fusion), geothermal,
and solar energy

3.4.1. Oxide Formation

Oxide formation is one of the properties that is seldomly researched and not fully
understood in CT. The fact is that most of the studies focus on the corrosion resistance
and its improvement by CT, and not many studies strive for deeper understanding of
the origin of altered corrosion resistance by CT. A major contribution is provided by
passive layers and oxide formation (corrosion products) that can be manipulated by CT
and CT-induced changes to the bulk properties of the treated material. The influence of
CT on oxide formation has been demonstrated for bearing, high-speed, and cold work
tool steels [324–326,336]. The oxidation dynamics after the application of CT was mainly
studied by Jovičević-Klug et al., where the observations showed a different development of
oxides compared to conventional heat treatment (CHT).

Jovičević-Klug et al. 2021 [336] suggested that the chemical composition of the oxide
formation directly corresponds to the higher number of precipitates and the higher surface-
to-volume ratio of the carbides. Furthermore, the study indicates that the reduced amount
of carbide clusters after CT could be directly correlated with the passivation layer and the
oxidation state of the surface and the corresponding corrosion products.

In the next study, Jovičević-Klug et al. 2021 [325] suggested that the Cr oxide layer
is thicker on the cryogenically treated samples compared to the CHT samples. These
observations also suggest that due to the formation of the Cr-oxide-passivation layer on the
CT sample, there is no microscopic-related stress corrosion cracking of the matrix, which in
turn, combined with the thicker passivation layer, reduces corrosion propagation.

The next factor observed in relation to CT was the formation of Fe oxides. The study
by Jovičević-Klug et al. [326] suggested that Fe-oxides form different layers compared to the
CT sample, which is attributed to the local excessive corrosion damage in the CHT sample.

The same researchers, Jovičević-Klug et al. 2022 [324], also observed the different
layering of the oxides in the samples. The results of ToF-SIMS provided the novel insight
that nitrogen from CT is present in greater amounts in the CT samples, which then influ-
ences the complex oxide formations (corrosion products), which ultimately influence the
corrosion resistance. Nitrogen acts as an exalter for the formation of green rust, which then
acts as a precursor for the formation of the next layer (magnetite). As a result, corrosion
propagation is greatly retarded due to the higher density and stability of magnetite. The
same study also confirmed that the CT-induced passive film is more stable than its CHT
counterpart. As a result, the CT-treated sample showed lower corrosion and wear loss,
which was also confirmed in extreme environments (elevated temperatures and vibrations).

The above examples show that there is a need for research on oxide formation as
the basis for successful tailoring of corrosion resistance and prolonged component life
of treated materials. The studies only focused on tool and bearing steels, which means
that other steels such as high-Cr steels, stainless steels, duplex steels, and non-ferrous
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alloys are still potential research areas with great opportunities for the application of CT to
manipulate oxide formation and modify corrosion resistance. To date, no similar studies
or research have been conducted or found for non-ferrous alloys. Section 3.4.2 discusses
corrosion resistance.

3.4.2. Corrosion Resistance

The influence of CT on corrosion resistance has not only been investigated in relation
to tool steels, but many studies have also tested other ferrous (bearing steels and stainless
steels) and non-ferrous (mostly Al-based alloys) alloys. The first part focuses on the
corrosion testing of ferrous alloys, while the second part focuses on the non-ferrous alloys
in relation to CT.

Corrosion Resistance of Ferrous Alloys

The studies on tool steels showed that corrosion resistance is influenced by
CT [329,392,463–466]. The corrosion resistance of bearing and tool steels can be improved
by up to 65% in an alkaline environment, with the improvement depending on the steel type
and heat treatment strategy [326]. This was also observed by Senthilkumar 2014 [327], who
found that in alkali conditions, CT improves corrosion resistance, which was postulated
to be a result of formation of more stable passive film. Furthermore, in extreme alkaline
environments, such as elevated temperatures and vibrations, the CT-treated samples (tool
steels) suggested improvement of corrosion resistance by 90% in the study of Jovičević-
Klug et al. 2022 [324]. Also, the study by Jovičević-Klug et al. 2021 [326] showed that in an
alkaline environment, the formation of pits is modified by CT (for tool and bearing steels).
The study showed that pits in CT specimens expand only in the exposed upper part and
decrease continuously deeper into the material. It was suggested that this is due to the
confinement of the corrosion attack to the grain boundaries and the exposure of the pit
opening to the oxidative media, which is limited by the change in orientation of the crack
with respect to the sample surface. In addition, the 2021 study by Jovičević-Klug et al. [325]
also showed that in the alkaline environment, the CT samples did not show any stress
corrosion cracking of the passivation layer, and the presence of Mo in the steel allowed
the continuous growth of the protective Cr oxide layer, which reduced the formation and
growth of pits. The results show that CT samples have a 3× slower corrosion rate of
pitting corrosion, which can be directly correlated to the slower material degradation and
prolonged functionality of the metallic material.

Only a few studies have been conducted on stainless steels and a few other types of
steels that are more commonly used in energy sector applications. The studies showed
different results of CT on the corrosion resistance of steels used in the energy sector. A
study by Wang et al. 2020 [467] showed that there is an increase in corrosion resistance for
high-strength stainless steel. On contrary, a study by Baldissera and Delprete 2010 [468]
postulated that CT has no effect on austenitic stainless steel. Another study by Cai et al.
2016 [469] indicated that for austenitic stainless steel, CT could improve corrosion resis-
tance, which is suggested through Cr-carbide precipitation at the austenite grain boundary,
which then reduces the intergranular corrosion. For martensitic stainless steels, CT has
been shown to improve corrosion resistance in correlation with both the general and pitting
corrosion, as was shown by Ramos et al. 2017 [366]. Another explanation for the higher
pitting corrosion potential was proposed by He et al. 2021 [470], in which pitting corro-
sion was reduced by increased carbide precipitation and Si segregation at the interface
boundaries between M23C6 and martensite in the matrix. For structural steels, a 95%
improvement in corrosion resistance was determined by Ramesh et al. 2019 [392], which
is suggested to be a consequence of uniform and homogenous carbide precipitation and
microstructure modification.

The above literature review shows that there has been some research on corrosion
enhancement with CT but only on a limited selection of ferrous alloys. Furthermore, the
review shows that there is a great need for research on the corrosion resistance of ferrous
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alloys used in the energy sector in combination with CT. Such research could open up new
avenues and applications for CT to improve corrosion resistance alone or in combination
with coatings, which could further expand the energy sector from both an economic and
sustainable point of view.

Corrosion Resistance of Non-Ferrous Alloys

The corrosion resistance of CT-treated non-ferrous alloys has been mainly focused
on the Al-based alloys of the 2xxx [471], 5xxx [355], and 7xxx [330,331,440] series. The
study by Cabeza et al. 2015 [471] on Al-based alloys from the 2xxx series suggested that CT
improves the resistance to stress corrosion cracking due to changes in compressive residual
stresses. Another study by Aamir et al. 2016 [355] showed that for the 5xxx Al-alloy,
the corrosion resistance is increased due to the minimization of dislocation densities and
noncontinuous distribution of the β-phase. From the 7xxx series, the tested representative
was the 7075 Al-alloy. A study by Ma et al. 2021 [440] showed an improvement in corrosion
resistance after the application of CT, which was attributed to the increased precipitation
of the η′ phase. They postulated that the grain boundary from the η′ resulted in short
chains of carbides, which then blocked corrosion channeling, thus enhancing the corrosion
resistance of the alloy. Similar observations were also made by Su et al. 2021 [331]. Ma
et al., from their study in 2022 [330], additionally showed that the optimized combination
of aging and CT can influence the rate of the corrosion improvement when CT is applied.

Compared to ferrous alloys, research on non-ferrous alloys is also considered to be
lacking and is mostly focused on specific alloys, mainly aluminum alloys. The review
clearly confirms the lack of research on non-ferrous alloys, which have a great potential
for use in the future energy sector. The lack of research can be particularly evident in the
case of Ni alloys and corrosion resistance in combination with CT, which are one of the
main non-ferrous alloys used in different energy sectors due to their versatility. Other
non-ferrous alloys such as Cu-based, Mg-based, V-based, W-based, etc., are also completely
excluded from the studies, and therefore, this could be another potentially interesting niche
to study in more depth the influence of CT on these alloys, which could be applied to the
future energy sector. Furthermore, in most cases, the reasons for improved or sometimes
reduced corrosion performance are based on speculation. Fundamental research is needed
to elucidate the reasons for the effects of CT on corrosion performance.

4. Economic and Ecological Aspects and Future Role of Cryogenic Treatment in Future
Energy Sector

While it is clear that the application of CT to ferrous and non-ferrous alloys has great
potential due to its versatile effect on bulk and surface properties, the next question that
comes to mind is the economic and environmental aspects of its application. CT uses
mostly liquid N2 as a coolant media, which is highly considered as a viable option for the
conventional heat treatment of metallic materials. After CT treatment, LN2 evaporates
to become nitrogen gas (N2) and becomes part of the air (78% of air consists of N2). It
leaves no harmful residue to the industry and the environment and no health hazards
compared to other processing/machining techniques [369]. Therefore, it is considered as a
recycling and environmentally friendly approach to improve the materials. Furthermore, it
is suggested in some works, see, e.g., Hong and Broomer [369] and Dosset [472], showing
a cost reduction of about 50%; however, more insight into the economic advantages is
expected in the near future, which is expected to cause an increasing interest in the energy
sector. In conclusion, CT shows great potential to improve the corrosion performance of
materials, and the process is environmentally unharmful.

Based on all these facts, CT has a bright future in the future energy sector, where
advanced knowledge of more economical and ecological impacts on the environment is
being considered. Not only that, but with the trend of diminishing natural resources and
more recycling options, CT also has an answer, as no additional treatment is required. CT
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is also expected to play an important role in emerging materials for energy applications
and storage (HEA and catalytic materials), which have not yet been explored and applied.

5. Conclusions

This review first provides an overview of the metallic materials used in the energy
sector and then of the application of CT on metallic materials used in different energy
sectors. In addition, this review also presents a synopsis of the current work and results
on surface properties and corrosion, with critical comments to provide a future possibility
for metallic materials in relation to CT and oxide formation and corrosion resistance. The
review also highlights which materials should be prioritized for CT testing due to lack
of research but are of high importance for applications (or are already in use) in different
energy sectors.

The main conclusions of the study can be summarized as follows:

• The energy sector has a great demand for the improvement of metallic materials;
• Available green and cost-effective CT technology has been proven to effectively im-

prove the bulk and surface properties of metallic materials;
• CT improves corrosion resistance by up to 90% depending on metallic materials and

environmental conditions;
• CT also produces a unique sequence of oxide formation that effectively influences the

improved corrosion resistance of cryogenically treated metallic materials;
• The result of CT is a reduction in material degradation and a possible 3-fold increase

in the service life of the treated metallic material;
• Further detailed and systematic investigation of the effectiveness of CT is required,

using both experiments and modeling of both ferrous and non-ferrous alloys. Com-
bined with detailed microstructural investigations, the mechanisms responsible for
changes in metallic material properties can be clearly identified, and standards for the
application of CT in the energy sector can be established.
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